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         Module 7: Detailed Schedules

         
         
         
         
            
            
            This module looks at how scheduling and
               planning move from a high level in master scheduling and material requirements
               planning (MRP) to more granular and day-to-day requirements as execution is
               scheduled using a time-phased priority plan for production. Plans include detailed
               planning of materials and capacity. The method of planning will vary according to
               manufacturing environments and processes and other factors.

            
            
            
            The plans created in this phase are not static
               but must be managed against shifting conditions and priorities.

            
            
            
            The sections in this module focus on major activities for detailed
               planning and plan execution:

            
            
            
            
               
               
               	
                  
                  
                  Section A,
                     “Planning Detailed Schedules,” addresses how to create a viable schedule.
                     This includes determining production or flow rates, calculating load,
                     evaluating throughput, and using production activity control (PAC) to create
                     work sequences.

                  
                  

               
               
               
               	
                  
                  
                  Section B,
                     “Scheduling and PAC Methods,” breaks down how both production scheduling and
                     PAC are performed using MRP-based scheduling, theory of constraints
                     scheduling, and lean scheduling systems.

                  
                  

               
               
               
               	
                  
                  
                  Section C,
                     “Creating Production and Service Schedules,” addresses capacity planning by
                     manufacturing environment; capacity requirements planning inputs, tools, and
                     outputs; and various methods to balance capacity and load.

                  
                  

               
               
               
               	
                  
                  
                  Section D,
                     “Managing Detailed Schedules and Scheduling Materials,” covers issuing
                     production orders, assigning labor schedules, managing material routing,
                     evaluating batch sizes, reviewing equipment and labor status, determining
                     when to use alternate routings, managing queue sizes (including input/output
                     analysis), managing exceptions and variation, scheduling incoming materials,
                     and measuring capacity planning performance.

                  
                  

               
               

            
            

         
         
         
         
   
      
         
         
         
         Section A: Planning Detailed
            Schedules

         
         
         
         
            
            
            
               After
                  completing this section, students will be able to
               

            
            
            
            
               
               
               	
                  
                  
                  Plan detailed schedules 

                  
                  

               
               
               
               	
                  
                  
                  Determine production or flow rate 

                  
                  
                  
                  
                     
                     	
                        
                        
                        Track the
                           elements of lead time: queue, setup, run, wait,
                           and move times

                        
                        

                     
                     
                     	
                        
                        
                        Evaluate
                           throughput by measuring efficiency, utilization,
                           productivity, takt time, cycle time, and
                           input/output control 

                        
                        

                     

                  
                  

               
               
               
               	
                  
                  
                  Compare push-
                     versus pull-based shop floor systems.

                  
                  

               
               
               
               	
                  
                  
                  Utilize appropriate tools to create efficient schedules
                     in a push environment 

                  
                  

               
               
               
               	
                  
                  
                  Use dispatching
                     rules to control the schedule as it is being
                     implemented

                  
                  

               
               
               
               	
                  
                  
                  Describe PAC
                     techniques, including overlapping, lot splitting,
                     and lot size reduction

                  
                  

               
               
               
               	
                  
                  
                  Manage schedules
                     and throughput in various industries, including service industries

                  
                  

               
               
               
               	
                  
                  
                  Understand the
                     purpose of MRP-based scheduling

                  
                  

               
               
               
               	
                  
                  
                  Describe the
                     inputs, scheduling and dispatching process steps,
                     and outputs of MRP-based scheduling

                  
                  

               
               
               
               	
                  
                  
                  Create and apply the load on capacity using appropriate
                     operations scheduling techniques 

                  
                  

               
               
               
               	
                  
                  
                  Differentiate
                     infinite and finite capacity loading

                  
                  

               
               
               
               	
                  
                  
                  Identify production
                     activity control (PAC) objectives, roles, and responsibilities

                  
                  

               
               
               
               	
                  
                  
                  Describe the inputs
                     to PAC and why each is needed

                  
                  

               
               
               
               	
                  
                  
                  Use forward,
                     backward, and central scheduling with finite and infinite loading

                  
                  

               
               

            
            
            
            Planning detailed schedules includes
               scheduling, authorization, and control of production activities and quality,
               including reporting. In this section, we focus on scheduling and authorizing work
               through the production activity control process.

            
            

         
         
         
         
   
      
         
         
         
         Detailed Scheduling and
            Throughput

         
         
         
         
            
            
            Here we first address where detailed scheduling
               fits within the master production schedule, the objectives of detailed scheduling,
               and its inputs and elements. After that we cover how lead time is broken down and
               then discuss a number of scheduling tools. We conclude with a discussion of the
               importance of evaluating throughput at this point in the process.

            
            

         
         
         
         
         
            
            
            Detailed Scheduling Overview

            
            
            
            
               
               
               Exhibit 7-1 shows where production
                  activity control (PAC) and its first process, scheduling, fits into the
                  manufacturing planning and control hierarchy. The master production schedule and the
                  materials requirements plan are key inputs. Capacity requirements planning (CRP) and
                  capacity control also come into play.

               
               
               
               
                  Exhibit 7-1: Manufacturing Planning and Control[image: This diagram represents the integration of demand-side activities, strategic and business planning, priority planning, supply-side activities, and production activity control in a manufacturing environment. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               CRP (or an equivalent system) is used to
                  calculate the load on work centers based on planned and released orders from
                  material requirements planning (MRP) or from repetitive schedules, depending on the
                  environment. Past-due orders, rework orders, and work-in-process are also inputs to
                  the load calculation. This information on load is a key input to scheduling in PAC.
                  It should be clear that MRP and CRP need a great deal of accurate data—both static
                  and dynamic—from the shop floor to determine load.

               
               
               
               As seen in Exhibit 7-2, scheduling of
                  manufacturing operations is the first major task included in production activity
                  control.

               
               
               
               
                  Exhibit 7-2: Production Activity Control[image: A flow diagram titled “Production Activity Control (PAC)” consisting of three interconnected boxes and arrows indicate the flow: “Scheduling” leads to “Implementation,” which leads to “Capacity Control” before looping back to “Scheduling.”]
               
               
               
               
               Scheduling, implementation, and capacity control
                  are short-term issues, while planning, capacity requirements, and capacity building
                  are intermediate- to long-term issues. Scheduling decisions are made within the
                  capacity constraints and volume and mix goals established by these intermediate to
                  long-term decisions. In the decision-making hierarchy, scheduling and implementation
                  are usually the final steps needed to execute the transformation process, while
                  capacity control helps provide a load and work center schedule performance feedback
                  loop for fine-tuning of short-term schedules and capacity. This loop can prompt
                  schedule revision, authorization of overtime, and so on.

               
               

            
            
            
            
               
               
               Detailed Scheduling Objectives

               
               
               
               
                  
                  
                  Detailed scheduling is a key factor in
                     manufacturing productivity. The objective of scheduling is to make the best use
                     of manufacturing resources to meet delivery dates. During scheduling, production
                     coordinators verify that resources will be available when needed. They schedule
                     start and completion dates for each shop order at each work center. They use
                     various scheduling elements and techniques to create a feasible schedule that
                     meets the required completion date.

                  
                  
                  
                  Generally, scheduling objectives deal with tradeoffs among conflicting goals
                     for efficient use of labor and equipment, lead time, inventory levels, and
                     processing times. This is challenging, because manufacturing facilities are
                     complex and dynamic systems.

                  
                  
                  
                  Scheduling objectives include effective
                     capacity utilization, manufacturing lead-time minimization, and meeting customer
                     service goals (e.g., due dates). The ASCM Supply Chain
                        Dictionary defines capacity utilization as the: “Goods produced, or customers served,
                        divided by total output capacity.”

                  
                  
                  
                  One way the organization measures the effectiveness of the
                     scheduling process is through job status,
                     defined in the ASCM Supply Chain Dictionary as:
                     “A periodic report showing the plan for
                        completing a job (usually the requirements and completion date) and the progress of
                        the job against that plan.”

                  
                  

               
               

            
            
            
            
               
               
               Detailed Scheduling Inputs and
                  Elements

               
               
               
               
                  
                  
                  Scheduling relies on the accuracy of the
                     following inputs:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        What to make

                        
                        

                     
                     
                     
                     	
                        
                        
                        When to make

                        
                        

                     
                     
                     
                     	
                        
                        
                        Where to make

                        
                        

                     
                     
                     
                     	
                        
                        
                        How to make

                        
                        

                     
                     
                     
                     	
                        
                        
                        How much to make

                        
                        

                     
                     
                     
                     	
                        
                        
                        Time needed to make

                        
                        

                     
                     
                     
                     	
                        
                        
                        Material availability

                        
                        

                     
                     
                     
                     	
                        
                        
                        Due date

                        
                        

                     
                     
                     
                     	
                        
                        
                        Machine maintenance schedules/failure
                           rates

                        
                        

                     
                     
                     
                     	
                        
                        
                        Expected rework and scrap
                           percentages

                        
                        

                     
                     
                     
                     	
                        
                        
                        Other demands on the facility

                        
                        

                     
                     

                  
                  
                  
                  If the inputs are wrong, the schedule will
                     be off and will need correcting.

                  
                  
                  
                  The last three key inputs on the list are less obvious than
                     the others. However, the impact they can have on the precision of scheduling is
                     significant. For example, if maintenance and scheduling work together to
                     schedule maintenance just as if it were a production job, maintenance will get
                     the priority it needs.

                  
                  
                  
                  As used in production activity control, a
                     detailed schedule consists of

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The operations necessary to complete an
                           item

                        
                        

                     
                     
                     
                     	
                        
                        
                        The sequence and routing of the
                           operations

                        
                        

                     
                     
                     
                     	
                        
                        
                        The start and finish dates of each
                           operation

                        
                        

                     
                     
                     
                     	
                        
                        
                        Time estimates for each operation

                        
                        

                     
                     
                     
                     	
                        
                        
                        The work centers where the operations
                           are performed.

                        
                        

                     
                     

                  
                  
                  
                  These elements are relevant to operations in
                     intermittent/batch manufacturing processes performed in job shops. Schedules in
                     flow manufacturing are less complex because production flows uninterrupted
                     through assembly lines or dedicated process flow equipment (as in chemical
                     production). There are fewer work centers, queues, setups, waits, and moves.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Lead Time

            
            
            
            
               
               
               The ASCM Supply Chain
                     Dictionary defines lead time as:

               
               
               
               
                  
                  
                     1) A span of time required to perform a process
                        (or series of operations). 2) In a logistics context, the time between recognition
                        of the need for an order and the receipt of goods. Individual components of lead
                        time can include order preparation time, queue time, processing time, move or
                        transportation time, and receiving and inspection time. Syn.: total lead time. See:
                        manufacturing lead time, purchasing lead time.
                     

                  

               
               
               
               Manufacturing lead time is the time normally
                  required to produce an item in a typical lot quantity. It starts after the order is
                  released and finishes at shipping or put-away, depending on the manufacturing
                  environment. Release authorizes the release of materials and the start of work, so
                  this is the start of this phase of the process.

               
               
               
               Manufacturing lead time includes the elements
                  shown in Exhibit 7-3.

               
               
               
               
                  Exhibit 7-3: Elements of Manufacturing Lead Time[image: A flowchart titled “Prepare manufacturing order” showing the sequence of operations: Queue, Setup, Run, Wait (holding after operation is complete), Move (transporting to next operation), Inspect, and Put away.]
               
               
               
               
               Lead times will usually be stored in the
                  routing (in some systems lead times may be in the work center file), but some
                  components of lead time, specifically queue, wait, and move, each defined below, are
                  usually contained in the work center master file rather than the routing.

               
               
               
               Definitions of some of the components of lead
                  time (from the ASCM Supply Chain Dictionary) are included below, in
                  the order in which the components occur, from first to last.

               
               
               
               Order preparation time is the administrative
                  time required to analyze requirements and open orders and to issue materials, shop
                  packets, and so on.

               
               
               
               Queue time (and queue) are defined as
                  follows:

               
               
               
               
                  
                  Queue
                        time:
                     The amount of time a job waits at a work
                        center before setup or work is performed on the job. Queue time is one element of
                        total
                        manufacturing lead time. Increases in queue time result in direct increases to
                        manufacturing lead time and work-in-process inventories.

                  
                  Queue: A waiting line. In manufacturing, this refers to the jobs at a given work center waiting
                        to be processed. As queues increase, so do average queue time and work in process
                        (WIP) inventory.

                  

               
               
               
               Queue time can account for the largest
                  percentage of manufacturing time, particularly in work center or batch processes.
                  Typically, in an intermittent manufacturing operation, queue time accounts for 85
                  to
                  95 percent of the total lead time. As queue time increases, so does work-in-process.
                  To control excessive queue time, a standard queue time is set for the work
                  center.

               
               
               
               Setup time is the portion of operation time devoted to
                  tearing down the prior operation, preparing the work center for the current
                  operation, and running the first good piece of the next production run. Setup time
                  and setup are defined as follows:

               
               
               
               
                  
                  Setup time:
                     The time required for a specific machine, resource, work center, process, or line
                        to convert from the production of the last good piece of item A to the first good
                        piece of item B. Syn.: setup lead time. See: single-minute exchange of die (SMED).

                  
                  Setup:
                     1) The work required to change a specific machine,
                        resource, work center, or line from making the last good piece of item A to making
                        the first good piece of item B. 2) The refitting of equipment to neutralize the
                        effects of the last lot produced (e.g., teardown of the just-completed production
                        or
                        preparation of the equipment for production of the next scheduled item). Syns.:
                        changeover, turnaround time.

                  

               
               
               
               Standard setup times are specified in the
                  routing. Internal setups, which can be performed while the machine is running, are
                  not included in setup time. Setup time includes only external setup activities that
                  must be performed when the machine is not running. The two related terms follow:

               
               
               
               
                  
                  Internal setup
                        time:
                     The time associated with elements of
                        a setup procedure performed while the process or machine is running. Ant.: internal
                        setup time.

                  
                  External setup
                        time:
                     The time associated with elements of
                        a setup procedure performed while the process or machine is not running. Ant.:
                        external setup time.

                  

               
               
               
               Setups are
                  generally required at the end of each process batch when batch processing (a type
                  of
                  intermittent manufacturing) is used.

               
               
               
               
                  
                  Batch processing:
                     1) A manufacturing technique in which
                        parts are accumulated and processed together in a lot. 2) A computer technique in
                        which transactions are accumulated and processed together or in a lot. Syn.: batch
                        production.

                  
                  Process batch: The quantity or volume of output that is to
                        be completed at a workstation before switching to a different type of work or
                        changing an equipment setup.

                  

               
               
               
               Setup efficiency increases capacity.
                  Inefficiency increases operating costs and lead times (and potentially loses sales
                  or customer goodwill). An example of a way to increase setup efficiency is to run
                  jobs with similar setups together. In many cases there is a primary setup and one
                  or
                  more secondary setups. The primary setup would be the most time-consuming of the
                  setups, so jobs that all share the same primary setup are run sequentially, with
                  variations only in their secondary setups. This could be all jobs using the same
                  injection molding die but with different colors of plastics, with color change
                  setups between runs of colors.

               
               
               
               A setup matrix can be used to help plan and execute setups efficiently and to make
                  clear which jobs are more efficient to schedule back-to-back. Exhibit 7-4 shows an example of a setup
                  matrix. The row is “from” and the column is “to” and note how going from part 100
                  to
                  part 300 takes 20 minutes but going from part 300 to part 100 only takes 10 minutes.
                  This is an example of how such a matrix can help identify more efficient sequencing.
                  A setup matrix can also enable initiatives such as single-minute exchange of die
                  (SMED), a lean technique to minimize setup times. When adding the complexity of
                  multiple work centers each with their own setup matrix, determining the right
                  sequence of operations becomes a complex optimization problem. Specialized software
                  exists to help with this. Another complexity such a system could address is variable
                  lot sizes.

               
               
               
               
                  Exhibit 7-4: Setup Matrix
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               Run time is the portion of operation time
                  calculated as time per unit multiplied by the number of units in the order run
                  during the time bucket. It is defined as follows:

               
               
               
               
                  
                  Run time:
                     The time required to process a piece or lot at a
                        specific operation. Run time does not include setup time. Syn.: run
                        standards.

                  

               
               
               
               Run time is specified on the routing. It is directly
                  affected by the quantity being produced. The ASCM
                     Supply Chain Dictionary notes that machine hours may be used to plan
                  capacity, schedule work, and allocate costs rather than the other main alternative,
                  labor hours. Machine hours refers to: “The amount of time, in hours, that a
                     machine is actually running. Machine hours, rather than labor hours, may be used for
                     planning capacity for scheduling and for allocating costs.”

               
               
               
               Wait time is the next of the lead-time
                  components.

               
               
               
               
                  
                   Wait time: The time a job remains at a work center after
                        an operation is completed until it is moved to the next operation. It is often
                        expressed as a part of move time.

                  

               
               
               
               Move time is the time spent physically moving
                  the unit between operations. This may also be called transit time.

               
               
               
               
                  
                  Move time: The time that a job spends in transit from one
                        operation to another in the plant.

                  
                  Transit time:
                     A standard allowance that is assumed on any
                        given order for the movement of items from one operation to the next. Syn.: travel
                        time.

                  

               
               
               
               Move time in a job shop environment depends
                  on sending and receiving work centers, so they often are specified in a move-time
                  matrix table.

               
               
               
               The sum of all these components is the lead
                  time for one work center or operation, as was shown in Exhibit 7-3.

               
               
               
               These time increments may be categorized in
                  a number of ways. One broad category is operation time versus interoperation time,
                  as shown in Exhibit 7-5. Operation
                     time (or operation duration) is defined in the ASCM Supply Chain Dictionary as: “The total of setup and run time for a
                     specific task. Syn.: operation duration.” Operation time is the load placed on the work center. Setup and run times are
                  not affected by the other elements of lead time. The queue, wait, and move times
                  constitute the time taken between operation times, so this adds to total lead time
                  but not to the load on the work center. Interoperation times are elastic, but they
                  do affect when the load time occurs.

               
               
               
               
                  Exhibit 7-5: Operation and Interoperation Time[image: The sequence (Queue, Setup, Run, Wait, Move) repeats three times, and curly braces indicate “Operation time” for each “Setup” and “Run” group and “Interoperation time” for each “Wait, Move, Queue” group.]
               
               
               
               
               Interoperation time is nonproductive time,
                  and it often consumes the larger percentage of the total lead time over operation
                  time. However, interoperation time is often necessary to some degree. Different work
                  centers have different operation times, and coordinating material flow can be
                  complex; each choice will have some tradeoffs. Queue time represents the backlog of
                  work at a given work center, and it is needed in many functional (job shop)
                  manufacturing process types because the work centers are arranged by function and
                  the units may take odd routes through the plant. Different products may also have
                  different batch sizes. All of this makes it very difficult to have all of the work
                  arrive just in time at every work center. A certain amount of queue or backlog will
                  ensure that work centers do not go idle. However, queue time frequently has
                  significant room for improvement, especially in functional (job shop) manufacturing
                  process types. Bottleneck work centers can also accumulate long queues of inventory
                  before stations, and this adds to lead time if not managed using methods such as the
                  theory of constraints or other solutions such as lean manufacturing. There is often
                  a lot of room to reduce lead times and WIP levels by continually working to reduce
                  nonproductive time.

               
               
               
               Note also in Exhibit 7-5 how a total amount of operation time plus interoperation time for a
                  product may encompass multiple individual operations and interoperations.

               
               
               

            
            

         
         
         
         
            
            
            Scheduling Tools

            
            
            
            
               
               
               Tools used in scheduling include operation setback charts, Gantt
                  charts and control boards, and job shop and block scheduling.

               
               

            
            
            
            
               
               
               Management of Lead-Time
                  Requirements Using Operation Setback Charts

               
               
               
               
                  
                  
                  Product structure, routing, and lead time data are used to
                     develop an operation setback chart for master-scheduled end items. The ASCM Supply Chain Dictionary defines an operation setback chart as:

                  
                  
                  
                  
                     
                     A graphical display of the bill of material (BOM) and lead-time information provided
                           by the routing for each part. The horizontal axis provides the lead time from raw
                           materials purchase to component manufacture to assembly of the finished product.

                     

                  
                  
                  
                  Exhibit 7-6 shows the relationship
                     of components to their immediate parents for a manufactured end item. From this
                     product structure diagram, one can deduce the sequence of operations necessary
                     to build the end item. Product structure information is found in the product
                     structure or bill of material (BOM) file. The lead-time data shown in the
                     diagram are found in the routing file and the item master file, which also
                     includes purchased parts.

                  
                  
                  
                  
                     Exhibit 7-6: Product Structure[image: A flowchart illustrating cumulative lead time and manufacturing lead time in weeks for a product manufacturing process. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  As shown in Exhibit 7-6, the manufacturing lead time for the end item is seven weeks,
                     while the cumulative lead time is nine weeks. Cumulative lead time is the
                     manufacturing lead time plus the lead time for purchased materials, here shown
                     as a two-week lead time for purchased raw materials (RM1 and RM2).

                  
                  
                  
                  We will use the routing and lead time data
                     for parts D and E, shown in Exhibit 7-7 and Exhibit 7-8, to create a setback chart. The lead time for part D is 15 days;
                     for part E it is 13 days. Note that while the example that follows uses days and
                     the results are rounded to make the example easier to follow, most systems use
                     standard hours, and the amount of load is calculated down to partial hours of
                     work since this level of precision can sometimes influence decision
                     making.

                  
                  
                  
                  
                     Exhibit 7-7: Routing and Lead Time Data (Part D)
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                     Exhibit 7-8: Routing and Lead Time Data (Part E)
                     
                     
                     
                     
                        
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Part E Routing

                                       
                                       
                                    

                                 
                              
                              
                              
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Operation

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Work
                                             Center

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Queue
                                             Time

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Setup
                                             Time

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Run
                                             Time

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Move
                                             Time*

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Total
                                             Time

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Rounded
                                             Time

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       1

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       200

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       2.6

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       0.6

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       2.5

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       0.3

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       6.0

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       6.0

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       2

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       205

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       0.5

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       0.1

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       0.2

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       0.3

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       1.1

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       1.0

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       3

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       206

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       1.5

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       0.2

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       0.3

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       0.1

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       2.1

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       2.0

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       4

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       207

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       1.5

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       0.6

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       1.0

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       0.8

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       3.9

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       4.0

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Total lead time (days) = 13.0
                                          (*includes wait time)

                                       
                                       
                                    

                                 
                              

                           

                        
                        

                     
                  
                  
                  
                  The culmination of the product structure
                     and routing analysis is the operation setback chart shown in Exhibit 7-9. The value of the chart is that it shows the time phasing of load
                     on work center (WC) 200 through WC 207 for parts D and E. As seen in this
                     example, there is a conflict between parts D and E in weeks 3 and 4 for capacity
                     at WC 200, because both parts are scheduled to be in the same work center at the
                     same time. (Queue is not included in the conflict.) The setup and run lead time
                     for E overlaps with the run lead time for D on day 5 of week 3 and on day 1 of
                     week 4.

                  
                  
                  
                  
                     Exhibit 7-9: Operation Setback Chart[image: This diagram visually represents the sequence and overlapping of work center loads, showing how conflicts in work center capacity can arise during the manufacturing process. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  This example shows how an organization
                     could use a Gantt chart (described below) for weeks 3 through 5 at work center
                     200 to resolve the lead-time conflict.

                  
                  

               
               

            
            
            
            
               
               
               Gantt Charts and Control
                  Boards

               
               
               
               
                  
                  
                  Gantt or bar charts are a type of visual aid used for
                     loading and scheduling. They are most often used in the project process
                     type.

                  
                  
                  
                  Managers use the Gantt chart format to make trial-and-error
                     work center schedules to determine the impact of different arrangements. Exhibit 7-10 illustrates a
                     schedule for work center 200 in weeks 3 through 5. Based on the MRP-based lead
                     times in the routing, there is a conflicting capacity requirement for capacity
                     between parts D and E on Wednesday of week 3 through Monday of week 4.

                  
                  
                  
                  
                     Exhibit 7-10: Gantt Chart[image: Gantt Chart for Weeks 3–5 showing M–F each week. A bar labeled “Part D” spans Week 3 into mid-Week 4. A second bar labeled “Part E” starts later in Week 3 and ends in Week 4, illustrating different MRP lead times.]
                  
                  
                  
                  
                  Software enables Gantt charts to be interactive. Planners
                     may be able to identify conflicts and then use a simulation mode to drag and drop
                     jobs into other time slots to see if the change will balance the load better and
                     eliminate the conflicts. Once satisfied, planners can then convert the changes into
                     a real schedule.

                  
                  
                  
                  Gantt charts have their limitations. A Gantt
                     chart must be repeatedly updated to keep it current. It does not directly reveal
                     the costs of alternate loadings, nor does it consider that processing times may
                     vary among work centers.

                  
                  
                  
                  A variation of the Gantt chart used in scheduling is the
                     control board, also called the schedule board, the planning board, or the dispatch
                     board. The ASCM Supply Chain Dictionary defines
                     control
                        board as: “A visual means of showing machine loading or project planning, usually a variation
                        of the basic Gantt chart. Syns.: planning board, schedule board. See: dispatch board,
                        schedule chart.”

                  
                  
                  
                  The control board has racks to hold pieces of paper. Each
                     piece of paper is a job, and its length represents the setup time plus the run
                     time. Similar to the Gantt chart, the schedule board is challenging to keep
                     up-to-date and to communicate to the shop floor. Many organizations that use
                     this technique have large monitors on the shop floor so operators can view
                     current job schedules.

                  
                  

               
               

            
            
            
            
               
               
               Job Shop and Service
                  Scheduling Techniques

               
               
               
               
                  
                  
                  Job shop and
                     block scheduling are defined by the ASCM Supply Chain
                        Dictionary.

                  
                  
                  
                  
                     
                     Job shop scheduling: The manufacturing planning and control techniques used to sequence and prioritize
                           production quantities across operations in a job shop.

                     
                     Block scheduling: An operation-scheduling technique in
                           which each operation is allowed a block of time, such as a day or a
                           week.

                     

                  
                  
                  
                  Job shop scheduling is used in the
                     work center manufacturing process type (also called a job shop) to deal with the
                     typically small order quantities, the lack of knowledge of what needs to be
                     scheduled until actual orders come in, and the complexities of multiple shared
                     resources and varied routings and materials. While some organizations keep it
                     simple and use whiteboards to manually rearrange the day’s schedule or make
                     their own spreadsheets, many job shops employ drum-buffer-rope (resource-limited
                     scheduling) to help minimize bottlenecks that may shift on a daily basis. They
                     may also employ lean scheduling methods. Still others use software with
                     algorithms designed to optimize a job shop schedule.

                  
                  
                  
                  Block scheduling is often used in service industries (and in
                     school systems, which are a type of service) as a way to ensure that the larger
                     blocks of time that are available in a schedule aren’t consumed by smaller
                     appointments. Rather, one schedules the large blocks of time first, such as a
                     three-hour dental surgery, and then fills in the smaller items in the remaining
                     gaps.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Evaluating Throughput

            
            
            
            
               
               
               A key metric for manufacturing or service efficiency is
                  throughput. The ASCM Supply Chain Dictionary
                  defines throughput as:

               
               
               
               
                  
                  1) The rate at which the system generates goal
                        units. Because throughput is a rate, it is always expressed for a given time period,
                        such as per month, week, day, or even minute. If the goal units are money,
                        throughput is an amount of money per time period. In that case, throughput is
                        calculated as revenues received minus total variable costs and then divided by units
                        of the chosen time period. 2) In warehousing, it represents the number of goods that
                        are moving through the warehouse at any given moment.

                  

               
               
               
               Throughput is one of the simplest—yet most
                  important—manufacturing metrics. Common measurements of throughput include average
                  number of units produced over a specified period of time (e.g., units per minute),
                  volume of services provided, or amount of money per time period. If an
                  organization’s throughput decreases, it knows that it has an issue in production
                  that needs to be addressed.

               
               
               
               Throughput metrics include

               
               
               
               
                  
                  
                  	
                     
                     
                     Efficiency

                     
                     

                  
                  
                  
                  	
                     
                     
                     Utilization

                     
                     

                  
                  
                  
                  	
                     
                     
                     Productivity

                     
                     

                  
                  
                  
                  	
                     
                     
                     Input/output control metrics

                     
                     

                  
                  
                  
                  	
                     
                     
                     Cycle time or throughput time

                     

                  
                  
                  
                  	
                     
                     
                     Cycle time versus takt time (the rate of customer
                        demand).

                     

                  
                  

               
               
               
               Throughput can often be measured using visual management
                  or visual signs related to throughput. Visual management is
                  defined by the ASCM Supply Chain Dictionary as: “A management system in which every
                     metric that matters, standardized work, and improvement approaches are displayed on
                     the shop floor and in the office.”

               
               
               
               Since the production line is directly linked to
                  the output of the machines, managing and measuring throughput allows the
                  organization to identify areas where bottlenecks or slowdowns are occurring and make
                  the appropriate adjustments.

               
               
               
               Two
                  additional related terms are flow rate and production rate, which are defined in the
                  ASCM Supply Chain Dictionary as follows:

               
               
               
               
                  
                  Flow rate: The running rate of work through the manufacturing process which is measured as the
                        inverse of cycle time. For example, if the cycle time is two minutes per unit, the
                        flow rate is 240 units per eight-hour shift.

                  
                  Production rate:
                     The rate of production usually expressed
                        in units, cases, or some other broad measure, expressed by a period of time (e.g.,
                        per hour, shift, day, or week). Syn.: production level.

                  

               
               
               
               The production or flow rate tends to be slower
                  in batch processing, due to the lack of specialization of machinery and workers.

               
               

            
            
            
            
               
               
               Service Industry Throughput

               
               
               
               
                  
                  
                  In the service industry, a
                     higher rate of throughput enables more customers to be served in a given period,
                     which increases revenue per time period. (Variable costs also increase, but
                     fixed costs are spread over more units.) Service throughput can be measured
                     using many of the metrics just discussed, but customers served (or money) will
                     be the “goal units.” For example, input/output control could monitor customers
                     entering queues and output of customers leaving after the service is
                     complete.

                  
                  
                  
                  Customers will have
                     expectations for the value-added and non-value-added portions of service lead
                     time.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The value-added time is when the
                           service is actually being provided, and customers will desire this to be
                           the majority of their time spent and for this “run” time to fall within
                           an expected range, such as getting a certain amount of quality time with
                           a doctor. The organization should set a target time range for this
                           rather than attempting to minimize it so that customer service and
                           throughput goals can be balanced.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Non-value-added portions include
                           queue times, setup times, wait times, and move times that should be
                           minimized to the degree feasible to maximize throughput without harming
                           customer service. A restaurant example for each would be waiting for a
                           table (queue), table setup for different-size groups (setup), waiting
                           for the meal (wait), and moving customers to and from the table (move).
                           Different services will use these lead-time elements to different
                           degrees. Service organizations have found many creative ways to minimize
                           queue times or make them appear to be shorter. Examples include customer
                           service collecting a phone call-back number rather than making the
                           person wait on hold, providing pagers to customers at restaurants to
                           make a virtual queue, or providing priority queues for customers who pay
                           a premium or are in frequent customer programs.

                        
                        

                     
                     

                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Production
            Activity Control

         
         
         
         
            
            
            Here we provide an
               overview of production activity control (PAC), including the PAC feedback
               loop. The ways PAC can manage lead times are discussed, including operation
               overlapping, lot splitting, and lot size reduction. We also review
               two key PAC techniques: sequencing and scheduling (including load
               operations). Some tools to expedite production schedules are addressed
               after that. We conclude with a discussion of shop floor systems.

            
            

         
         
         
         
         
            
            
            PAC Overview

            
            
            
            
               
               
               The ASCM
                     Supply Chain Dictionary defines production
                     activity control (PAC) as:

               
               
               
               
                  
                  
                     The function of routing
                        and dispatching the work to be accomplished through the production facility and of
                        performing supplier control. PAC encompasses the principles, approaches, and
                        techniques needed to schedule, control, measure, and evaluate the effectiveness of
                        production operations. See: shop floor control.
                     

                  

               
               
               
               As seen in Exhibit 7-11,
                  PAC and purchasing represent the execution phase. Purchasing is
                  responsible for establishing and controlling the flow of raw materials
                  into the facility. Once the raw materials are in the facility, PAC
                  is responsible for establishing and controlling the flow of work
                  through the facility. The planning horizon for PAC is generally
                  very short as compared to other processes, and the level of detail
                  needed is high.

               
               
               
               
                  Exhibit 7-11: Planning Levels[image: A flowchart depicting the relationship between Priority Planning and Capacity Planning in production. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               PAC is responsible
                  for executing the master production schedule and the material requirements
                  plan. At the same time, it must make good use of labor and machines, minimize
                  work-in-process inventory, and maintain customer service.

               
               
               
               The material requirements
                  plan authorizes PAC to release work orders to the shop for manufacturing,
                  to take control of work orders and make sure they are completed
                  on time, to be responsible for the immediate detailed planning of
                  the flow of orders through manufacturing, and to manage day-to-day
                  activity and provide the necessary support.

               
               
               
               Next we address the
                  objectives of PAC, its components, its inputs, and its output (the production
                  schedule).

               
               

            
            
            
            
               
               
               PAC Objectives

               
               
               
               
                  
                  
                  Production activity
                     control provides the data that allow the operation to execute. PAC has
                     the following objectives:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Execute
                           the orders authorized in the master production schedule and the
                           material requirements plan.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Plan and release individual orders to the
                           factory and outside vendors.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Optimize
                           the use of resources, including materials, tooling, equipment, staff,
                           and information.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Provide
                           availability information to production coordinators so they can
                           ensure the availability of resources when they are needed.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Provide early warning signals and status
                           information to other manufacturing planning and control (MPC) modules.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Maintain
                           customer service at the targeted level.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Provide
                           information on work-in-process inventories so planning/operations
                           can maintain the levels set by inventory policy.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Shorten both queue and move (two non-value-added
                           elements of lead time).

                        
                        

                     
                     
                     
                     	
                        
                        
                        Provide feedback on shop and suppliers’
                           performance against plans.

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               PAC Components

               
               
               
               
                  
                  
                  The activities
                     of the PAC system can be classified into planning, execution, and
                     control functions. Exhibit 7-12 shows
                     how these activities form a feedback loop as production coordinators
                     prioritize orders and/or replan schedules based on actual results.

                  
                  
                  
                  
                     Exhibit 7-12: Production Activity Control[image: A flow diagram titled “Production Activity Control (PAC)” consisting of three interconnected boxes and arrows indicate the flow: “Scheduling” leads to “Implementation,” which leads to “Capacity Control” before looping back to “Scheduling.”]
                  
                  
                  
                  
                  Exhibit 7-13 provides
                     more detail on how PAC forms a closed-loop system, including scheduling,
                     implementation, the manufacturing shop floor, and capacity control.

                  
                  
                  
                  
                     Exhibit 7-13: Production Activity Control Components[image: Flowchart showing the cyclic process of production activity control involving Scheduling, Implementation, Manufacturing, and Capacity Control. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Starting
                     with scheduling, also called the plan component of PAC, production coordinators
                     verify that resources will be ready when needed. They also schedule start
                     and completion dates for each shop order at each affected work center. Production
                     coordinators use load profiles and various scheduling techniques
                     to devise a feasible schedule that can meet required completion
                     dates.

                  
                  
                  
                  In implementation,
                     production coordinators gather the information they need to provide
                     to the shop floor to make the product using what is called a shop
                     packet, verify that resources will be available when needed, and
                     then release these orders to the shop floor as authorized by the
                     material requirements plan.

                  
                  
                  
                  During capacity control (sometimes called
                     just control), production coordinators use a prioritization process
                     called dispatching to generate a dispatch list showing scheduled start
                     and completion dates for the sequence of orders at work centers.
                     The process is also used to gather feedback on planned and actual
                     inputs to and outputs from the work centers to help control work-in-process
                     (WIP) inventory and queue times, and this also provides information
                     on whether backlogs are increasing or decreasing relative to their
                     desired level. Capacity control involves monitoring and controlling WIP,
                     lead times, and queues and preparing various reports for use in
                     longer-term management. The results of capacity control may require
                     replanning rather than just re-ranking the dispatch list, so this
                     results in a feedback loop where the process repeats as needed.

                  
                  
                  
                  One of the ways organizations learn about any adjustments
                     that need to be made is through continuous process
                        control, defined in the ASCM Supply Chain Dictionary as:

                  
                  
                  
                  
                     
                     
                        The use of sensors to monitor a process and make automatic changes in operations through
                           the design of appropriate feedback control loops. Devices used may be mechanical,
                           electromechanical, or computerized.
                        

                     

                  
                  

               
               

            
            
            
            
               
               
               Inputs to PAC

               
               
               
               
                  
                  
                  Exhibit 7-14 lists the inputs used in production activity control with a
                     description and the types of information each provides. Note that the first five are
                     planning data, while the shop order file is a control file that is updated as the
                     process proceeds.

                  
                  
                  
                  
                     Exhibit 7-14: Inputs to Production Activity Control
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Input

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Description

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Information Provided

                                       
                                       
                                    

                                 
                              
                              
                              
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Material requirements plan

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Authorized production

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Shop order quantities and order due
                                          dates

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Item master files

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Database for each part number

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Part number and description; quantity
                                          on hand, available, and on order; manufacturing lead
                                          times and lot size quantities

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Bills of material (BOMs, also called
                                          product structure files)

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Used by material requirements planning
                                          to determine which options and parts each order
                                          needs

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Shop floor pick lists for shop order
                                          packet

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Routing files

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Series of operations for a unique part
                                          number describing how to make product

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Operations required, sequence of work
                                          centers used, manufacturing lead times, operation
                                          capacity required (pieces × operation standard), and
                                          tools required

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Work center files

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Work center information

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Work center number, shifts per week,
                                          machine hours and labor hours per shift, capacity,
                                          efficiency, utilization, queue time, manufacturing lead
                                          time, and alternative work centers

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Shop order files (manufacturing order
                                          files)

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Live document for each shop order

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Shop order number; shop order
                                          quantities; order due dates; quantities issued,
                                          completed, scrapped, and balance due; planned and actual
                                          setup and run times; lead times remaining; cost
                                          information

                                       
                                       
                                    

                                 
                              

                           

                        
                        

                     
                  
                  
                  
                  Note that the same type of information is
                     sometimes listed in more than one place, which reflects the fact that organizations
                     may organize files in different ways.

                  
                  
                  
                  The master route sheet will record step-by-step instructions
                     for how the product is made, including equipment, tools, setup times, run times, and
                     lead times for each operation required for the manufacturing process. This will
                     dictate what materials are needed at each workstation for each step in the
                     process.

                  
                  
                  
                  Scheduling relies on the accuracy of this
                     information. If, for example, the queue, setup, run, wait, and move times are wrong
                     at a work center, then the schedule will be off and will need correcting. If the
                     root cause of the schedule variance is determined to be source file inaccuracy,
                     these files should be updated after verifying that the standard should be
                     changed.

                  
                  

               
               

            
            
            
            
               
               
               Output of PAC

               
               
               
               
                  
                  
                  The
                     ASCM Supply Chain Dictionary defines the production schedule as:

                  
                  
                  
                  
                     
                     
                        A plan that authorizes the factory to
                           manufacture a certain quantity of a specific item. It is usually initiated by the
                           production planning department.
                        

                     

                  
                  
                  
                  The
                     production schedule is designed to meet delivery dates while using manufacturing
                     resources (such as machinery and labor) in the most efficient way possible
                     given information on routing, required and available capacity, competing jobs,
                     and manufacturing lead times for every work center involved in the
                     production of the product being scheduled.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Capacity, Standard Time, and Loading

            
            
            
            
               
               
               The availability of capacity is a major consideration
                  in scheduling and the execution of the actual work. A key step in
                  the scheduling process is to determine if sufficient capacity is
                  available when needed to execute the operation.

               
               
               
               Loading involves scheduling jobs to work centers and to various machines
                  within the work center. When a job can be loaded on multiple work centers or machines
                  and
                  there are multiple jobs to process, the scheduling process is more complex. The scheduler
                  needs some way to assign jobs to the centers so that processing and setups are minimized
                  along with idle time and throughput time. Often this is done using standard hours,
                  also
                  called standard time.

               
               
               
               The ASCM Supply Chain
                     Dictionary defines standard time as:

               
               
               
               
                  
                  The length of time that should be required
                        to (1) set up a given machine or operation and (2) run one batch or one or more
                        parts, assemblies, or end products through that operation. It is used in determining
                        machine requirements and labor requirements. It assumes an average worker who
                        follows prescribed methods and allows time for personal rest to overcome fatigue and
                        unavoidable delays. It also is frequently used as a basis for incentive pay systems
                        and as a basis of allocating overhead in cost accounting systems. Syn.: standard
                        hours. See: standard.

                  

               
               
               
               When a standard amount of time is determined for a
                  work center operation and so on, this creates a way of estimating capacity. The priority
                  plan will need to be translated into these same hourly units of measure to compare
                  the
                  required hourly rate to the available hourly rate. That is, the planned rate of production
                  can be defined using this standard. If the actual rate is above or below this level,
                  assessments can be made of relative efficiency and other factors. Standard time is
                  developed
                  by studying the amount of time it takes an average qualified operator to do the same
                  job at
                  an average pace. This usually requires extensive observation of workers and activities,
                  and
                  this type of information can be time-consuming and expensive to gather. The standard
                  will
                  also need to somehow account for worker learning curves, meaning that the output of
                  workers
                  tends to increase as they become more and more experienced. This can create a moving
                  target
                  for setting standard times, since the available workforce will change over time.

               
               
               
               Two approaches
                  are used for loading work centers: infinite loading and finite loading (or
                  finite scheduling). Loading is the calculation of the capacity required,
                  based on operations setup and run time by period, at work centers
                  in the product routing. Capacity required is the rate at which work
                  needs to get done.

               
               
               
               [image: ../images/mathml_id177RAD00NHK.png]
               
               
               
               The ASCM Supply Chain Dictionary defines
                  infinite and finite loading as follows:

               
               
               
               
                  
                  Infinite loading:
                     Calculation of the capacity required at
                        work centers in the time periods required regardless of the capacity available to
                        perform this work. Syn.: infinite scheduling.

                  
                  Finite loading:
                     Assigning no more work to a work center than the work center can be expected to execute
                        in a given time period. The term usually refers to a technique that involves calculating
                        shop priority revisions in order to level load operation by operation. Syn.: finite
                        scheduling. See: drum-buffer-rope (DBR).

                  

               
               
               
               Exhibit 7-15 illustrates
                  the loading of work center 200 over a five-week period for all products.
                  Note that this load profile contains primarily released orders (darker shading)
                  but it also contains some planned orders (lighter shading).

               
               
               
               
                  Exhibit 7-15: Infinite versus Finite Loading[image: Two bar graphs showing the load profiles for work center 200 (including all products) comparing infinite load capacity profile (CRP) and finite load capacity profile. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               With infinite loading,
                  jobs are assigned to work centers without regard for the capacity
                  of the work center, as shown in the top of Exhibit 7-15.

               
               
               
               Priority rules are appropriate
                  for use under the infinite loading approach. Jobs are loaded at
                  work centers according to the chosen priority rule.

               
               
               
               Finite
                  loading projects the actual start and stop times of each job at
                  each work center, as seen in the bottom of Exhibit 7-15.
                  It considers the capacity of each work center and compares the processing
                  times so that process time does not exceed capacity. Finite loading
                  can be done on a vertical loading basis (each work center is scheduled independently)
                  or a horizontal loading basis (whole orders are scheduled across multiple
                  work centers at the same time). In either case, once a given work
                  center is full to its capacity, future orders will need to be scheduled
                  in the next available period or a different order will need to be
                  de-expedited or rescheduled.

               
               
               
               With finite vertical
                  loading, each work center would be fully loaded. Of course, this would
                  mean that a higher-priority job would then have to wait to be processed
                  if the work center is already busy.

               
               
               
               When using finite horizontal
                  loading, there may be gaps in the schedule for a given work center,
                  and the scheduler can then project the number of hours each work center
                  will operate if this is less than full time (and the operators might
                  help out elsewhere if cross-trained). The scheduler will have to
                  weigh the relative costs of keeping higher-priority jobs waiting,
                  the cost of idle work centers, the number of jobs and work centers,
                  and the potential for disruptions, new jobs, and cancellations.

               
               
               
               If the organization has
                  limited ability to increase capacity (e.g., is already running three
                  shifts), finite loading would be appropriate, since it reflects
                  an upper limit on capacity. If infinite loading is used, capacity
                  may have to be increased through overtime, subcontracting, or expansion,
                  or work may have to be shifted to other periods or machines.

               
               

            
            

         
         
         
         
            
            
            Operations Sequencing and Dispatching

            
            
            
            
               
               
               Operations sequencing is the method used
                  to control priorities when it is not necessary to resort to replanning.
                  The process of controlling the priority of orders is called dispatching.

               
               

            
            
            
            
               
               
               Operations Sequencing (Priority Control)

               
               
               
               
                  
                  
                  The ASCM Supply Chain
                        Dictionary defines priority control and operations sequencing terms.

                  
                  
                  
                  
                     
                     Priority control: The process of communicating start and
                           completion dates to manufacturing departments in order to execute a plan. The
                           dispatch list is the tool normally used to provide these dates and priorities based
                           on the current plan and status of all open orders.

                     
                     Operations sequencing:
                        A technique for short-term planning
                           of actual jobs to be run in each work center based upon capacity (i.e., existing
                           workforce and machine availability) and priorities. The result is a set of projected
                           completion times for the operations and simulated queue levels for
                           facilities.

                     
                     Sequencing:
                        Determining the order in which a manufacturing
                           facility is to process a number of different jobs in order to achieve certain
                           objectives.

                     

                  
                  
                  
                  The master production schedule
                     sets due dates for finished goods, material requirements planning
                     translates these into due dates for components, and scheduling releases
                     these orders to minimize capacity or resource conflicts. Priority control
                     is needed at this point because neither supply nor demand is fully
                     stable in many manufacturing environments:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Customers
                           may request changes in due dates or quantities, perhaps by requesting expediting.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Materials
                           may arrive late or early.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Scrap
                           or quality rejects may be higher than the standard amount.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Multiple
                           orders may have the same due date, or work centers may need to process multiple
                           orders by the same operation due date.

                        
                        

                     
                     

                  
                  
                  
                  Job sequencing rules are needed to account for these issues.
                     The ASCM Supply Chain Dictionary defines job
                        sequencing rules as: “A set of priorities and conditions that specify the order in which jobs are processed
                        to meet objectives such as reducing idle time or minimizing lateness. See: dispatching
                        rule.” These are also called priority rules. Many different priority rules have been
                     established to support production activity control (PAC). Some of the more common
                     include the following:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Due date. Using
                           the due date as a priority could mean that the organization uses the
                           earliest operation due date or possibly the earliest part due date. Both of
                           these use scheduled due dates or parts and operations. Scheduled due dates
                           help determine order priority, which is defined in the ASCM Supply
                              Chain Dictionary as: “The level of importance given to each order with respect to its characteristics such
                              as urgency, value, customer, and shipping distance. Order priority determines which
                              orders should be manufactured or fulfilled first to maximize customer satisfaction
                              and profitability.”

                        
                        

                     
                     
                     
                     	
                        
                        
                        Order slack. The order slack
                           time is determined by summing the setup and run times for the remaining
                           operations and then subtracting the duration of time until the part
                           is due. The priority would be to work on the job with the least
                           slack time next.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Slack per
                              operation. This is also a dispatching rule; it will be covered
                           in more detail in the discussion of dispatching rules.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Critical
                              ratio. This is also a dispatching rule; it will be covered in
                           more detail in the discussion of dispatching rules.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Shortest
                              operation next. This priority rule ignores all of the due dates.
                           The job that can be completed in the shortest amount of time is
                           next.

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Dispatching

               
               
               
               
                  
                  
                  In addition to priority
                     rules, sequencing also includes dispatching. The ASCM Supply Chain Dictionary defines the following
                     dispatching terms.

                  
                  
                  
                  
                     
                     Dispatching:
                        1) Selecting and sequencing available jobs to be run at individual workstations and
                           assigning those jobs to workers. 2) Planning and controlling the movement of goods
                           to satisfy customer requirements, including assigning shipments to specific vehicles
                           and drivers and monitoring the status of shipments in transit.

                     
                     Dispatching rule: The logic used to assign priorities to jobs at a work center. See: job sequencing
                           rule, longest-task-time (LTT) rule.

                     
                     Operation due date:
                        1) The date when an operation should
                           be completed so that its order due date can be met. It can be calculated based on
                           scheduled quantities and lead times. 2) A job sequencing algorithm (dispatching
                           rule) giving earlier operation due dates higher priority.

                     
                     Dispatch list:
                        A list of manufacturing orders in priority sequence containing detailed information
                           about priority, location, quantity, and the capacity requirements of the manufacturing
                           order by operation. Dispatch lists are normally generated daily and oriented by work
                           center. Syns.: priority report, work center schedule.

                     
                     Capacity requirements:
                        The resources needed to produce the
                           projected level of work required from a facility over a time horizon. Capacity requirements
                           are
                           usually expressed in terms of hours of work or, when units consume similar resources
                           at the same rate, units of production.

                     
                     Limiting operation:
                        The operation with the least capacity in a series of operations with no alternative
                           routings. The capacity of the total system can be no greater than the limiting operation,
                           and as long as this limiting condition exists, the total system can be effectively
                           scheduled by scheduling the limiting operation and providing this operation with proper
                           buffers. See: bottleneck, protective capacity, protective inventory.

                     

                  
                  
                  
                  Once an organization
                     has determined the priority rules it will use, then it uses dispatching
                     to determine the order in which to apply the rules and complete
                     the items on the dispatch list. This list is used to notify workers
                     which order numbers to process first.

                  
                  

               
               
               
               
                  
                  
                  Dispatch List

                  
                  
                  
                  
                     
                     
                     Exhibit 7-16 shows a dispatch list for work center 13, a spot-welding station for
                        a door manufacturer.

                     
                     
                     
                     
                        Exhibit 7-16: Dispatch List[image: A table titled “Dispatch List.” Go to long description for more details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     The dispatch list is generated using
                        dispatching rules that help set the priority of orders.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Dispatching Rules

                  
                  
                  
                  
                     
                     
                     Below are some of the more common dispatching
                        rules, each of which seeks to help in managing PAC. Some of the rules will perform
                        better than others at meeting due dates, maximizing work center throughput, or
                        minimizing work-in-process inventory, but no single rule works best at optimizing
                        all of these objectives.

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           First come,
                                 first served (FCFS). Jobs are done in the order received. This
                              ignores due dates and processing times but may work if schedules are
                              well-designed and stable.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Earliest job due date (EDD). Jobs with the earliest end unit due
                              date are completed first, which conforms to the basic output of a material
                              requirements planning (MRP) system. Thus EDD is a default option. (The other
                              methods refine or override the MRP output in one way or another.) This
                              prioritizes due dates without regard to processing time, meaning some longer
                              orders might make shorter orders late. An advantage of this method is that
                              it supports on-time order completion.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Earliest operation due date (ODD). Jobs with the earliest operation
                              due date (work center operation) are completed first. This takes both the
                              due date and the processing time into account, because the operation due
                              date reflects the amount of processing time.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Shortest process time (SPT). The jobs with the shortest process
                              time are sequenced first. This ignores due dates but gets the most jobs done
                              overall. (Longer jobs may be delayed, however.) The following are two
                              variants of this method:

                           
                           
                           
                           
                              
                              	
                                 
                                 
                                 Least work remaining (LWR). This
                                    variant of SPT sums up all processing time remaining until the job
                                    is finished and prioritizes the jobs that can be finished the
                                    fastest overall.

                                 
                                 

                              
                              
                              	
                                 
                                 
                                 Fewest operations remaining
                                       (FOR). This variant sums up the remaining sequential
                                    operations and prioritizes the jobs that have the fewest remaining
                                    operations.

                                 
                                 

                              

                           
                           
                           
                           Advantages of SPT include lower
                              work-in-process inventory, shorter average completion time, and fewer late
                              jobs overall.

                           
                           

                        
                        
                        
                        	
                           
                           
                           
                              Critical ratio. The ASCM Supply Chain Dictionary defines the
                              critical ratio (CR) as:

                           
                           
                           
                           
                              
                              A dispatching rule that calculates a
                                    priority index number by dividing the time to due date remaining (time remaining)
                                    by
                                    the expected elapsed time to finish the job (work remaining). For example, critical
                                    ratio = time remaining / work remaining = 30 / 40 = .75. A ratio less than 1.0
                                    indicates the job is behind schedule, a ratio greater than 1.0 indicates the job is
                                    ahead of schedule, and a ratio of 1.0 indicates the job is on schedule.

                              

                           
                           
                           
                           More simply stated, the ratio of processing time remaining to lead time
                              remaining (work remaining). It results in a ratio that shows the relative
                              priority of the order compared to other orders at the work center. The rule
                              is to sequence the order with the lowest ratio first. (Negative values are
                              considered the lowest, with –2 being a higher priority than –1.) Here’s what
                              the ratio values mean:

                           
                           
                           
                           
                              
                              	
                                 
                                 
                                 If the CR is 0 or
                                    negative: Expedite. The order is currently late.

                                 
                                 

                              
                              
                              	
                                 
                                 
                                 If the CR is less than
                                    1.0: Expedite. The order is behind schedule.

                                 
                                 

                              
                              
                              	
                                 
                                 
                                 If the CR is 1.0: The
                                    order is on schedule.

                                 
                                 

                              
                              
                              	
                                 
                                 
                                 If the CR is greater than
                                    1.0: The order is ahead of schedule.

                                 
                                 

                              

                           
                           
                           
                           The critical ratio can be calculated
                              using days or hours, depending on the situation. Note also that, when
                              calculated, the ratio is often rounded to one or two decimal places.

                           
                           
                           
                           The equation for the critical ratio
                              follows, along with an example of order C, introduced in the exhibit below,
                              where the order due date is manufacturing calendar day 56, the present date
                              is day 48, and the lead time remaining is 16 days.

                           
                           
                           
                           [image: ../images/mathml_id209ELK0B05Z.png]
                           
                           
                           In this case, the actual time
                              remaining is half as much as the total lead time remaining for all
                              operations (comprising their respective queue, setup, run, wait, and move
                              times), meaning that perhaps this operation had delays, rejected units, and
                              so on. If the critical ratio is used as the rule, this order would therefore
                              be a higher priority than an order that was on schedule (1.0).

                           
                           

                        
                        

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Slack time. This is the time remaining for an order’s due date
                              minus the sum of its remaining setup and run times. An example is shown for
                              part C with an added input: the sum of its remaining setup and run times is
                              5 days.

                           
                           
                           
                           [image: ../images/mathml_id177CA0A04KC.png]
                           
                           
                           [image: ../images/mathml_equation-block_ydj_lqz_ddc.png]
                           
                           
                           The order with the lowest slack time is
                              scheduled first. Slack time per operation is slack time divided by the
                              number of remaining operations, and the lowest value is the highest
                              priority. An advantage of this method is that it focuses on meeting order
                              due dates.

                           
                           

                        
                        

                     
                     
                     
                     Exhibit 7-17 compares how the first five of these methods would prioritize a set
                        of orders based on their rules. (Slack time is not shown.) Note how different rules
                        result in different order priorities. Due dates are listed by their shop calendar
                        dates, and the current day is listed at the top of the exhibit.

                     
                     
                     
                     
                        Exhibit 7-17: Comparison of Dispatching Rules[image: A table titled “Comparison of Dispatching Rules.” Go to long description for more details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     In this example, today’s date is day 48, so
                        order A is already late. Thus it is the highest priority in several of the methods,
                        especially since it is late at this work center as well.

                     
                     
                     
                     The critical ratio is

                     
                     
                     
                     [image: ../images/mathml_id22AL80Z00TY.png]
                     
                     
                     
                     Order B is on schedule:

                     
                     
                     
                     [image: ../images/mathml_id22AL8500DW6.png]
                     
                     
                     
                     Running orders based on priority rules might
                        delay orders that are currently on schedule until they are also in need of
                        expediting. Note that many of the inputs could also change. Order and operation due
                        dates might change if orders are expedited or de-expedited. Process times are based
                        on standard times and so are less likely to change, but they could be temporarily
                        changed due to issues such as breakdowns. For the critical ratio, the current day
                        and the remaining lead time will change each day as orders are processed, but if
                        queues are growing longer, for example, lead times could become problematic quickly.
                        Therefore, many—but not all—of these sequencing priorities could change over time.
                        However, it may not be wise to change orders that are already being run at a work
                        center due to added setup time.

                     
                     
                     
                     An important point about sequencing rules is
                        that since people need to implement them, they should not be too complex or
                        confusing. Whichever rule is adopted should be the rule that is consistently
                        applied.

                     
                     

                  
                  

               
               

            
            

         
         
         
         
            
            
            Scheduling Objectives and Techniques

            
            
            
            
               
               
               Scheduling aims to ensure
                  that delivery dates are met while using manufacturing resources
                  as efficiently and effectively as possible. It involves establishing
                  the start and completion dates for each operation required to process
                  an order.

               
               
               
               Production activity control (PAC) is responsible for
                  managing the queue by regulating the flow of work into and out of the primary work
                  center. According to the ASCM Supply Chain
                     Dictionary, the primary work center is: “The work center where an operation on
                     a manufactured part is normally scheduled to be performed. Ant.: alternate work
                     center.”

               
               
               
               Production activity
                  control scheduling techniques include back, forward, and central point
                  scheduling and infinite and finite loading.

               
               

            
            
            
            
               
               
               Backward
                  Scheduling

               
               
               
               
                  
                  
                  Back scheduling,
                     or backward scheduling, is defined in the ASCM Supply
                        Chain Dictionary as:

                  
                  
                  
                  
                     
                     
                        A technique for calculating operation
                           start dates and due dates. The schedule is computed starting with the due date for
                           the order and working backward to determine the required start date and/or due dates
                           for each operation. Syn.: backward scheduling. Ant.: forward
                           scheduling.
                        

                     

                  
                  
                  
                  Back scheduling starts from the due date and works
                     backward to find the latest time the operation could start.

                  
                  
                  
                  The ASCM Supply Chain
                        Dictionary defines the operation start date
                     as:

                  
                  
                  
                  
                     
                     
                        The date when an operation should be
                           started so that its order due date can be met. It can be calculated based on
                           scheduled quantities and lead times or on the work remaining and the time remaining
                           to complete the job.
                        

                     

                  
                  
                  
                  Using backward schedules minimizes work-in-process
                     inventory levels because orders are completed and resources are committed just when
                     they are needed. However, back scheduling leaves little room for error. Because
                     make-to-stock environments already have high inventory costs, back scheduling is
                     often used to keep inventory and other resource costs as low as possible.

                  
                  

               
               

            
            
            
            
               
               
               Forward
                  Scheduling

               
               
               
               
                  
                  
                  The ASCM Supply Chain Dictionary defines forward
                        scheduling as:

                  
                  
                  
                  
                     
                     
                        A scheduling technique in which the
                           scheduler proceeds from a known start date and computes the completion date for an
                           order, usually proceeding from the first operation to the last. Dates generated by
                           this technique are generally the earliest start dates for operations. See: forward
                           pass. Ant.: back scheduling.
                        

                     

                  
                  
                  
                  Forward scheduling is simply the opposite of back
                     scheduling, so it starts from the earliest date the material can be ordered (such
                     as
                     just after an order is received from a customer) and adds the lead times to find the
                     earliest time the operation could be finished. Generally this method will result in
                     orders being completed well before their due dates, which increases inventory
                     carrying costs.

                  
                  
                  
                  This method is often used to ensure that level or finite
                     loading can schedule some necessary capacity early (such as to avoid later
                     scheduling congestion or maintenance shutdowns). Otherwise, making things early can
                     risk demand not materializing and requires some inventory storage availability.
                     Forward scheduling can be done simply to provide information, such as the earliest
                     delivery date that can be promised (the customer’s requested date could be
                     unrealistic) or how much leeway there is to level the schedule by scheduling some
                     work center operations early. It can also be compared to the backward schedule to
                     determine how much an order that is behind schedule might be expedited. This is
                     because actual production might occur anywhere between the two extremes of the
                     earliest start date (from the forward schedule) and the latest start date (from the
                     back schedule).

                  
                  

               
               

            
            
            
            
               
               
               Central
                  Point Scheduling

               
               
               
               
                  
                  
                  Central point
                        scheduling is a combination of backward and forward scheduling. It is
                     defined in the ASCM Supply Chain Dictionary
                     as:

                  
                  
                  
                  
                     
                     
                        A variant of scheduling that
                           employs both forward and backward scheduling, starting from the scheduled start date
                           of a particular operation.
                        

                     

                  
                  
                  
                  Central point scheduling is used to handle a critical
                     operation whose dates must be set or determined first. An example from a theory of
                     constraints production environment could be a capacity-constrained resource or work
                     center. The critical operation determines the rest of the lead time and, therefore,
                     the start and due dates. For the critical operation and all subsequent operations,
                     forward scheduling is used. For operations before the critical operation, back
                     scheduling is used.

                  
                  

               
               

            
            
            
            
               
               
               Backward, Forward, and Central Point
                  Scheduling Compared

               
               
               
               
                  
                  
                  Backward,
                     forward, and central point scheduling are compared in Exhibit 7-18.

                  
                  
                  
                  
                     Exhibit 7-18: Backward, Forward, and Central Point Scheduling[image: Chart displaying three scheduling methods: forward, central point, and backward, for operations A, B, and C over time. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Exhibit 7-19 summarizes the key differences
                     between forward and backward scheduling. As you can see, back scheduling builds up
                     less inventory than forward scheduling, because the start of production of parts and
                     finished goods is offset from the due date. There is a smaller build-up of
                     work-in-process and finished goods inventory due to the deferral of activity to the
                     later time. Central point scheduling will fall somewhere in between.

                  
                  
                  
                  
                     Exhibit 7-19: Comparison of Forward and Backward Scheduling
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                                       Backward Scheduling

                                       
                                       
                                    
                                    

                                 
                                 
                              
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Material procurement and operations scheduling
                                          start when order is received.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Uses material requirements planning (MRP)
                                          logic: works back from MRP due date to determine operation start
                                          dates.

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Operations usually scheduled from first
                                          to last.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Last operation scheduled first; previous operations
                                          scheduled back from the start of the last.

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       More inventory build-up than back scheduling.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Less inventory build-up than forward scheduling.

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       If I start now, when can I have it?

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       When must this be started in order to finish by
                                          [date]?

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Used when resources are underloaded or capacity-related
                                          costs are high and load leveling is desired. Used in ETO and MTO to
                                          provide accurate promise dates to customers.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Used when low inventory is a top priority and
                                          production is synchronized with order due date.

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  

               
               

            
            
            
            
               
               
               Infinite
                  Loading

               
               
               
               
                  
                  
                  Infinite
                     loading is like the open-loop material requirements planning (MRP)
                     systems of the past. The assumption is that work centers that need
                     to be used for an order are available and other orders are not competing
                     for time on that work center. Infinite loading can be used in conjunction
                     with either forward or backward scheduling.

                  
                  
                  
                  The primary goal
                     of infinite loading is to meet due dates by having a high degree
                     of flexibility in capacity, such as if work centers can increase
                     their capacity by using overtime on a regular basis. It is most
                     useful when priority is given to due dates and material is planned
                     first, as is often the case in make-to-order production in a job
                     shop manufacturing process. Another use case is when schedules are
                     based on standard hours. Standard hours may differ from the actual
                     hours required in many instances, especially since there may be
                     learning curves that are difficult to account for and many standard-hour
                     estimates have some built-in slack time added. Thus, sometimes an
                     infinite loading schedule is preferred because managers will have
                     a good idea when a schedule is still feasible despite being over
                     the standard-hour limit.

                  
                  

               
               

            
            
            
            
               
               
               Finite
                  Loading

               
               
               
               
                  
                  
                  Finite
                     loading can also be used with either forward or backward scheduling.

                  
                  
                  
                  The goal of finite
                     loading is to prevent overloads. It is like the modern closed-loop MRP
                     systems in that it considers capacity when scheduling. Time is booked
                     on a work center, and the time slot is not available for other work
                     center orders. The planner prevents overloads by changing order
                     start and due dates, usually with the assistance of application
                     software. The schedule must be highly flexible for finite loading
                     to work. It is especially useful if capacity is expensive, inflexible,
                     specialized, or heavily utilized.

                  
                  
                  
                  Finite loading can and often does increase
                     manufacturing lead times for shop orders when there are conflicts.
                     In other words, the load cannot exceed the capacity and must be
                     smoothed by scheduling some operations earlier than needed or later
                     than desired. Finite loading can result in a more realistic schedule,
                     assuming that standard hours are accurate. (If the standard hours
                     have become inaccurate, this can cause problems.) One use for finite
                     loading, even when infinite loading is the primary method, is to identify
                     areas where unanticipated excess capacity exists.

                  
                  

               
               

            
            
            
            
               
               
               Backward,
                  Forward, Infinite, and Finite Compared

               
               
               
               
                  
                  
                  Exhibit 7-20 shows
                     a simple example of backward and forward scheduling using infinite loading
                     followed by both methods using finite loading. Assume that there
                     are just two identical shop orders, orders 153 and 923, to be processed
                     by operations (Op) 1 through 3 during these weeks, and that work
                     centers 1 through 3 process these operations respectively. Assume
                     also that the capacity of each work center equals its portion of
                     one order per week.

                  
                  
                  
                  
                     Exhibit 7-20: Backward and Forward Scheduling, Infinite Versus Finite[image: A scheduling chart comparing backward and forward scheduling using infinite and finite loading. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  In
                     this example, the backward infinite schedule starts in week 31 with
                     the due date, and it schedules both orders backward, with the latest
                     start date in week 26. The forward infinite schedule starts with
                     the week the order was received, week 23, and forward-schedules
                     both orders to show the earliest completion date at the end of week
                     28.

                  
                  
                  
                  The material ordering times can overlap (and the
                     materials might be ordered together to save on shipping costs). The forward finite
                     schedule does order the two materials as soon as the order is received, but it then
                     still must stagger the operations, so order 923 will not start until a week after
                     the materials are received. (Alternately, the materials order could also be delayed
                     a week.) Note that the ASCM Supply Chain
                        Dictionary defines finite forward
                        scheduling as:

                  
                  
                  
                  
                     
                     
                        A scheduling technique that builds a schedule by proceeding sequentially from the
                           initial period to the final period while observing capacity limits. A Gantt chart
                           may be used with this technique. See: finite loading.
                        

                     

                  
                  
                  
                  Simulations are often used to determine
                     whether adequate resources are available during the period where
                     they are needed. The result of simulated scheduling is a period-by-period
                     summary of load and capacity requirements for planned order releases
                     at specific work centers. This is used to create work center load
                     reports or profiles that compare available capacity.

                  
                  
                  
                  Exhibit 7-21
                     shows a simplified load profile for work center 1, which performs operation 1. The
                     exhibit assumes that back scheduling was used. In an infinite load profile, the load
                     is allowed to exceed the capacity, as shown in the exhibit, since the work center
                     can handle one operation in that week but two are scheduled. In a finite load
                     profile, the load is not allowed to exceed the capacity, so the load must be
                     smoothed. Here it is done by scheduling one operation a week earlier than
                     necessary.

                  
                  
                  
                  
                     Exhibit 7-21: Load Profile for Work Center 1 (Op 1), Infinite Versus Finite[image: Load profile chart comparing infinite vs. finite loading at Work Center 1, Operation 1. Infinite profile shows orders 923 then 153 stacked in week 29; finite profile spreads 923 into week 28 and 153 into week 29. Go to long description for details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  If
                     a finite load profile cannot be smoothed, then replanning will be
                     necessary, which might need to occur at the material requirements
                     planning level or even the master production schedule level, depending
                     on the extent of the changes. An infinite load profile can exceed
                     the load on paper, but, in reality, an overloaded work center will
                     be able to increase capacity by only a certain amount, after which
                     replanning will also be needed.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Managing Lead Time and Other Parameters

            
            
            
            
               
               
               Lead time is one of the parameters to be managed within good
                  production activity control (PAC) design and execution. Operation overlapping and
                  lot splitting (or operation splitting) are approaches used to shorten manufacturing
                  lead time. Both methods are often used to expedite orders and are ad hoc responses
                  to issues rather than being part of normal operations. Other methods of managing
                  lead time and other PAC parameters include lot size reduction, automation, queue
                  time reduction, and safety capacity/capacity cushions. Using a setup matrix was
                  introduced elsewhere but this is another way to help manage lead time.

               
               

            
            
            
            
               
               
               Overlapping

               
               
               
               
                  
                  
                  The ASCM Supply Chain
                        Dictionary defines operation overlapping as:

                  
                  
                  
                  
                     
                     The development of a manufacturing schedule that overlaps successive operations. Overlapping
                           occurs when the completed portion of an order at one work center is processed at one
                           or more succeeding work centers before the pieces left behind are finished at the
                           preceding work centers. Syns.: lap phasing, overlapped schedule, telescoping. See:
                           send ahead. Ant.: gapped schedule.

                     

                  
                  
                  
                  Overlapping involves
                     sending part of a lot to the next operation so that it can start processing
                     while the remainder of the lot is being finished at the first operation.
                     This is an expediting tool if there is available capacity at the
                     second operation, but it does increase materials-handling costs
                     and can be used only if the capacity is available. Overlapping is
                     recommended for the output of bottleneck work centers. The bottleneck
                     work center can continue to complete the batch while downstream
                     work stations can get a head start on part of the batch.

                  
                  
                  
                  The top of Exhibit 7-22 shows
                     an original schedule without overlapping; the bottom is an example
                     of overlapping. The order has been divided into two lots. When the
                     first lot is completed on operation 10, it is transported to operation
                     20. In this case, the transfer batch from operation 10 to operation
                     20 is smaller in quantity than the process batch. If the lots are
                     appropriately sized, there will be no idle time at operation 20.

                  
                  
                  
                  
                     Exhibit 7-22: Overlapping[image: A visual comparison of an original schedule versus an overlapping schedule for operations. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  The
                     net result in this case is that the manufacturing lead time for
                     the work order is shortened by about 20 days. Much of the reduction
                     is attributable to elimination of queue time in operation 20. A
                     caution is that the transfer batch needs to be large enough that
                     operation 20, once started, does not become idle or require an additional setup
                     to complete the subsequent transfer batches.

                  
                  
                  
                  The
                     potential efficiencies to be gained include

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Reduced
                           total lead time

                        
                        

                     
                     
                     
                     	
                        
                        
                        Reduced
                           work-in-process inventory

                        
                        

                     
                     
                     
                     	
                        
                        
                        Reduced
                           floor space requirements

                        
                        

                     
                     
                     
                     	
                        
                        
                        Reduced
                           size of transfer vehicles.

                        
                        

                     
                     

                  
                  
                  
                  The potential downsides of overlapping
                     include the following:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Costs of having more than one move or transfer
                           batch (Additional costs may accrue through the transportation of
                           partial batches and through additional costs of control.)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Disruption of the work center schedule
                           by expediting operations

                        
                        

                     
                     
                     
                     	
                        
                        
                        Lengthening of queue and lead time for
                           other orders

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Lot
                  Splitting

               
               
               
               
                  
                  
                  Splitting reduces an
                     operation’s lead time by splitting the lot into smaller portions
                     and running each portion on duplicate equipment and tooling. Note
                     that while a transfer batch also splits a production batch into
                     smaller lots to be moved, a transfer batch is considered a normal
                     operating procedure, while lot splitting is an ad hoc response to
                     a problem or opportunity. This technique requires more capital equipment
                     and works only if there are two or more pieces of equipment and
                     each has available capacity. This will require additional operators
                     (unless a single operator can run two or more pieces of equipment
                     simultaneously).

                  
                  
                  
                  As
                     shown in Exhibit 7-23,
                     the work order for the original operation 20 is split into two lots
                     and runs concurrently on two machines. The run time component of
                     lead time for operation 20 is effectively cut in half, and queue
                     time is adjusted as physically possible, though an additional setup
                     is required.

                  
                  
                  
                  
                     Exhibit 7-23: Lot Splitting[image: A visual comparison of an original schedule versus a schedule with lot splitting for operations. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Lot splitting is impractical when

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The setup time
                           is high relative to the run time.

                        
                        

                     
                     
                     
                     	
                        
                        
                        A suitable work center or other additional
                           capacity is not available.

                        
                        

                     
                     

                  
                  
                  
                  Another problem is deciding the size of
                     the sub-lot. If the run time per piece on operation 20 is shorter
                     than that on operation 10, the first batch must be large enough to
                     avoid idle time on operation 20.

                  
                  
                  
                  In addition, lot splitting works better
                     when one operator can operate more than one machine at a time. This
                     is possible when a machine automatically cycles through each piece
                     in the lot. Run time per piece must be longer than the time it takes
                     to unload and load a machine after setup. This enables a single
                     operator to unload and load one machine as the other machine automatically
                     completes a piece on the other.

                  
                  
                  
                  In lot splitting, queue time is also adjusted,
                     if possible. It is important to note that, depending on the operation,
                     additional setup may be required.

                  
                  

               
               

            
            
            
            
               
               
               Lot
                  Size Reduction

               
               
               
               
                  
                  
                  Lot size reduction is used as a control technique for both
                     scheduling and leveling production, especially in lean systems, but it is useful as
                     a goal in material requirements planning (MRP)-based or theory of constraints
                     scheduling as well. The goal is to have the lot size be as small as possible without
                     losing the benefits of maintaining a reasonable ratio of overall setup times to run
                     time. The way to reduce lot sizes while in a system that is already in operation is
                     sometimes called one less at a time.

                  
                  

               
               

            
            
            
            
               
               
               Automation and Queue Management

               
               
               
               
                  
                  
                  All scheduling
                     methods can be automated in enterprise resources planning (ERP) or PAC software. In
                     addition to increasing speed and precision, automation might take advantage of
                     multiple methods, such as a back schedule with certain rates set by drum-buffer-rope
                     scheduling. (This method is addressed elsewhere.) Organizations may also use
                     advanced planning and scheduling (APS) systems, which can provide promise dates
                     based on finite capacity as well as optimization of schedules. APS software can
                     coordinate the capacity and load of multiple plants or ERP systems. APS systems
                     propose several feasible production scenarios for managers to evaluate.

                  
                  
                  
                  If the number of orders waiting to be worked
                     on (load) is reduced, so is the queue time, the lead time, and the
                     work-in-process (WIP). PAC must manage both the input of orders
                     to the production process and the available capacity to control
                     queue and WIP.

                  
                  
                  
                  Queue management is defined in the ASCM
                        Supply Chain Dictionary as: “Tactics to deal with an excess number of
                        items, such as products or customers, waiting in line for service.” It is key to reducing work-in-process inventory. An overload of work-in-process
                     inventory can reduce efficiency and lead to increased production costs. Increasing
                     capacity also reduces queue time.

                  
                  

               
               

            
            
            
            
               
               
               Safety Capacity/Capacity Cushion

               
               
               
               
                  
                  
                  Safety
                        capacity (or protective capacity) is defined in the ASCM Supply Chain Dictionary as:

                  
                  
                  
                  
                     
                     
                        In theory of constraints, the planned
                           amount by which available capacity exceeds current productive capacity. This
                           capacity provides protection from planned activities (such as resource contention),
                           preventive maintenance, and unplanned activities (such as resource breakdown, poor
                           quality, rework, or lateness). Safety capacity plus productive capacity plus excess
                           capacity
                           equals 100 percent of capacity. Syn.: capacity cushion. See: protective
                           capacity.
                        

                     

                  
                  
                  
                  This may also be called a capacity cushion, which is defined by the ASCM Supply Chain Dictionary as: “Extra capacity that is added to a system
                        after capacity for expected demand is calculated. Syn.: safety capacity. See:
                        protective capacity.”

                  
                  
                  
                  In many cases, it
                     is possible to develop or schedule excess available capacity beyond required
                     capacity. This is a risk management strategy to enable accommodation
                     of overload conditions or to protect against interruptions due to
                     breakdowns, preventive maintenance, or rework due to poor quality.

                  
                  
                  
                  Safety capacity
                     is similar to the use of safety stocks to reduce the risk of stockouts.
                     The problem with safety capacity is the same as with safety stock:
                     At a certain level, it becomes a financial drain on operations.
                     This underscores the need for good management practices such as
                     total productive maintenance and quality practices that minimize
                     rework and scrap.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Shop Floor Systems

            
            
            
            
               
               
               Production activity control encompasses the shop floor
                  systems. Selecting the best shop floor system for the organization depends on
                  marketplace and manufacturing requirements. The more closely aligned the market
                  characteristics, the manufacturing tasks, and the shop floor system, the greater the
                  competitive advantage gained by the organization.

               
               
               
               As illustrated in Exhibit 7-24, the
                  materials requirements planning (MRP)-based approach is most appropriate when a wide
                  variety of custom products is produced in low unit volumes, while a production
                  rate-based approach (e.g., a lean approach) is most appropriate for standard
                  products produced in limited variety and high volume.

               
               
               
               
                  Exhibit 7-24: Linking Market Requirements and Manufacturing to Shop Floor Systems
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                                       Changeover cost
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    High

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Low

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Work-in-process
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    High

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Low

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Cost reduction opportunities—overheads
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Fewer

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    More

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    * These
                                       characteristics will have exceptions. However, as a general
                                       rule, in Manufacturing
                                          Planning and Control for Supply Chain Management,
                                       Jacobs considers the characteristics listed for each
                                       category to be “best suited.”

                                    
                                    
                                 
                                 

                              
                              
                           

                        

                     
                     

                  
               
               

            
            

         
         
   
      
         
         
         
         Section B: Scheduling and PAC
            Methods

         
         
         
         
            
            
            
               After completing this
                  section, students will be able to
               

            
            
            
            
               
               
               	
                  
                  
                  Distinguish the
                     characteristics of batch and flow manufacturing processes

                  
                  

               
               
               
               	
                  
                  
                  Create work sequences to improve efficiency, resolve
                     supply and demand imbalances, and consider time
                     fence policies and the resource calendar 

                  
                  
                  
                  
                     
                     	
                        
                        
                        Utilize appropriate tools to create an
                           efficient pull environment

                        
                        

                     

                  
                  

               
               
               
               	
                  
                  
                  Distinguish between
                     push and pull approaches in batch and flow

                  
                  

               
               
               
               	
                  
                  
                  Determine
                     production rates or flow rate

                  
                  

               
               
               
               	
                  
                  
                  Calculate load from all sources 

                  
                  

               
               
               
               	
                  
                  
                  Compare the scheduling processes for material requirements
                     planning (MRP-based scheduling), lean-based systems,
                     and the theory of constraints (TOC)

                  
                  

               
               
               
               	
                  
                  
                  Manage bottlenecks utilizing lean and theory of
                     constraints (TOC) techniques 

                  
                  

               
               
               
               	
                  
                  
                  Distinguish between
                     scheduling in push MRP systems and flow MRP systems

                  
                  

               
               
               
               	
                  
                  
                  Explain how
                     input/output control keeps WIP and queue times at desired levels

                  
                  

               
               
               
               	
                  
                  
                  List the steps in
                     authorizing work and releasing a work order

                  
                  

               
               
               
               	
                  
                  
                  Describe lean
                     scheduling goals, including the impact of takt time on production

                  
                  

               
               
               
               	
                  
                  
                  Describe the process
                     of production leveling

                  
                  

               
               
               
               	
                  
                  
                  Explain how to use
                     one- and two-card kanban systems

                  
                  

               
               
               
               	
                  
                  
                  Provide examples of control techniques in lean-based
                     systems

                  
                  

               
               
               
               	
                  
                  
                  Describe the goals in
                     a TOC approach to scheduling

                  
                  

               
               
               
               	
                  
                  
                  Outline drum, buffer,
                     and rope components of TOC scheduling

                  
                  

               
               
               
               	
                  
                  
                  List the steps in TOC
                     scheduling

                  
                  

               
               
               
               	
                  
                  
                  List ways to manage
                     bottlenecks

                  
                  

               
               
               
               	
                  
                  
                  Plan nonstandard demand including 1) identifying the impact of
                     unplanned or non-standard load; and 2) assessing
                     impacts of industry-specific conditions on resources 

                  
                  

               
               
               
               	
                  
                  
                  Manage constraints and balance flow using process flow
                     scheduling in process industries in batch, discrete,
                     and/or continuous mode 

                  
                  
                  
                  
                     
                     	
                        
                        
                        Explain
                           the principles of process flow scheduling and its
                           use of process trains

                        
                        

                     
                     
                     	
                        
                        
                        Explain
                           the difference between process- and
                           material-dominated scheduling.

                        
                        

                     

                  
                  

               
               

            
            
            
            This section looks at three major ways that
               schedules and production activity control can be addressed: MRP-based, lean-based,
               and TOC-based. Also covered is how to address nonstandard demand. Prior to these
               discussions, we look at the differences between batch and flow manufacturing
               processes and how they relate to push versus pull approaches.

            
            

         
         
         
         
   
      
         
         
         
         Intermittent/Flow
            Manufacturing, Scheduling, and PAC

         
         
         
         
            
            
            The manufacturing
               environments and their process types and layouts can be characterized
               in a larger sense as either intermittent or flow manufacturing,
               though the distinction between where one ends and the other begins
               may vary by organization or industry. We explore principles related
               to each type. After these introductions, we then differentiate push
               from pull and discuss these from both an intermittent and a flow
               process perspective.

            
            
            
            After that we address
               scheduling, implementation, and capacity control for material requirements
               planning systems, theory of constraints scheduling (called drum-buffer-rope),
               and lean scheduling. The decoupling point is also covered.

            
            

         
         
         
         
         
            
            
            Intermittent Manufacturing Principles

            
            
            
            
               
               
               The intermittent
                     production is defined by the ASCM Supply
                     Chain Dictionary as “A form of manufacturing in which
                     the jobs pass through the functional departments in lots, and each lot may have a
                     different routing. See: job shop.” In intermittent manufacturing, also called batch manufacturing, goods are
                  produced based on customers’ orders. These goods are produced on a small scale. The
                  flow of production is intermittent—in other words, irregular rather than continuous.
                  In this system, large varieties of products are produced. These products may be
                  different variations of the same base product. Therefore, this system is very
                  flexible.

               
               
               
               The two manufacturing
                  process types that fall into the intermittent manufacturing process
                  category are batch and work center. There are three critical points
                  in the intermittent manufacturing process:

               
               
               
               
                  
                  
                  	
                     
                     
                     Transfer batch

                     
                     

                  
                  
                  
                  	
                     
                     
                     Lot sizing

                     
                     

                  
                  
                  
                  	
                     
                     
                     Reorder
                        point

                     
                     

                  
                  

               
               
               
               If an organization
                  is able to identify and manage these points well, manufacturing operations
                  will be more efficient. These primarily relate to the batch process
                  but have elements that can be found in work centers as well. Each
                  is discussed more next.

               
               

            
            
            
            
               
               
               Transfer Batch

               
               
               
               
                  
                  
                  The ASCM Supply
                        Chain Dictionary defines a transfer batch as: “The quantity of an item moved between
                        sequential work centers during production. See: batch, overlap
                        quantity.”

                  
                  

               
               

            
            
            
            
               
               
               Lot
                  Sizing

               
               
               
               
                  
                  
                  Items that use one of the intermittent processes
                     (batch or work center) are best made in lots. The work center process
                     type generally has smaller lots than batch processing. The ASCM Supply Chain Dictionary defines the following
                     lot sizing terms:

                  
                  
                  
                  
                     
                     Specification: A clear, complete, and accurate statement
                           of the technical requirements of a material, an item, or a service and of the
                           procedure to determine if the requirements are met.

                     
                     Lot sizing:
                        The process of, or techniques used in,
                           determining lot size. See: order policy.

                     

                  
                  
                  
                  Lot
                     sizing (or batching) is the process of modifying the net requirement
                     quantities before they are translated into planned orders in a material
                     requirements planning (MRP) system. A key item that is taken into
                     account when calculating the lot size to start production with is
                     its scrap allowance. When scrap is known, a scrap factor can be
                     applied to the planned order release and receipt. The formula for
                     calculating a planned order release adjusted for a scrap factor
                     is as follows:

                  
                  
                  
                  [image: ../images/mathml_id177CA0Z0TPR.png]
                  
                  
                  
                  In many organizations,
                     the scrap factor (or its complement, the yield factor) will have considerable
                     variance from the average. A process needs to be in place to deal
                     with lower-than-average scrap factors, such as closing out a higher
                     quantity of output against the order or returning excess materials
                     to raw materials inventory. Another process needs to be in place
                     to deal with higher-than-average scrap factors, such as issuing
                     additional materials to the job so it can be completed.

                  
                  
                  
                  The organization
                     needs to ensure that they have the desired lot size going into the stockroom.
                     A scrap factor is used in MRP to increase the planned order release
                     to the factory and ensure receipt of the desired quantity or volume.
                     A scrap factor is not normally applied to purchases from outside
                     suppliers, who are expected to take their own scrap factors into
                     account when manufacturing and then ship the number of units specified
                     in the purchase order. However, in some cases, destructive testing
                     may be done on units when received, and this would be part of a
                     scrap factor. Ideally the supplier does these tests itself and submits
                     the test results.

                  
                  
                  
                  The
                     advantages of lot size reduction include

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Reduced inventory investment cost as a
                           result of lower aggregate inventory levels

                        
                        

                     
                     
                     
                     	
                        
                        
                        Improved
                           quality through a reduction in scrap and rework costs as defects
                           are discovered in small initial batches rather than at the end of
                           a long production run

                        
                        

                     
                     
                     
                     	
                        
                        
                        Improved
                           manufacturing lead time with product-mix flexibility as a result
                           of mixed-model scheduling

                        
                        

                     
                     
                     
                     	
                        
                        
                        Reducing run time through the use of smaller
                           lot sizes as constraints.

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Reorder
                  Point

               
               
               
               
                  
                  
                  In intermittent processes, organizations that use traditional
                     manufacturing planning and control use the MRP process to determine how much and
                     when to order dependent demand items. Order point systems and period review systems
                     are discussed elsewhere. 

                  
                  

               
               

            
            

         
         
         
         
            
            
            Flow Manufacturing Principles

            
            
            
            
               
               
               The ASCM Supply Chain
                     Dictionary defines flow shop, also known as flow manufacturing,
                  as:

               
               
               
               
                  
                  
                     A form of manufacturing organization in which machines and operators handle a standard,
                        usually uninterrupted, material flow. The operators generally perform the same operations
                        for each production run. A flow shop is often referred to as a mass production shop.
                        The plant layout is designed to facilitate a product flow, where each product, though
                        variable in specifications, uses the same flowpattern. Production is set at a given
                        rate, and the products are generally manufactured in bulk. Some process industries
                        (chemicals, oil, paint, etc.) are examples of flow shops. Syns.: flow line, flow manufacturing,
                        flow plant. See: continuous manufacturing, job shop.

                  

               
               
               
               The three manufacturing
                  process types that can fall into the flow manufacturing process
                  category are batch (sometimes the flow version of this is called
                  batch flow), line, and continuous production. Exhibit 7-25 shows
                  how each of these types might be oriented more toward intermittent
                  or more toward flow, though any given industry might have counterexamples
                  that fit better in one or the other category.

               
               
               
               
                  Exhibit 7-25: Intermittent versus Flow Manufacturing Examples
                  
                  
                  
                  
                     
                     
                     
                     
                        
                        
                           
                           
                              
                              
                              
                              
                              
                              
                              
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Manufacturing Process
                                       Type

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Intermittent Example

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Flow Example

                                    
                                    
                                 
                                 

                              
                              
                           
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Batch
                                          production

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Shoes are produced in batches to enable
                                       make-to-stock production of many different varieties using
                                       the same equipment.

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    High-volume pharmaceuticals need distinct
                                       batches for tracing lots, but each batch is produced in a
                                       constant flow.

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Line
                                          production

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Automobiles are produced on a line but in
                                       intermittent batches. After a setup, a different model can
                                       be made. However, different accessories for the same model
                                       can be accommodated without a different setup.

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    A pickle jarring factory is set up to
                                       never need to stop except due to supply or demand
                                       issues.

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Continuous
                                          production

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    A chemical refinery could make different
                                       chemical batches using the same continuous flow system and
                                       different ingredients, temperatures, etc., after cleaning
                                       out the lines as part of the setup.

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    A glass factory has dedicated equipment
                                       for one type of glass since a shutdown can require difficult
                                       and expensive cleanup of equipment and scrapping of
                                       material. During normal operations, glass cools slowly as it
                                       moves forward.

                                    
                                    
                                 
                                 

                              
                              
                           

                        

                     
                     

                  
               
               
               
               Flow manufacturing involves standardized products,
                  and, as a result, a limited amount of machinery or tools is required. Constant flow
                  is achieved by fixed routings, arranging of work centers by routings, and balanced
                  time at work centers. The capacity of the line is fixed and difficult to alter. The
                  flow can be impacted by the machine-limited
                     capacity, which is defined in the ASCM Supply Chain Dictionary as: “A production environment where a
                     specific machine limits throughput of the process. See: constraint,
                     throughput.”

               
               
               
               The material flow
                  between workstations is often automated, meaning that work-in-process
                  (WIP) inventory is low, as are throughput times. The low amount
                  of WIP inventory means that lead times are short. This makes production
                  activity control and inventory management straightforward.

               
               
               
               There are four
                  critical points in the flow manufacturing process:

               
               
               
               
                  
                  
                  	
                     
                     
                     Identify and manage
                        potential bottlenecks.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Identify
                        constraints on resources.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Minimize
                        waste during the manufacturing and assembly process.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Optimize
                        coupling and connectivity.

                     
                     

                  
                  

               
               
               
               If an organization
                  is able to identify and manage these points, flow manufacturing operations
                  will be more efficient. The first of these points is addressed more
                  next.

               
               

            
            
            
            
               
               
               Identifying
                  and Managing Potential Bottlenecks

               
               
               
               
                  
                  
                  In batch flow manufacturing
                     (and perhaps some examples of line flow manufacturing, but to a
                     lesser extent), it may be almost impossible to balance the available
                     capacity of the workstations with the demand for their capacity.
                     As a result, some are overloaded and others are underloaded. The
                     overloaded areas create a bottleneck. Since bottlenecks are important
                     to the throughput of a system, scheduling and controlling them is
                     important. Continuous flow systems (and many line systems) by their
                     nature are set up to work only as fast as their bottleneck process
                     or as fast as the rate of supply or demand, whichever is slowest.
                     (For example, a coal-fired power plant could be set to operate at
                     the rate at which the coal can be supplied.) The entire system might
                     need to be redesigned to produce a different flow rate if this is
                     desired and feasible.

                  
                  
                  
                  Bottleneck management is part of the theory of constraints.
                     If bottlenecks are not identified and managed, they can impact the organization’s
                     ability to meet the expected delivery schedule. The ASCM Supply Chain Dictionary defines delivery schedule as:
                     “The required or agreed time or rate of
                        delivery of goods or services purchased for a future period.”

                  
                  

               
               

            
            

         
         
         
         
            
            
            Flow and Intermittent Manufacturing
               Comparison

            
            
            
            
               
               
                Exhibit 7-26 and Exhibit 7-27 illustrate
                  the differences between flow and intermittent manufacturing. As
                  you examine the exhibit, notice the following key areas of differentiation:

               
               
               
               
                  
                  
                  	
                     
                     
                     Process type

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Intermittent—Goods
                              are produced based on customer orders and not for stocking.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Flow—Goods are produced based on demand
                              forecast and for stocking.

                           
                           

                        
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     Layout

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Intermittent—The layout is based on the
                              function being performed irrespective of the product being produced.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Flow—The layout is based on the product.

                           
                           

                        
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     Routing

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Intermittent—Production routing is flexible.
                              The product design continues to change.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Flow—Production routing is not flexible;
                              it is standardized. The same product is manufactured continuously.

                           
                           

                        
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     Scheduling

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Intermittent—Based on the sequence in which
                              tasks are to be completed.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Flow—Based on the production rate for a
                              given period of time.

                           
                           

                        
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     Transaction requirements

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Intermittent—Cost
                              per unit may be higher, because production is done on a small scale.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Flow—Cost per unit may be lower, because
                              production is done on a large scale.

                           
                           

                        
                        

                     
                     

                  
                  

               
               
               
               Both intermittent
                  and flow processes address control and productivity tools in a similar
                  manner, so they are not called out in the information above.

               
               
               
               
                  Exhibit 7-26: Intermittent Process
                  
                  
                  
                  
                     
                     
                     
                     
                        
                        
                           
                           
                              
                              
                              
                              
                              
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Category

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Intermittent
                                       Processes

                                    
                                    
                                 
                                 

                              
                              
                           
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Process
                                          type

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Work center or
                                       batch

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Layout

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Functional
                                       (process)

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Routing

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Product-specific

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Scheduling

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Operations

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Control

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    MRP/PAC

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Transaction
                                          requirements

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Very high

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Productivity tools

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    TOC/six
                                       sigma

                                    
                                    
                                 
                                 

                              
                              
                           

                        

                     
                     

                  
               
               
               
               
                  Exhibit 7-27: Flow Process
                  
                  
                  
                  
                     
                     
                     
                     
                        
                        
                           
                           
                              
                              
                              
                              
                              
                              
                              
                              
                              
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Category

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Flow Processes

                                    
                                    
                                 
                                 

                              
                              
                           
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Process type
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Batch flow
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Line
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Continuous flow
                                       

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Layout
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Cellular/product-based

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Cellular/product-based

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Product

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Routing
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Product-specific

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Fixed

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Fixed

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Scheduling
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Operations or rate-based

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Production: rate-based

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Production: rate-based

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Control
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    MRP/PAC

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    MRP/PAC

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    MRP/process flow scheduling

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Transaction requirements
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Medium

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Low

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Low

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Productivity tools
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Lean/TOC/six sigma

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Lean/TOC/six sigma

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Lean/TOC/six sigma

                                    
                                    
                                 
                                 

                              
                              
                           

                        

                     
                     

                  
               
               
               
               Exhibit 7-28 summarizes the
                  differences in PAC for intermittent versus flow manufacturing.

               
               
               
               
                  Exhibit 7-28: Intermittent and Flow Manufacturing Characteristics
                  
                  
                  
                  
                     
                     
                     
                     
                        
                        
                           
                           
                              
                              
                              
                              
                              
                           
                           
                              
                              
                                 
                                 	
                                    
                                    
                                    Intermittent

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Flow

                                    
                                    
                                 

                              
                           
                           
                           
                              
                              
                                 
                                 	
                                    
                                    
                                    High-variety,
                                       low-volume ATO products.

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Standard
                                       high-volume MTS products.

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Varied routings through general
                                       purpose equipment.

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Fixed routings: dedicated assembly
                                       lines or flow equipment.

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Operations time at work centers will
                                       vary.

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Operations time at work centers about
                                       the same: balanced.

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    High risk that work arrives at work
                                       centers late or early.

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Flow between work centers is
                                       predictable.

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Slow throughput.

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Fast throughput.

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Work-in-process builds up.

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Low work-in-process.

                                    
                                    
                                 

                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Capacity required varies by item.

                                    
                                    
                                 
                                 
                                 	
                                    
                                    
                                    Capacity fixed by
                                       line.

                                    
                                    
                                 

                              
                           

                        

                     
                     

                  
               
               
               
               The differences between intermittent and flow for
                  PAC extend to their reporting and status control systems. Intermittent processing
                  systems, for example, need detailed feedback loops to keep queue and wait times
                  reasonable. The ASCM Supply Chain Dictionary
                  defines production reporting as:

               
               
               
               
                  
                  A process for providing feedback to the production schedule and allow for corrective
                        action and maintenance of valid on-hand and on-order balances. It normally includes
                        manufacturing order authorization, release, acceptance, operation start, delay reporting,
                        move reporting, scrap and rework reporting, order close-out, and payroll interface.
                        Syns.: manufacturing order reporting, shop order reporting.

                  

               
               
               
               Flow systems that do not use batches due to dedicated products per
                  line need only flow control. As defined by the ASCM
                     Supply Chain Dictionary, flow control is: “A specific production control system that is
                     based primarily on setting production rates and feeding work into production to meet
                     these planned rates and then monitoring and controlling production. See: shop floor
                     control.”

               
               

            
            

         
         
         
         
            
            
            Push versus Pull and Decoupling

            
            
            
            
               
               
               The
                  terms push and pull describe alternative systems for executing production in
                  manufacturing organizations. In Manufacturing Planning
                     and Control for Supply Chain Management, Jacobs states that many authorities
                  have attempted to use push and pull to distinguish between shop floor systems based
                  on material requirements planning (MRP) and those based on just-in-time
                  principles.

               
               
               
               
                  
                  
                  	
                     
                     
                     MRP is the classic push system. The MRP system
                        computes production schedules for all levels based on forecasts of sales of
                        end items. Once produced, subassemblies are pushed to the next level whether
                        needed or not.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Lean is the classic pull system. Production at one
                        level happens only when initiated by a request at a downstream or subsequent
                        level; that is, units are pulled through the system by request.

                     
                     

                  
                  

               
               
               
               These methods offer two different approaches to
                  basic production planning and balancing operations in a manufacturing environment.
                  The ASCM Supply Chain Dictionary defines balancing operations as follows:

               
               
               
               
                  
                  
                     In repetitive production, matching actual output cycle times of all operations to
                        the demand or use for parts as required by final assembly and, eventually, as required
                        by the market. See: balance.
                     

                  

               
               
               
               MRP and lean each have advantages and
                  disadvantages. The main advantage of MRP over lean is that MRP takes forecasts for
                  end product demand into account. In an environment in which substantial variation
                  of
                  sales is anticipated (and can be forecasted accurately), MRP has a substantial
                  advantage. The main advantage of lean over MRP is that lean reduces inventories to
                  a
                  minimum. In addition to saving direct inventory carrying costs, there are
                  substantial side benefits, such as improvement in quality and plant efficiency.

               
               
               
               The key distinction is that, whatever
                  system is selected, the characteristics must match the manufacturing process and the
                  infrastructure in which it will operate. It is important to understand the
                  differences between push and pull systems in executing operations. At a high level,
                  these two systems differ in terms of authorizing and releasing work and managing the
                  resources needed to accomplish the work.

               
               
               
               Push and pull systems are each discussed more
                  next, including how they are applied during the execution phase of operations. After
                  that we discuss the decoupling point.

               
               

            
            
            
            
               
               
               Push
                  Systems

               
               
               
               
                  
                  
                  A push execution
                     system, also referred to as an MRP-based execution system, involves forecasting
                     production needs to meet customer demand or make-to-stock requirements.
                     Organizations must predict which products customers will purchase in what
                     quantities. Push systems rely on manufacturing planning and control (MPC)
                     systems to plan production priorities (what is needed when) and capacity.

                  
                  
                  
                  The principles of push systems are applied
                     differently to batch and flow processes.

                  
                  
                  
                  For batch processing operations, a push execution
                     system

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Creates
                           time-phased schedules

                        
                        

                     
                     
                     
                     	
                        
                        
                        Releases
                           and pushes orders to work centers

                        
                        

                     
                     
                     
                     	
                        
                        
                        Relies on
                           production activity control processes to control quantities, routings,
                           and due dates

                        
                        

                     
                     
                     
                     	
                        
                        
                        Maximizes
                           capacity utilization.

                        
                        

                     
                     

                  
                  
                  
                  For flow operations, a push
                     execution system

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Produces
                           to rate-based schedules

                        
                        

                     
                     
                     
                     	
                        
                        
                        Moves
                           material quickly and without interruption

                        
                        

                     
                     
                     
                     	
                        
                        
                        Creates
                           finished goods inventory as necessary.

                        
                        

                     
                     

                  
                  
                  
                  Exhibit 7-29 illustrates the information flow in a push system. To plan and
                     control, the work information is pushed through the planning and execution
                     phases of MPC. As you can see, the information goes from sales and operations
                     planning (S&OP) to master scheduling to material and capacity planning.
                     Finally, it reaches execution. Information that is pushed through to execution
                     is in the form of work orders, rate-based schedules, and purchase
                     orders.

                  
                  
                  
                  
                     Exhibit 7-29: Push Model[image: Flowchart showing an information-push hierarchy: S&OP/resource planning feeds into master production schedule/RCCP, then into material and capacity planning, which outputs work orders to work centers and purchase orders to suppliers.]
                  
                  
                  

               
               
               
               
                  
                  
                  Execution in a Push Environment

                  
                  
                  
                  
                     
                     
                     Execution in a push environment requires
                        the organization to make decisions based on forecasted demand. To effectively and
                        efficiently execute the work order, decisions need to be made regarding:

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Sequence of work. This is a production activity control technique
                              that controls the flow of work and the movement of materials. Priority rules
                              are applied to determine the order in which the jobs are sequenced and
                              materials are moved.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Setup time and changeovers. Depending on the manufacturing process
                              type and layout, the impact of setup time and changeovers varies. The goal
                              is to reduce time in both setup and changeover, since these are
                              non-value-added operations.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Resource constraints. Constraint or bottleneck management ensures
                              that demand on a resource, facility, function, or department does not create
                              a bottleneck that slows down the planned throughput of the system.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Alternate routing. Another way the organization can manage
                              bottlenecks or constraints is alternate routing or an alternate
                              manufacturing process, but these are not preferred methods. In many
                              organizations, these are the manual versions of what is normally
                              accomplished through an automated process.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Scheduling method. Many techniques are used to schedule work
                              through a facility, with various pros and cons. All of them require an
                              understanding of forward and backward scheduling along with infinite and
                              finite loading.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Load
                                 leveling. The goal of load leveling is to maintain a stable
                              production rate at key work centers while varying inventory levels to meet
                              the scheduled demand. By reducing the fluctuations, the organization can
                              also reduce waste and improve customer service.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Input and output control. Production
                              activity control must balance the flow of work in and out of the various
                              work centers. The input/output system is a method used to manage queues and
                              lead times. Organizations use a report of what was planned against what was
                              actually accomplished to control input and output. This report may generate
                              the operation yield, which is defined in the ASCM Supply Chain Dictionary as: “The ratio of usable output from a process, process stage, or operation to the input
                                 quantity, usually expressed as a percentage.”

                           
                           

                        
                        

                     
                     
                     
                     Varying levels of detail are required in
                        order for the organization to address these concerns and make the best decision.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Pull
                  Systems

               
               
               
               
                  
                  
                  In a push or MRP-based system, orders are
                     released and pushed through work centers to execute the master
                     production schedule (MPS) for batch processes. For MRP-based flow
                     manufacturing processes, rate-based schedules are released to
                     execute the MPS. In contrast, in a pull system, production begins
                     when demand or a pull signal occurs, which could be a kanban card or
                     a visual system. The ASCM Supply Chain
                        Dictionary defines a pull
                        signal as:

                  
                  
                  
                  
                     
                     
                        Any signal that indicates when to produce or transport items in a pull replenishment
                           system. For example, in just-in-time (JIT) production control systems, a kanban card
                           is used as the pull signal to replenish parts to the using operation. See: pull system.
                        

                     

                  
                  
                  
                  Pull manufacturing systems are used with lean systems.
                     Here are key lean principles:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Lean
                           produces products only to customer order.

                        
                        

                     
                     
                     
                     	
                        
                        
                        It levels
                           demand to smooth workflow.

                        
                        

                     
                     
                     
                     	
                        
                        
                        It uses
                           visual signals to link processes with demand.

                        
                        

                     
                     
                     
                     	
                        
                        
                        It
                           maximizes the flexibility of people and machinery.

                        
                        

                     
                     

                  
                  
                  
                  Exhibit 7-30 illustrates a pull system using an order for an automobile part
                     as an example.

                  
                  
                  
                  
                     Exhibit 7-30: Pull Model[image: Diagram showing Part A manufacturer, national DC, regional DC, and dealer connected by downward arrows for material flow and upward arrows for information flow, illustrating two-way communication and product movement in the supply chain.]
                  
                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The
                           example begins at the bottom with the company 1 dealer, who has just
                           placed part A on a customer’s automobile.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The
                           company 1 dealer sends a signal to company 1’s regional parts
                           distribution center, notifying the center that there is a “hole” in the
                           dealer’s inventory of part A.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The
                           company 1 regional parts distribution center sends replenishment part A
                           to the dealer and then sends a signal to its national parts distribution
                           center for the replenishment of part A in its inventory.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The
                           company 1 national parts distribution center replenishes the regional
                           parts distribution center’s inventory and then sends a signal to the
                           manufacturer for the replenishment of part A in its inventory.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The
                           manufacturer replenishes company 1’s national parts distribution center
                           inventory from finished goods inventory and then sends a signal to the
                           factory to make one part A to replenish its finished goods
                           inventory.

                        
                        

                     
                     

                  
                  
                  
                  The manufacturer in this example
                     carries part A in inventory. This enables timely replenishment of company 1’s
                     national parts distribution center (for example, one day) while it makes a
                     replacement part A (which might take two days). The national distribution center
                     also carries a day’s supply of inventory, because it knows that it can be
                     resupplied in one day from the manufacturer after replenishing the regional
                     parts distribution center in one day.

                  
                  

               
               
               
               
                  
                  
                  Execution in a Pull Environment

                  
                  
                  
                  
                     
                     
                     Execution in a pull environment requires
                        the organization to make decisions based on actual internal and external customer
                        demand. The goal is to have uninterrupted flow of material from one operation to the
                        next, with no delays. In order to effectively and efficiently execute the work,
                        decisions need to be made regarding the following:

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Mixed-model scheduling. The ASCM
                                 Supply Chain Dictionary defines this as:

                           
                           
                           
                           
                              
                              A lean practice that develops production schedules supporting mixed-model production
                                    in which every model of every product is manufactured each day at a rate that matches
                                    its daily demand, reducing inventories and minimizing overproduction. See: heijunka,
                                    mixed-model production, right size frequency of production wheel.

                              

                           
                           
                           
                           When using this scheduling model, the organization makes
                              some of everything each day in order to meet demand. This means scheduling
                              XYZ, XYZ, etc., as a sequence that repeats as opposed to scheduling a large
                              batch of X, and then Y, and then Z. It reduces work-in-process inventory and
                              sometimes even finished goods inventory. The schedule is level for both
                              capacity and material. If demand shifts, the organization has the
                              flexibility to shift as well.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Synchronization. Demand-driven manufacturing forms a synchronized
                              closed loop between customer orders, production scheduling, and
                              manufacturing execution. The customer order comes into the organization.
                              Production coordinators then use load profiles and various scheduling
                              techniques to devise a feasible schedule that can meet required completion
                              dates. Manufacturing execution is accomplished through input-output control,
                              detailed scheduling, and dispatching. Closed-loop also means that capacity
                              constraints are considered when planning and controlling the manufacturing
                              process. Kanban, which is part of the just-in-time philosophy, and
                              drum-buffer-rope, which is part of the theory of constraints, represent
                              synchronized production control approaches.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Constrained resources. Making adjustments to constrained resources
                              is covered in the discussion of the theory of constraints methodology. The
                              goal is to identify and then systematically improve the constraints on the
                              resource until it is no longer a limiting factor.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Rate-based
                                 scheduling. This type of scheduling is used to accomplish detailed
                              material planning. It is typically found in organizations that use flow
                              manufacturing systems, while time-phased planning is used in batch
                              manufacturing. The goal of rate-based scheduling is to establish rates of
                              production for each part in the factory. A rate-based pull system seeks to
                              match the rate of production to takt time, or the rate of customer demand,
                              which is the available work time divided by the average demand per day.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Line balancing. Line balancing is a
                              leveling of the workload across all processes in an effort to remove
                              bottlenecks and excess capacity. It determines the product mix that can be
                              run down an assembly line to provide a fairly consistent flow of work
                              through that assembly line at a planned line rate. The ASCM Supply Chain Dictionary defines line
                              balancing and excess capacity as follows.

                           
                           
                           
                           
                              
                              Line
                                    balancing:
                                 1) The balancing of the assignment of the tasks to workstations in a manner that minimizes
                                    the number of workstations and minimizes the total amount of idle time at all stations
                                    for a given output level. In balancing these tasks, the specified time requirement
                                    per unit of product for each task and its sequential relationship with the other tasks
                                    must be considered. See: uniform plant loading. 2) A technique for determining the
                                    product mix that can be run on an assembly line to provide a consistent flow of work
                                    through that assembly line at the planned line rate.

                              
                              Excess
                                    capacity:
                                 Capacity that is not scheduled to be consumed by production or that is in place to
                                    protect the creation of throughput. See: idle capacity.

                              

                           
                           

                        
                        

                     
                     
                     
                     The Lean
                           Toolbox lists the following steps to balance a manufacturing line:

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           
                              
                                 Establish takt time.
                                 
                              To determine
                                 if this rate is feasible, an industrial engineer and an operator,
                                 usually working jointly, identify and time the required tasks, including
                                 break times. Demand may have to be leveled and work hours changed to
                                 stabilize takt time.
                              

                           
                           

                        
                        
                        
                        	
                           
                           
                           
                              
                                 Set target rate less than takt time.
                                 
                              This allows
                                 for variations in work and prevents small problems from disrupting the
                                 system. A rate of 90 percent of takt time is normal.
                              

                           
                           

                        
                        
                        
                        	
                           
                           
                           
                              
                                 Support the process.
                                 
                              Identify and
                                 eliminate all wastes and improve the efficiency of the work cell
                                 layout.
                              

                           
                           

                        
                        

                     
                     
                     
                     In summary, push and pull are both
                        designed to bring control to the supply side of demand. The push system can be
                        described as an escalator. An escalator continues to supply (push) regardless of
                        whether there is actual demand (passengers). On the other hand, the pull system,
                        which starts to supply operations only when triggered by actual demand, is like an
                        elevator. An elevator starts when a button is pressed even if there is only one
                        passenger.

                     
                     

                  
                  

               
               

            
            

         
         
         
         
            
            
            MRP-Based,
               Lean, and TOC-Based Scheduling Overview

            
            
            
            
               
               
               The
                  scheduling and production activity control (PAC) systems discussed
                  in this section are detailed in Exhibit 7-31.

               
               
               
               
                  Exhibit 7-31: Types of Scheduling
                  
                  
                  
                  
                     
                     
                     
                     
                        
                        
                           
                           
                              
                              
                              
                              
                              
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Type of Scheduling

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Description

                                    
                                    
                                 
                                 

                              
                              
                           
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       MRP-based
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Used to schedule operations in work center
                                       batch processes and in flow processes when production is scheduled
                                       in batches

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Lean
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Used when production is a flow and is paced
                                       to the rate of customer demand

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Theory of constraints
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Used to ensure maximum throughput by attacking
                                       bottlenecks or constraints

                                    
                                    
                                 
                                 

                              
                              
                           

                        

                     
                     

                  
               
               
               
               All of these scheduling
                  systems can be considered forms of PAC, as shown in Exhibit 7-32.

               
               
               
               
                  Exhibit 7-32: Production Activity Control[image: A flow diagram titled “Production Activity Control (PAC)” consisting of three interconnected boxes and arrows indicate the flow: “Scheduling” leads to “Implementation,” which leads to “Capacity Control” before looping back to “Scheduling.”]
               
               
               
               
               Scheduling, implementation and capacity control are
                  short-term issues in the decision-making hierarchy. Implementation executes, and
                  capacity control is the feedback step to ensure that the transformation process is
                  feasible. Capacity control includes reviewing operational results against the plan,
                  identifying variances and causes, and taking corrective action. Variances in PAC
                  performance are often detected using statistical process control to identify how
                  well actual production matched expected production. Capacity control can include
                  statistical quality control, since bad units effectively reduce capacity.

               
               
               
               Exhibit 7-33 explores
                  the implications of using MRP-based, lean, and TOC-based scheduling.

               
               
               
               
                  Exhibit 7-33: MRP-Based, Lean, and TOC-Based Scheduling Comparison
                  
                  
                  
                  
                     
                     
                     
                     
                        
                        
                           
                           
                              
                              
                              
                              
                              
                              
                              
                              
                              
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    MRP-Based
                                       Scheduling

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Lean
                                       Scheduling

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    TOC-Based
                                       Scheduling

                                    
                                    
                                 
                                 

                              
                              
                           
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Primary focus
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Minimizing
                                       backlog and lead times (especially queue times)

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Raw
                                       material and finished goods velocity with almost no work-in-process,
                                       short lead times, and de-emphasis of capacity utilization

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Maximizing
                                       throughput

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Scheduling method
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Forward,
                                       backward, or central point scheduling

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Kanban
                                       signals based on demand

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Finite
                                       forward schedule for bottleneck work centers and backward schedule
                                       for other work centers

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Scheduling complexity
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Very
                                       detailed

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Very
                                       simple due to dedicated cells and work competed so quickly that order
                                       scheduling may not be needed

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Exact
                                       schedule for gateway and bottleneck work centers; pull scheduling
                                       for other work centers

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Input priorities
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Material
                                       and capacity plans both vital to ensure sufficient capacity and level
                                       loading

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Vendor
                                       scheduling, such as sending an exact build schedule multiple times per
                                       day as orders are received

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Material
                                       and capacity planned simultaneously

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Job sequencing
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Priority
                                       sequencing rules on dispatch list

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    In
                                       order of kanbans received, with little need for sequencing at all

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Search
                                       orders for same setup as last batch at bottleneck work centers and move
                                       to top; use priority sequencing rules for other work centers

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Batch/lot
                                          sizing
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Fixed

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Ideally
                                       a lot size of one (as small as feasible)

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Large
                                       batches for bottleneck work centers to avoid setups and order splitting
                                       at non-bottleneck work centers based on transfer batches

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Inventory tracking
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Manufacturing
                                       orders and purchase orders, shipping and receiving documents

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Finished
                                       goods receipt used to backflush raw materials so very little paperwork

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Same
                                       as MRP-based

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    
                                       Potential problems
                                       

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    A
                                       master schedule that has not been sufficiently level-loaded or an overcapacity
                                       schedule

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Poor
                                       or degrading vendor relations and unavoidable supply failures

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Differences
                                       between routings, etc., that result in bottleneck work center shifting
                                       often

                                    
                                    
                                 
                                 

                              
                              
                           

                        

                     
                     

                  
               
               

            
            
            
            
               
               
               Scheduling Choice and the Decoupling
                  Point

               
               
               
               
                  
                  
                  The decoupling point is the point
                     at which a supply chain or organization moves from forecast-based
                     push to demand-based pull. MRP-, lean-, and TOC-based systems can all
                     impact the decoupling point in different ways. The goal is to match
                     or manage the decoupling point to achieve the most advantageous
                     order fulfillment strategy. In doing so, it is important to remember
                     that production becomes less synchronous the lower in a bill of
                     material a component is.

                  
                  
                  
                  Supply
                     chains or organizations that use MRP-based scheduling can change
                     the decoupling point by redesigning processes to respond to changes
                     in product volume and variety over the product life cycle. For example,
                     this could involve changing from a work center to repetitive production.

                  
                  
                  
                  Lean organizations work
                     to move the decoupling point back up the supply chain as far as
                     is feasible. Any organization can use lean techniques to some degree
                     to help manage the inventory consequences of the decoupling point,
                     including

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Leveling demand through
                           collaborative demand planning with customers.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Synchronizing
                           throughput (takt time) with the rate of customer demand. This decreases
                           finished goods, work-in-process, and raw material inventories, even though
                           the decoupling point has not changed.

                        
                        

                     
                     

                  
                  
                  
                  TOC can be used to
                     couple and decouple operations as needed. When operations are coupled
                     or decoupled, different bottlenecks will appear. TOC scheduling
                     is designed to ensure that the new bottleneck is found and addressed
                     appropriately.

                  
                  

               
               

            
            

         
         
   
      
         
         
         
         MRP-Based Scheduling and PAC

         
         
         
         
            
            
            Here we introduce material requirements planning
               (MRP)-based scheduling and examine the interfaces that pass key planning,
               scheduling, and control information between the production activity control
               activities and the manufacturing planning and control processes of material
               requirements planning and capacity requirements planning.

            
            

         
         
         
         
         
            
            
            Executing the MRP Schedule

            
            
            
            
               
               
               Execution of the
                  material requirements planning (MRP)-based schedule turns the operations plan into
                  reality. A basic order release process is followed to ensure that materials and
                  resources are available prior to order release. MRP-based production activity
                  control (PAC) will differ based on its production environment. In a push
                  environment, MRP scheduling uses work orders (generated from a forecast/demand) to
                  “push” work through production in a sequential order. Push production scheduling
                  answers the “what” and “when” question from the shop floor—what work order should
                  the organization make next, when will it finish, what should the organization do
                  after that. In flow manufacturing, if the “flow” is in batches, MRP schedules the
                  work center operations sequentially.

               
               
               
               The output of the scheduling
                  process is the release of the work order, as seen in Exhibit 7-34.

               
               
               
               
                  Exhibit 7-34: Authorizing Production[image: A flowchart outlining the process for order review and release. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               Before authorization
                  to release, the MRP system will first verify that the materials
                  and tooling are available. If so, the MRP system will then verify
                  the availability of work centers at the required levels of capacity.
                  Given these prerequisites, the MRP system will recommend releasing
                  work orders based on their required lead times. The planner generally
                  needs to actively release these orders in the system, which gives him
                  or her a chance to set priorities or make other adjustments.

               
               
               
               The significance of each
                  of the steps in the process is detailed in Exhibit 7-35.

               
               
               
               
                  Exhibit 7-35: Authorization Steps
                  
                  
                  
                  
                     
                     
                     
                     
                        
                        
                           
                           
                              
                              
                              
                              
                              
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Authorization Steps

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Description/Significance

                                    
                                    
                                 
                                 

                              
                              
                           
                           
                           
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Receive authorization to release order.

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    Authorization to release is based on

                                    
                                    
                                    
                                    
                                       
                                       
                                       	
                                          
                                          
                                          Current priority

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          MRP
                                             planned orders

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          Capacity
                                             requirements planning (CRP), batch process

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          Production
                                             schedule

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          Rate
                                             and duration of production run

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          Flow
                                             manufacturing processes.

                                          
                                          

                                       
                                       

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Check tooling and material availability.

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    MRP software provides exception reports
                                       if component availability is not adequate. If MRP software is not
                                       used, production control must check manually to prevent

                                    
                                    
                                    
                                    
                                       
                                       
                                       	
                                          
                                          
                                          Lengthening queues

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          Aggravating
                                             bottleneck operations

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          Extending
                                             lead times.

                                          
                                          

                                       
                                       

                                    
                                    
                                    
                                    Alternatives
                                       for resolving material shortages include

                                    
                                    
                                    
                                    
                                       
                                       
                                       	
                                          
                                          
                                          Expediting
                                             orders (which will affect supplies and increase costs)

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          Substituting
                                             materials and borrowing parts

                                          
                                          

                                       
                                       
                                       
                                       	
                                          
                                          
                                          Building
                                             partially complete parts.

                                          
                                          

                                       
                                       

                                    
                                    
                                    
                                    Tooling is not considered in MRP and needs
                                       to be checked.

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Check capacity requirements and availability.

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    If CRP has not been previously performed,
                                       it is necessary to determine if capacity is sufficient. Alternatives
                                       for increasing capacity or reducing or adjusting load need to be
                                       considered.

                                    
                                    
                                 
                                 

                              
                              
                              
                              
                                 
                                 
                                 	
                                    
                                    
                                    Release order to manufacturing.

                                    
                                    
                                 
                                 
                                 
                                 	
                                    
                                    
                                    This authorizes manufacturing to proceed
                                       with the shop order to make the items. The result is a shop packet.

                                    
                                    
                                 
                                 

                              
                              
                           

                        

                     
                     

                  
               
               
               
               Once schedules are finalized,
                  the production coordinator implements the schedule using a dispatching
                  process to release the planned orders as detailed shop packets. The
                  shop packet contains the manufacturing order as well as other information
                  useful to manufacturing.

               
               
               
               In many companies, the
                  shop packet is managed electronically. Physical shop packets are
                  still used in some pharmaceutical companies to comply with regulatory requirements.

               
               
               
               The manufacturing order
                  information that is useful in job shop batch processing includes

               
               
               
               
                  
                  
                  	
                     
                     
                     Shop order number, part
                        number, description, quantity

                     
                     

                  
                  
                  
                  	
                     
                     
                     Engineering
                        drawings

                     
                     

                  
                  
                  
                  	
                     
                     
                     Bills
                        of material

                     
                     

                  
                  
                  
                  	
                     
                     
                     Route
                        sheets, including operations to be performed, work centers, lead
                        times

                     
                     

                  
                  
                  
                  	
                     
                     
                     Material
                        issue tickets

                     
                     

                  
                  
                  
                  	
                     
                     
                     Tool
                        requisition authorizations

                     
                     

                  
                  
                  
                  	
                     
                     
                     Job
                        ticket for each operation

                     
                     

                  
                  
                  
                  	
                     
                     
                     Move
                        tickets authorizing movement between operations.

                     
                     

                  
                  

               
               
               
               Note the reliance on
                  these orders and job tickets to authorize the start of production and
                  subsequent operations at work centers in the routing.

               
               
               
               Only those orders that
                  have the necessary materials, equipment, and capacity should be
                  released, to prevent build-ups of work-in-process inventory. Implementation includes
                  providing various authorizations such as tool requisitions and job
                  tickets.

               
               

            
            
            
            
               
               
               MRP-Based Scheduling
                  in PAC

               
               
               
               
                  
                  
                  Material
                     requirements planning (MRP) is the most detailed level of planning.
                     MRP-based scheduling therefore moves into the realm of plan execution. Exhibit 7-36,
                     the manufacturing planning and control diagram, shows where MRP-based
                     scheduling fits; it is shown as “Scheduling” within the production
                     activity control (PAC) area. Note how a feedback loop is used during
                     execution to control capacity at the work center level.

                  
                  
                  
                  
                     Exhibit 7-36: MRP-Based Scheduling is Part of PAC[image: This diagram represents the integration of demand-side activities, strategic and business planning, priority planning, supply-side activities, and production activity control in a manufacturing environment. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  MRP-based scheduling is a transaction-intensive method that
                     schedules work center operations and sequences using work orders. MRP-based
                     schedules are based on a forecast in make-to-stock environments or are developed
                     after orders are received in make-to-order environments.

                  
                  

               
               

            
            
            
            
               
               
               Inputs and Outputs to the Scheduling
                  and Control Process

               
               
               
               
                  
                  
                  It’s important to understand
                     the inputs and outputs of scheduling and control.

                  
                  

               
               
               
               
                  
                  
                  Inputs
                     from MRP and CRP to Scheduling and Control

                  
                  
                  
                  
                     
                     
                     The
                        interfaces between planning and scheduling are the points at which
                        planning information from capacity requirements planning (CRP) and
                        material requirements planning (MRP) are communicated to the scheduling
                        and control activities. Exhibit 7-37 shows
                        the interface between detailed material and capacity planning and
                        shop floor and vendor scheduling.

                     
                     
                     
                     
                        Exhibit 7-37: MRP and CRP Interfaces[image: A flowchart showing the relationship between detailed capacity planning, detailed material planning, and the execution of material plans. Go to long description for more details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     As you can
                        see, the capacity requirements plan is critical to shop floor scheduling
                        and control. If the schedule is not supported by available capacity,
                        shop floor control will not be able to

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Maintain
                              appropriate backlog levels.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Improve
                              delivery performance.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Achieve
                              output targets.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Achieve
                              the material requirements plans that drive the delivery schedules
                              for end items and components to achieve the master production schedule
                              (MPS).

                           
                           

                        
                        

                     
                     
                     
                     The
                        exhibit also illustrates that the material requirements plan provides
                        critical information that supports the authorization and release
                        of work orders and ensures that suppliers provide the right parts
                        at the right time to achieve the MPS.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Outputs
                     from Scheduling and Control to MRP and CRP

                  
                  
                  
                  
                     
                     
                     Important feedback information flows from
                        scheduling, control, and vendor scheduling back to MRP and CRP,
                        including

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Status information that
                              includes operation completions, quantity verifications, order closeout
                              and disposition, and accounting data

                           
                           

                        
                        
                        
                        	
                           
                           
                           Warning
                              signals that include inadequacies in material and capacity plans
                              that might affect achievement of the MPS.

                           
                           

                        
                        

                     
                     

                  
                  
                  
                  
                     
                     
                     Secondary Constraints and CRP

                     
                     
                     
                     
                        
                        
                        Let’s assume that the primary constraint on
                           an order is its due date. A secondary constraint is an additional factor that will
                           complicate meeting the first constraint. For example, a work center has five
                           machines that can produce a certain part, but only one machine is equipped with the
                           required tool set for a specific order. The primary constraint for part A is the
                           requirement of eight hours of machine time. The secondary constraint is that it has
                           to be a particular machine. The actual capacity of the work center is only one-fifth
                           of the assumed capacity—not five machines multiplied by eight hours or 40 hours, but
                           one machine multiplied by eight hours, or eight hours of capacity.

                        
                        
                        
                        The same thing can happen with personnel.
                           Any part requiring operators with specialized training is limited in capacity to the
                           hours these individuals are available.

                        
                        
                        
                        A partial solution is to produce additional
                           load reports showing capacity requirements for the secondary constraint. This
                           approach can increase the planner’s manual workload considerably.

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Resources
                  Committed to a Timetable

               
               
               
               
                  
                  
                  Good resource scheduling methodology is essential to execution and
                     control. Schedules are critical for resource allocation and personnel decisions,
                     communications and training, machine productivity, labor productivity, and, ultimately,
                     profitability. Coordinators cannot assume infinite capacity; therefore, it is important
                     to
                     understand the activities that could arise that will require schedule adjustments.

                  
                  
                  
                  The following activities or situations may require an
                     adjustment to committed resources:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Rush/expedited orders. An
                           order needed in less than the normal lead time (e.g., due to inventory shortage, spike
                           in orders, equipment breakdown). If safety stock does not meet the need, adjust
                           schedules, possibly requiring delaying other scheduled items.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Resolving imbalances.
                           Managing and resolving imbalances to manage the capacity available at each work center.
                           If product mix or production time varies greatly, workflow can get out of balance.
                           Schedule to accommodate these fluctuations. Allow queues between workstations,
                           reschedule nonessential production orders, or use alternative work centers.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Schedule composition. The
                           MRP schedule (driven by the MPS) disaggregates the timing and need for components
                           based
                           on end-product demand. The quantities in the MPS come from many different sources.
                           The
                           accuracy of those sources impacts the accuracy of the schedule.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Capacity-constrained
                              resources (CCRs). The existence of CCRs (near bottlenecks) may
                           require rationing of these elements, factors, or materials to higher-priority
                           orders. CCR is a term from the theory of constraints.

                        
                        

                     
                     

                  
                  
                  
                  The following activities help prepare for and possibly
                     prevent the need to adjust resources committed to a timetable.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Manufacturing lead
                              time. The total time required to manufacture an item, exclusive of lower-level
                           purchasing lead time. It is the length of time between the release of an order to
                           the
                           production process and shipment to the final customer (for make-to-order) or receipt
                           into inventory (for make-to-stock). Included are order preparation time, queue time,
                           setup time, run time, move time, inspection time, and put-away time.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Time fence policies. Planning and
                           demand time fence policies restrict changes to the MPS inside the planning time fence,
                           which should be just beyond the cumulative lead time for an end item. Time fence
                           policies help manage changes to planned orders and minimize impact on the overall
                           schedule. Time fence management shows how planning at a higher level can have a major
                           impact on the stability of the execution level production schedule.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Resource calendar. A resource calendar uses the shop calendar’s dates. It
                           defines available working time for a specific work center, equipment, or operator.
                           This
                           can include shift data, maintenance downtime, or resource specific paid time off.
                           It can
                           help prevent overloading or double booking resources. It can be constrained by time
                           fence policies, indicating when work can and cannot be scheduled or rescheduled. It
                           may
                           reveal areas of insufficient or excess capacity. 

                        
                        

                     
                     
                     
                     	
                        
                        
                        Time standard. Time standards
                           can be determined or revalidated. The ASCM Supply Chain Dictionary defines time standard as follows:

                        
                        
                        
                        
                           
                           
                              The predetermined times allowed for the
                                 performance of a specific job. It often consists of two parts, one for machine setup
                                 and
                                 one for actual running. A time standard can be developed through observation of the
                                 actual work
                                 (time study), summation of standard micromotion times (predetermined or synthetic
                                 time standards), or approximation (historical job times).
                              

                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        Final assembly scheduling. FAS is
                           used in ATO and MTO manufacturing environments and in packaging operations in other
                           environments as a way to shorten lead times. It uses the planning bill of material
                           for
                           the average final product. It configures previously master-scheduled subassemblies
                           into
                           final products when customer orders arrive. It satisfies lead time and product variety
                           expectations with low inventory levels.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Maintenance on equipment.
                           Maintenance contributes to the reliability of operations, quality, and on-time delivery
                           schedules. The master scheduler should work closely with the maintenance department
                           to
                           schedule maintenance on equipment, such as by blocking off time. Subtypes:

                        
                        
                        
                        
                           
                           
                           	
                              
                              
                              Preventive maintenance
                                 includes activities such as adjustments, replacements, and cleanliness. The
                                 objective is to prevent breakdowns, maintain productivity and consistency of output,
                                 and prolong equipment life. Preventive maintenance prioritizes work centers that are
                                 most critical to the flow of goods (pace setters or bottlenecks).

                              
                              

                           
                           
                           
                           	
                              
                              Predictive maintenance is
                                 based on nondestructive testing and statistical analysis such as mean time between
                                 failures or real-time monitoring of sensor data. It should predict when to schedule
                                 required maintenance before a machine breaks down and do maintenance in a way that
                                 maximizes machine availability.

                              

                           
                           
                           
                           	
                              
                              
                              Remedial maintenance is defined in the ASCM Supply Chain Dictionary as: “Unscheduled maintenance performed to
                                    return a product or process to a specified performance level after a failure or
                                    malfunction.”

                              
                              

                           
                           

                        
                        

                     
                     

                  
                  

               
               

            
            

         
         
         
         
            
            
            Control Techniques

            
            
            
            
               
               
               Production activity control (PAC) monitors and manages the flow
                  of materials and orders through work centers to meet scheduled due dates. The timely
                  completion of an end item requires complex routings and operations at multiple work
                  centers. The work orders that control the movement of materials through work centers
                  are subject to a high degree of uncertainty or risk. This risk is not fully
                  mitigated even if careful manufacturing planning was done at the master scheduling
                  and detailed scheduling and planning levels.

               
               
               
               This risk arises in part because control
                  requirements in work centers are complex. Moving work orders and materials through
                  multiple operations at multiple general-purpose work centers requires far more
                  complex planning and operations scheduling than in other situations. There is a high
                  risk that, somewhere in the schedule, an operation at a work center will not go
                  according to plan and will cause a ripple of scheduling problems.

               
               
               
               The higher-level planning assumption is that if
                  the work centers are getting the required inputs and have the capacity they will be
                  able to complete assigned work orders on time. However, as work orders are assigned
                  to individual work centers, they are subject to the current productivity of each
                  work center and to other factors, for example, delays at previous work centers that
                  decrease the quantity of work or actual input arriving at the work center in a
                  particular period.

               
               
               
               Also, challenges may occur in achieving schedules for
                  a variety of reasons, such as equipment downtime, worker availability, quality
                  problems and rework, and material usage variance.

               
               
               
               When control needs to be exercised to correct
                  course, this occurs by monitoring and managing schedules, improving performance, and
                  adjusting production flow. Note that the focus here is on the control of production
                  rather than quality, but this also needs to be controlled at this point.

               
               
               
               Techniques to monitor, manage, and improve
                  schedules and operation due dates at the component and end-item levels include
                  input/output control, priority control, and lead time management.

               
               

            
            
            
            
               
               
               Input/Output Control and
                  Variances

               
               
               
               
                  
                  
                  Intermittent processes, which include work
                     center and batch processes, can be controlled by monitoring the inputs and outputs
                     of work centers. Variances from plan can then be subject to control. The ASCM Supply Chain Dictionary defines input/output control (I/O control) as:

                  
                  
                  
                  
                     
                     
                        A technique for capacity control in which planned and actual inputs and planned and
                           actual outputs of a work center are monitored. Actual input is compared with planned
                           input to identify when work center output might vary from the plan because work is
                           not available at the work center. Actual output is also compared with planned output
                           to identify problems within the work center. Syn.: input/output analysis. See: capacity
                           control, input control, output control.
                        

                     

                  
                  
                  
                  The objectives of
                     input/output control include ensuring that work-in-process (WIP) inventory and
                     queue times at work centers remain at desired levels. This is done by
                     controlling the flow of work into the work center and the output rate of the
                     work center—in other words, its capacity. Exhibit 7-38 shows a funnel
                     metaphor for capacity. Note that there is a control point where the inputs to
                     the funnel are released into the process. The process has a given amount of
                     capacity available, which is the size of the choke point in the metaphor. This
                     processing rate results in a particular amount of output per time
                     period.

                  
                  
                  
                  
                     Exhibit 7-38: Input/Output Control[image: A funnel diagram illustrating the concept of input and output control in a production process. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Controlling inputs involves
                     scheduling and dispatching. Controlling outputs involves finding ways to
                     increase or decrease capacity (i.e., in the metaphor, making the funnel point
                     smaller or larger to increase or decrease output per time period), for example,
                     using undertime or overtime or finding and correcting issues, such as expediting
                     deliveries, making staffing changes, or repairing equipment. Capacity changes
                     can be difficult and have an upper limit over the short term.

                  
                  
                  
                  Capacity requirements planning simulates
                     the inputs and outputs of each work center, scheduling releases orders to
                     optimize this flow, and dispatching adjusts orders based on priority rules.
                     However, production coordinators still need to monitor the flow of work coming
                     into work centers, the relative performance of the work centers, and the
                     resulting level of WIP inventory and queue times. This is accomplished using an
                     input/output report.

                  
                  

               
               
               
               
                  
                  
                  Input/Output Report: Cumulative Variances and Planned Versus
                     Actual Backlog

                  
                  
                  
                  
                     
                     
                     The following describes key terms related to an
                        input/output control report:

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Planned
                                 input. Order quantities in one or more job or work orders expected
                              to arrive at a work center in a planning period are determined initially by
                              capacity requirements planning prior to order releases for the end items.
                              (Order release is defined in the ASCM Supply Chain Dictionary as: “The activity of releasing materials to a
                                 production process to support a manufacturing order. See: planned order
                                 release.”) Work order quantities are then converted into standard hours by
                              multiplying them by relevant run times per unit and adding setup times, both
                              from the routing file.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Actual input.
                              This is the actual arrival of jobs (per the shop floor execution system) at
                              the work center in the planning period, converted into standard hours as for
                              planned inputs. Earned hours is defined in the ASCM Supply Chain Dictionary as: “The amount of standard hours assigned to a quantity produced in a certain time period
                                 in order to measure manufacturing productivity. Syn.: earned volume.”

                           
                           

                        
                        
                        
                        	
                           
                           
                           Planned
                                 output. This represents the standard hours of work based on labor
                              hours expected at the work center in the planning period, adjusted for
                              efficiency.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Actual
                                 output. This shows the exact quantities produced converted to
                              standard hours using routing file data on the run time per unit and the
                              setup time for the run.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Counting
                                 point. The ASCM Supply Chain
                                 Dictionary defines counting point as follows:

                           
                           
                           
                           
                              
                              A point in a flow of material or sequence of operations at which parts, subassemblies,
                                    or assemblies are counted as being complete. Counting points may be designated at
                                    the ends of lines or upon removal from a work center, but most often they are designated
                                    as the points at which material transfers from one department to another. Syn.: pay
                                    point.

                              

                           
                           

                        
                        

                     
                     
                     
                     An input/output report is generated for each
                        work center. Three sets of planned values are compared to their actual counterparts
                        once the work has been completed for the time period in question and the actual
                        results have been submitted. Exhibit 7-39
                        shows an input/output report for work center 13. This report shows daily results,
                        but weekly results might also be used.

                     
                     
                     
                     
                        Exhibit 7-39: Input/Output Report for Work Center 13 for One Week[image: A table titled "Input/Output Report for Work Center 13 for One Week.” Go to long description for more details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     The input section of the report is used to
                        determine how well work is flowing into the work center. A variance is an actual
                        value minus a planned value, and a cumulative variance sums these variances over
                        time. Cumulative input variance is calculated as follows (using days 48 and 49 as
                        examples):

                     
                     
                     
                     [image: ../images/mathml_id209ELN00EY4.png]
                     
                     
                     
                     [image: ../images/mathml_id209ELN00EHS.png]
                     
                     
                     
                     [image: ../images/mathml_id209ELN00EUI.png]
                     
                     
                     
                     The output section of the report is used to
                        show work center performance efficiency, and the cumulative variance calculation is
                        basically the same. (Day 49 is shown.)

                     
                     
                     
                     [image: ../images/mathml_id209ELN00VYK.png]
                     
                     
                     
                     Note how, by convention, the planned value is
                        listed first but the order of subtraction is the opposite (actual minus planned).
                        Doing the subtraction in the wrong order will result in the wrong answer.

                     
                     
                     
                     The backlog is the queue. Note that an
                        opening period backlog is shown in the exhibit. This is from the prior report. The
                        planned versus actual backlog rows are calculated using the following equations
                        (both for day 52):

                     
                     
                     
                     [image: ../images/mathml_id174KG00C0NG.png]
                     
                     
                     
                     [image: ../images/mathml_id174KG0F0R1W.png]
                     
                     
                     
                     When the actual backlog is growing less than
                        the plan, there is less room for error and there is a risk that a bottleneck or
                        capacity-constrained resource (potential bottleneck) could be starved for material.
                        When the actual backlog is growing more than the plan, this will result in longer
                        manufacturing lead times and a risk of missed due dates in addition to an increase
                        in WIP inventory. Given this information, production coordinators can exercise
                        controls in the form of more or less input or more or less output (capacity).
                        Increasing or decreasing planned input or output rates are ways to change the
                        planned backlog if the levels are too high or too low. Increases or decreases in
                        actual output rates will result in increases or decreases in the actual backlog.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Priority
                  Control

               
               
               
               
                  
                  
                  Sequencing and dispatch rules are
                     forms of priority control. Job sequencing is considered in developing the
                     operations schedule for an end item prior to the release of the work order by
                     the production controller. The following principles apply to job
                     sequencing:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Job
                           sequencing rules determine what job to process next.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Sequencing
                           commits one job at a time.

                        
                        

                     
                     
                     
                     	
                        
                        
                        It loads jobs
                           onto individual machines.

                        
                        

                     
                     
                     
                     	
                        
                        
                        In a work center environment in which there is variability in
                           the intervals between job arrivals and operations,
                           dispatching might not be able to determine the job
                           to run next at a work center until the prior job is
                           almost complete. Dispatching can use priority rules
                           for the work center, such as the critical ratio, to
                           select the next job.

                        
                        

                     
                     

                  
                  
                  
                  Exhibit 7-40 depicts the role of
                     job sequencing rules in a complex and dynamic routing environment.

                  
                  
                  
                  
                     Exhibit 7-40: Sequencing Rules[image: A flowchart depicting the process flow from raw materials to finished goods through various work centers labeled A to F. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  In examining the flow, notice the
                     routings depicted with black lines, which show that

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Jobs processed at
                           work center A could be routed to work centers B, D, or F.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Jobs processed at
                           A, C, and E will all queue before F before a priority decision is
                           made.

                        
                        

                     
                     

                  
                  
                  
                  There are many other routings (depicted
                     with gray lines) in the exhibit. All join the queue for the next work center and
                     become part of the sequencing decision for that work center while they are
                     waiting in queue, even those orders sent back to a prior work center for further
                     normal processing or for rework.

                  
                  
                  
                  The communication tool for
                     priority control is the dispatch list. It is normally issued daily by production
                     control to work centers and includes the following information:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Total available
                           load (setup and run hours) for a given shop date by work order and part
                           numbers

                        
                        

                     
                     
                     
                     	
                        
                        
                        Start and finish
                           dates for each work order

                        
                        

                     
                     
                     
                     	
                        
                        
                        Total future load
                           in standard hours

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Lead Time
                  Management

               
               
               
               
                  
                  
                  Lead time is made up of
                     queue, setup, run, wait, and move time. Many authors and enterprise resources
                     planning systems treat wait as subcomponent of move.

                  
                  
                  
                  From a production control standpoint, however, lead time is
                     not just a constant to be used in backward or forward scheduling or in
                     determining the timing of load on capacity as in operation setback charts. It is
                     important to think of lead time as a parameter to be managed during the
                     scheduling and control of operations.

                  
                  
                  
                  So how do we manage lead times? A good place to start is to consider whether
                     the lead times as listed in the MRP and PAC systems are accurate and realistic
                     and to update them if not. Lead times that are too generous can fail to motivate
                     workers. Lead times that are too short can result in frequent scheduling issues.
                     Many organizations receive lead times as an input from a functional area, like
                     production control. Another way to manage lead times would be for the
                     organization to calculate them. It may take time to validate and change all of
                     the lead times in the system, but the resulting reduction in work-in-process and
                     rescheduling may make it worth the effort. The organization could prioritize its
                     efforts to address the biggest problem areas first.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Control Goals and Methods

            
            
            
            
               
               
               Measurements and control based on comparisons
                  against targets or goals are needed to drive improvement in a process. Here we
                  address control goals at both the aggregate and detail levels. Detail-level control
                  processes should monitor operations capability, operations stability, and the degree
                  of variance from goals.

               
               

            
            
            
            
               
               
               Aggregate-Level Control
                  Goals and Methods

               
               
               
               
                  
                  
                  Important
                     concepts related to establishing and maintaining control at an aggregate or
                     strategic level include integrated performance measurement, the balanced
                     scorecard, performance targets, and benchmarking.

                  
                  

               
               
               
               
                  
                  
                  Integrated Performance Measurement

                  
                  
                  
                  
                     
                     
                     Operations needs to be aligned with strategic
                        objectives, including its priorities related to the five generic performance
                        objectives of speed, dependability, flexibility, quality, and cost. These are part
                        of an integrated measurement model that expands to more-detailed metrics at the
                        functional and operations levels. It is important that there be a logical and
                        consistent relationship between all levels. At the operational level, the frequency
                        of measurement needs to be the highest to enable timely operational adjustments on
                        a
                        small scale to prevent needing larger corrections later.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Balanced Scorecard

                  
                  
                  
                  
                     
                     
                     At the operations level, the broad balanced
                        scorecard categories of financial, customer, business process, and continuous
                        improvement (or other customized categories) help guide selection of a balanced set
                        of detailed performance measures for operations. These metrics should not conflict
                        with each other and need to feed upward into tactical and strategic goals. This is
                        accomplished by jointly establishing performance objectives. Operations
                        professionals provide this input through their knowledge of operations and by
                        exercising judgment on the following issues:

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Has our performance level been
                              improving?

                           
                           

                        
                        
                        
                        	
                           
                           
                           Are we below average, average, or above
                              average compared with our competitors?

                           
                           

                        
                        
                        
                        	
                           
                           
                           What do our customers expect?

                           
                           

                        
                        
                        
                        	
                           
                           
                           How fast can our organization improve in
                              terms of realistic and stretch goals?

                           
                           

                        
                        
                        
                        	
                           
                           
                           How important is it for us to improve in
                              this area?

                           
                           

                        
                        
                        
                        	
                           
                           
                           Is our goal in this area consistent with
                              our competitive strategy?

                           
                           

                        
                        
                        
                        	
                           
                           
                           What are the costs and benefits of
                              achieving perfection?

                           
                           

                        
                        

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Setting Performance Targets and Tolerance Limits

                  
                  
                  
                  
                     
                     
                     Exhibit 7-41 shows
                        how organizations should set performance targets for operations goals with
                        feasibility and market expectations in mind.

                     
                     
                     
                     
                        Exhibit 7-41: Setting Target Performance[image: A line chart showing delivery performance over time. Go to long description for more details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     It is important that performance targets be compared
                        against actual performance to enable feedback, which is defined by the ASCM Supply Chain Dictionary as: “The flow of information back to a system so that actual performance can be compared
                           with planned performance.”

                     
                     
                     
                     When interpreting performance feedback, it is
                        important to determine the cause of the variation. According to Juran’s Quality Handbook, statistical variation
                        or variation due to random causes happens more often than we think. A challenge that
                        many organizations face is that they base their actions on the most recent data
                        point instead of considering that this is one point in a larger picture. In order
                        to
                        make good decisions and improve processes, statistical variation must be taken into
                        account. This can be done through the use of bell curves, histograms, or other
                        similar tools. For each product, the organization must specify the desired average
                        and the tolerance limits above and below the desired average.

                     
                     
                     
                     While all processes have variation, processes
                        that are said to be in control will have a small amount of variation while those
                        that are said to be out of control will have a large amount of variation. Variation is defined in the ASCM Supply Chain
                           Dictionary as: “A change in data, a characteristic, or a
                           function that is caused by one of four factors: special causes, common causes,
                           tampering, or structural variation.”

                     
                     
                     
                     Organizations have different acceptable and unacceptable ranges.
                        Terms associated with the concept of tolerance are defined by the ASCM Supply Chain Dictionary as follows.

                     
                     
                     
                     
                        
                        Tolerance:
                           Allowable departure from a nominal value
                              established by design engineers that is deemed acceptable for the functioning of the
                              good or service over its life cycle.

                        
                        Tolerance limits:
                           1) The upper and lower extreme values
                              permitted by the tolerance. 2) In work measurement, the limits between which a
                              specified operation time value or other work unit will be expected to vary. See:
                              lower specification limit (LSL), upper specification limit (USL). Syn.:
                              specification limits.

                        
                        Lower specification limit (LSL):
                           In statistical process
                              control, charting the line that defines the minimum acceptable level of random
                              output. See: tolerance limits.

                        
                        Upper specification limit (USL):
                           In statistical process
                              control, the line that defines the maximum acceptable level of random output. See:
                              tolerance limits.

                        

                     
                     
                     
                     Exhibit 7-42
                        shows two bell curves, one tall and narrow and one short and wide. The lower and
                        upper specification limits are called out. These indicate the cutoff points that the
                        organization has deemed tolerable for a process. Note that the upper and lower
                        control limits are discussed elsewhere in detail, but they are basically the
                        statistically observed standard deviation of the operation (the tall narrow
                        version).

                     
                     
                     
                     
                        Exhibit 7-42: Acceptable Tolerance[image: Illustration comparing two process bell curves—a tall, narrow curve showing tight statistical control and a shorter, wider curve showing more variability—positioned between fixed lower and upper specification limits.]
                     
                     
                     
                     
                     As you can see by the exhibit, both bell curves
                        show variation. The short and wide bell curve has a lot of unacceptable variation
                        outside of the limits, and this translates to rework and scrap and consequently many
                        schedule issues. The tall and narrow bell curve also has variation. However, the
                        mean (average) result is more common, as shown by the height of the curve. The
                        narrowness of the curve also shows that the variation is less extreme. In this
                        curve, all or the vast majority of results are within specifications. (A tiny
                        percentage of outliers could exist on each end of the bell curve.)

                     
                     
                     
                     The point of this distinction is that control
                        efforts need to focus first on systems that have too much variability rather than
                        thinking that all variability can or should be controlled. If variability can be
                        controlled within specification limits and more improvement is desired, the
                        specification limits can then be tightened.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Benchmarking for External Feedback

                  
                  
                  
                  
                     
                     
                     There are many internal and inward-focused
                        control tools that examine and evaluate processes from inside the organization.
                        However, internal information can reveal only internal trends for improvement.
                        External benchmarking is also needed as a reality check. Two of the most common
                        external feedback sources are customers and competitors. Customers can indicate
                        whether lead times are acceptable. Competitors or industry analysis can show whether
                        others are achieving similar efficiencies or vast improvements are possible and
                        necessary.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Operational
                  Capability

               
               
               
               
                  
                  
                  Within MRP-based
                     production activity control (PAC), operations has the responsibility to collect
                     and report accurate and timely data back to the work centers and to the larger
                     organization. Exhibit 7-43 summarizes four of the more common key performance
                     measurement reports at the work center level. These reports are meant to be
                     displayed on the shop floor. The purpose of these reports is to prompt immediate
                     action to correct problems identified during continuous data collection and
                     analysis.

                  
                  
                  
                  
                     Exhibit 7-43: Key Performance Measurement Reports
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Day-by-the-Hour Report

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       First-Time-Through Report

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       WIP-to-Standard WIP
                                          Report

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Overall Equipment Effectiveness
                                          Report

                                       
                                       
                                    
                                    

                                 
                                 
                              
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Report purpose
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Monitor cell’s ability to track takt
                                          time and provide fast feedback when problems
                                          arise

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Measure effectiveness of standardized
                                          work, as reflected in output quality

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Analyze work-in-process to determine
                                          pull system effectiveness

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Ability of machine to make product on
                                          time and at the right level of quality

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Where displayed
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Work cell

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Work center

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Work cell

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Machine

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          How displayed
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Prominently

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Whiteboard or flipchart

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Run chart or bar graph

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       On chart

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Key elements
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Customer’s takt time (or
                                                demand)

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Cell production rate

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Total units processed

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Rejects and returns

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Work-in-process or kanbans
                                                counted in cell

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Standard
                                                work-in-process

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             Machine: total time, downtime,
                                                ideal and actual run rate

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Other: total number
                                                manufactured, number of rejects

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Procedure for data collection and reporting
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Hourly, or frequent, measurements
                                          plus reasons for shortfalls and problems
                                          encountered

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             By workers using check
                                                sheets

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Report at regular intervals,
                                                such as end of shift or end of day

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Hourly, by shift, or at the end of
                                          day

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          
                                          	
                                             
                                             
                                             At bottleneck machine
                                                throughout day

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Record downtime as it
                                                happens

                                             
                                             

                                          
                                          
                                          
                                          	
                                             
                                             
                                             Record hourly production
                                                quantities

                                             
                                             

                                          
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  
                  
                  Information from the overall equipment effectiveness report
                     may point to a need for adjustments to facilities and/or throughput. Deployment
                     issues related to facilities changes include:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Consistency with
                           operations’ performance objectives. Does the facility have the capacity
                           to support the organization’s performance objectives?

                        
                        

                     
                     
                     
                     	
                        
                        
                        Number and size of facilities. When deciding on the right
                           number and size of facilities, the organization must reconcile the following
                           decision factors with both the market and resource factors:

                        
                        
                        
                        
                           
                           
                           	
                              
                              
                              Economies
                                 of scale

                              
                              

                           
                           
                           
                           	
                              
                              
                              Transportation costs

                              
                              

                           
                           
                           
                           	
                              
                              
                              Customer
                                 service

                              
                              

                           
                           
                           
                           	
                              
                              
                              Sales
                                 volume

                              
                              

                           
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        Changes of
                           location. Organizations change locations for market- or supply-related
                           reasons.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Timing and scale
                           of capacity changes.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Validating that
                           the current manufacturing environment, process type, and layout are the
                           most appropriate to use.

                        
                        

                     
                     

                  
                  
                  
                  Organizations put a lot of thought and
                     effort into the way their facilities are sized and laid out. Plant layout and
                     equipment positioning are crucial to maximizing productivity and reducing costs
                     in manufacturing operations. Managers put different facility design philosophies
                     into practice to reduce waste, increase output, and decrease the time and effort
                     required for each work task. It is important that personnel at the operations
                     execution and control levels keep evaluating the validity of these choices and
                     provide feedback when the capability they enable is suboptimal. While the prior
                     capacity steps (resource planning, rough-cut capacity planning, and/or capacity
                     requirements planning) should have already identified the potential need to make
                     these changes, PAC’s confirmation of the impending need helps to validate the
                     planning process and ensure that issues are addressed in a timely
                     manner.

                  
                  

               
               

            
            
            
            
               
               
               Operational
                  Stability

               
               
               
               
                  
                  
                  PAC tasks are
                     cyclical in nature. PAC involves the execution of work authorized by the release
                     of the shop order to the shop plus other documents. As the work flows through
                     the cycle, the organization is constantly checking and rechecking to make sure
                     that each process is being optimized. But an important consideration is to
                     define what is meant by optimal. In addition to having acceptable throughput, a
                     key measure of an optimum system is that it creates stability. The dynamic
                     nature of the process and its impact on scheduling can create system nervousness
                     if the emphasis is placed too much on throughput and not enough on stability. It
                     is important for the shop floor to trust the schedule they are provided, so it
                     may be best to avoid changes that provide only a marginal improvement to
                     throughput.

                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Lean
            Environments, Scheduling, and PAC

         
         
         
         
            
            
            Here we start with
               a review of lean concepts, and we then compare lean scheduling to material
               requirements planning (MRP)-based scheduling to highlight differences.
               Next we address the elements of lean scheduling, including level
               production planning and heijunka scheduling. Given the key input
               of the heijunka (mixed-model) schedule, lean production activity
               control (PAC) techniques then follow. Lean PAC focuses on the ultimate
               objective of lean: to avoid waste. We’ll look at two waste control
               techniques for execution: takt time and kanban systems.

            
            

         
         
         
         
         
            
            
            Lean Overview

            
            
            
            
               
               
               The ASCM Supply Chain
                     Dictionary defines lean production as:

               
               
               
               
                  
                  
                     A philosophy of production that emphasizes the minimization of the amount of all the
                        resources (including time) used in the various activities of the enterprise. It involves
                        identifying and eliminating non-value-adding activities in design, production, supply
                        chain management, and customer management. Lean producers employ teams of multiskilled
                        workers at all levels of the organization and use highly flexible, increasingly automated
                        machines to produce volumes of products in potentially enormous variety. Lean production
                        contains a set of principles and practices to reduce costs through the relentless
                        removal of waste and through the simplification of all manufacturing and support processes.
                        Syns.: lean, lean manufacturing.
                     

                  

               
               
               
               Over the course of 30 years,
                  a revolutionary Toyota engineer, Taiichi Ohno, developed what originated
                  as just-in-time (JIT) and expanded into lean production. The objectives
                  of lean are to

               
               
               
               
                  
                  
                  	
                     
                     
                     Make only those products and services customers
                        actually want

                     
                     

                  
                  
                  
                  	
                     
                     
                     Match
                        the production rate to the demand rate

                     
                     

                  
                  
                  
                  	
                     
                     
                     Make
                        products and services with perfect quality

                     
                     

                  
                  
                  
                  	
                     
                     
                     Make
                        products and services with the shortest possible lead times

                     
                     

                  
                  
                  
                  	
                     
                     
                     Include
                        only features actually in demand, excluding all else

                     
                     

                  
                  
                  
                  	
                     
                     
                     Keep
                        labor, equipment, materials, and inventory continually in motion,
                        with no waste or unnecessary movement

                     
                     

                  
                  
                  
                  	
                     
                     
                     Build
                        worker learning and growth into each operational activity.

                     
                     

                  
                  

               
               
               
               While lean typically
                  requires years of process changes and is an ideal fit for only certain
                  industries with specific demand characteristics, some concepts from
                  lean can be used to improve the results of any system.

               
               
               
               Lean scheduling ensures that the execution
                  phase of lean can be smooth and predictable. Lean recognizes that
                  manufacturing excellence is built on execution. Lean manufacturing
                  places emphasis on daily execution to meet daily customer demand.
                  It favors a system of visual signals on the factory floor to replace
                  computer planning and paper reports. Does this mean that production
                  scheduling is in conflict with the best practices of lean and demand-driven
                  production? Certainly not. Production scheduling is an essential
                  part of integrated planning and a powerful way to model real-world constraints
                  in a supply chain. However, lean shows that if a process can be
                  simplified and still be effective, doing so will make it less prone
                  to error and less wasteful.

               
               
               
               The differences between
                  and complementary nature of lean and material requirements planning
                  (MRP)-based scheduling are addressed more next, followed by a discussion
                  of lean documentation differences from MRP (including backflushing).

               
               

            
            
            
            
               
               
               Lean versus MRP Scheduling

               
               
               
               
                  
                  
                  As Exhibit 7-44 illustrates,
                     there are distinct differences between the push-based MRP-based
                     scheduling system and the pull-based lean scheduling system.

                  
                  
                  
                  
                     Exhibit 7-44: MRP-Based versus Lean Scheduling
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       MRP (Push-Based) System

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Lean (Pull-Based) System

                                       
                                       
                                    
                                    

                                 
                                 
                              
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Process layout; complex routings.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Flow layout; standard routings.

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Long lead times.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Short lead times.

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       High work-in-process.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Low work-in-process.

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       High work center utilization = goal.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Work centers may have surge capacity; utilization
                                          flexes based on production rate necessary to meet customer orders.

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Detailed scheduling routes work through
                                          work centers.

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Work completed quickly; jobs easily tracked
                                          visually.

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  
                  
                  Even
                     though lean and MRP are distinct, they can be complementary. Lean
                     and MRP each provide separate but linked functions. The key role
                     of MRP is to plan inventory requirements out into the future; the
                     role of lean is to execute the demand pull guiding the actual generation
                     of purchase and manufacturing orders.

                  
                  
                  
                  It is important
                     to understand how lean scheduling systems fit within the manufacturing
                     planning and control (MPC) hierarchy. Lean influences the three
                     main areas of the MPC framework: front end, engine, and back end.
                     The front end includes sales and operations planning and master
                     scheduling and its related demand management and capacity interfaces.
                     The engine is MRP, detailed capacity planning, inventory management,
                     and procurement management. The back end includes production activity
                     control as well as continuous improvement activities. The largest impact
                     of lean scheduling is on the back end, where it is influenced by
                     the tenets of lean scheduling:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Even
                           distribution of production mix and volume over time

                        
                        

                     
                     
                     
                     	
                        
                        
                        Standardization
                           and stabilization of work

                        
                        

                     
                     

                  
                  
                  
                  In MRP-based planning and scheduling of batch processes in
                     job shops, there is a logical flow of planning information from the front end
                     through the engine to scheduling at the back end. This is not the case in either
                     lean or conventional flow manufacturing. Here, the main flow of planning information
                     is from the front end directly to the back end. This is because in lean the detailed
                     planning and scheduling by MRP may not be necessary. In lean, the shop floor
                     scheduling requirements are far less detailed and complex than in operations
                     scheduling of batch processes. Unlike MPC, where scheduling is based on detailed
                     operation steps to make individual parts, in lean the planning is at the level of
                     assemblies. Also, cross-trained workers using cellular manufacturing help eliminate
                     the need for detailed planning. This reinforces the importance of having a flexible
                     workforce. As defined by the ASCM Supply Chain
                        Dictionary, a flexible workforce is: “A workforce whose members are cross-trained and are permitted to be assigned to various
                        tasks.”

                  
                  
                  
                  MRP often relies heavily
                     on producing dependent demand supplies to maintain inventory. Lean,
                     on the other hand, strives to eliminate inventory and produce products
                     just in time.

                  
                  
                  
                  If used
                     correctly, MRP can help both traditional MPC and lean organizations
                     plan well in advance. This means scheduling and allocating time
                     for production workers, arranging for capacity needs, and keeping
                     material costs to a minimum. However, in the shorter term, traditional
                     MPC depends on MRP for detailed planning so that materials needs
                     are met according to customer demand, while lean relies on the totality
                     of an organization to meet customer demands. Lean is dependent on
                     execution to ensure that just finished goods in demand are delivered
                     without waste.

                  
                  
                  
                  In
                     the lean world, waste means any activity or condition that consumes
                     resources but creates no value for customers. In lean, waste includes
                     the production of defective products that must be remade or fixed,
                     the production of more products than the market will buy, excessive
                     work-in-process inventories, overprocessing (processing steps that
                     aren’t really needed or that add no value), unnecessary movement
                     of people or products, and unnecessary waiting by employees.

                  
                  
                  
                  MRP and lean largely
                     differ in how they perceive inventory. MRP often relies upon product
                     inventory to meet future customer orders. Lean, on the other hand,
                     drives the organization to produce as-needed. Hence the term “just
                     in time,” which often refers to fulfilling orders as they arrive,
                     not as they are anticipated.

                  
                  
                  
                  MRP software and logic can be used to support
                     lean scheduling by offsetting and authorizing the release of orders
                     for materials to support level production schedules. However, they
                     would not be used to schedule and authorize release of orders for production.
                     That is where lean and MRP-based push systems differ.

                  
                  

               
               

            
            
            
            
               
               
               Lean Documentation and
                  Backflushing/Inventory Release

               
               
               
               
                  
                  
                  As seen in Exhibit 7-45, lean scheduling and production control have simpler reporting and
                     documentation activities than those found in MRP-based systems.

                  
                  
                  
                  
                     Exhibit 7-45: Lean Documentation
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Lean Documentation
                                          Simplification

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Explanation

                                       
                                       
                                    
                                    

                                 
                                 
                              
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Simplification of order
                                          release

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Kanban control instead of work
                                          orders

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Visibility of material and
                                          tooling

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Material and tools located at
                                          workstations; not issued

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Detailed routings
                                          unnecessary

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Continuous flow through dedicated
                                          equipment

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Order due dates and start and finish
                                          dates unnecessary

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Continuous flow; no work center
                                          operations reporting necessary

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Feedback and reporting
                                          minimized

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Detailed work center data not
                                          necessary

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Job packet unnecessary

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Kanban control or material
                                          movement

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Production information at point of
                                          use

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Production reports displayed at cell
                                          level (cycle time or takt time, defects)

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  
                  
                  An important method of documentation simplification is the use of
                     backflushing in lean. The ASCM Supply Chain
                        Dictionary defines backflush as:

                  
                  
                  
                  
                     
                     
                        A method of inventory bookkeeping where the book (system) inventory of components
                           is automatically reduced by the system after completion of activity on the component’s
                           upper-level parent item based on what should have been used as specified on the bill
                           of material (BOM) and allocation records. Syns.: explode-to-deduct, post-deduct inventory
                           transaction processing. See: mixed-mode or reverse-material issue, pre-deduct inventory
                           transaction processing.
                        

                     

                  
                  
                  
                  Rather than recording each raw material and
                     work-in-process transaction, lean systems (and also some conventional manufacturing
                     planning and control environments) use backflushing. At the point where MRP systems
                     calculate part quantities, lean systems (or other organizations that use
                     backflushing) use this process for transaction recording purposes. Lean takes the
                     finished units coming off the line and backflushes out all the parts required to
                     make the units, accounting for them all at once rather than after each processing
                     step. The finished units are used to record withdrawals from raw materials
                     inventory.

                  
                  
                  
                  This system works if manufacturing lead times are short and the
                     bills of material are accurate. Rejected or scrapped parts should be rare but do
                     need to be recorded to keep inventory records accurate. Backflushing can be done at
                     intermediate workstations if more visibility is desired into the work that is in
                     process.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Lean Scheduling

            
            
            
            
               
               
               Production planning in a lean environment
                  requires smoothing out the peaks and valleys in the production schedule.
                  There are a number of key scheduling elements in a lean system,
                  as detailed below.

               
               
               
               
                  
                  
                  	
                     
                     
                     Sufficient volume in a repetitive
                           process. The best-known examples of lean systems include organizations
                        with high-volume product flow in repetitive production environments.
                        However, it is important to remember that lean can be applied in
                        any environment.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Production rate goals. The
                        focus is on the rate of overall production, not on the rate of individual
                        manufacturing batch processes or operations.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Reduction in work-in-process. Production
                        should be as close as possible to the rate of customer demand.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Level production planning. The aim is to
                        create certainty and stability of operations, standardize work, simplify
                        materials and capacity planning, and reduce inventory costs. Level production
                           method is defined in the ASCM
                           Supply Chain Dictionary as: “A production planning method that
                           maintains a stable production rate while varying inventory levels to meet demand.
                           Syns.: level strategy, production leveling. See: level schedule.” The objective of level production planning is to convert customer demand
                        into a period-by-period production rate that is based on level-loaded
                        production plans and master production schedules. The production rate is set
                        to takt time, which means it is paced to the estimated rate of demand and
                        should be made to be level over a reasonable period of time. The term
                        “estimated” is used because the execution of the schedule is based on a pull
                        system, which is based on actual withdrawals of parts or finished goods by a
                        downstream process or customer and so could differ somewhat.

                     
                     

                  
                  
                  
                  	
                     
                     Heijunka (or mixed-model) scheduling/production. The ASCM Supply Chain Dictionary defines these terms
                        as follows:

                     
                     
                     
                        
                        Mixed-model production:
                           A lean practice consisting of the production of several different models or varieties
                              of a product in small batches on the same production line without changeovers. See:
                              heijunka, mixed-model scheduling.

                        
                        Heijunka:
                           In just-in-time (JIT) philosophy, an approach to level production throughout the supply
                              chain to match the planned rate of end product sales. See: load leveling, mixed-model
                              production, mixed-model scheduling.

                        

                     
                     
                     
                     Heijunka serves as a bridge from scheduling
                        to control of production by distributing volume and mix evenly over
                        time. It can reduce the amount of waste in the production system
                        by improving production efficiency. The following benefits are possible
                        with heijunka:

                     
                     
                     
                        
                        	
                           
                           Shorter manufacturing
                              lead times

                           

                        
                        
                        	
                           
                           Lower
                              work-in-process and finished goods inventory

                           

                        
                        
                        	
                           
                           Avoidance
                              of peaks and valleys in operator workload

                           

                        
                        
                        	
                           
                           Smoother
                              flow of work that enables level and standardized work for operators

                           

                        

                     
                     
                     The ASCM Supply Chain
                           Dictionary defines standardized
                           work as: “A work process that is always carried
                           out exactly the same way, preferably using the current best-known way under which
                           the output can be achieved.”

                     
                     
                     The level production
                        plan is the basis for short- to intermediate-term material and capacity
                        planning and enables the use of a level production method. Heijunka converts
                        actual or expected customer demand for a given product mix into
                        a level production throughput that matches the planned rate of end
                        product sales by day or hour (takt time).

                     
                     
                     Heijunka scheduling techniques to improve
                        flow include the following:

                     
                     
                     
                        
                        	
                           
                           Using
                              control limits. If demand stays within the plan, the plan should
                              not change.

                           

                        
                        
                        	
                           
                           Not
                              overreacting to changes in demand. Use takt time to manage and control time.

                           

                        
                        
                        	
                           
                           Prioritizing
                              regular orders. Don’t let large or unusual orders derail regular orders.

                           

                        
                        
                        	
                           
                           Using
                              available-to-promise logic in master scheduling software.

                           

                        
                        
                        	
                           
                           Moving
                              to “milk run” deliveries. In this technique, several small batches
                              are delivered on a single vehicle more frequently versus a few large
                              deliveries less frequently. The number of loads stays the same.

                           

                        

                     

                  
                  

               
               
               
               Each element focuses on a particular
                  area and compartmentalizes the activities. Even though each element
                  is important on its own, for the successful deployment of lean scheduling,
                  all elements should be considered integral to the whole.

               
               
               
               The basic idea is to produce components
                  at a constant rate so you can allow all further processing to be
                  carried out at a constant and predictable rate. Following a standard flow
                  makes abnormalities immediately obvious. In lean, it is imperative
                  to find and correct the root cause of the abnormalities as soon
                  as they are discovered rather than using workarounds. In real time,
                  it achieves a level schedule, visibility, and early problem detection.

               
               
               
               Setup time reduction, lot size reduction, cellular
                  manufacturing, quality and continuous improvement, worker involvement, 5S, and
                  visual control systems are all additional techniques that enable lean scheduling.
                  These subjects are addressed elsewhere.

               
               
               
               An example follows
                  of level production planning and heijunka/mixed-model scheduling.

               
               

            
            
            
            
               
               
               Level Production Planning and Heijunka
                  Example

               
               
               
               
                  
                  
                  In Exhibit 7-46,
                     the level production data for four models of hammers are disaggregated into
                     level daily rates by dividing their annual forecasts by 250 shop
                     calendar days.

                  
                  
                  
                  
                     Exhibit 7-46: Production Leveling with Heijunka Example[image: A table showing the option configurations and possible mixed production schedules for four hammer models with details on materials, annual forecast units, and daily/hourly batch master production schedules. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  The
                     exhibit is based on the following scenario and assumptions for the
                     production of hammers:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The
                           annual forecast for the product family is 163,750 units; it has
                           been disaggregated into four model forecasts that differ by type
                           of handle and head.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Planning
                           by this point has provided the volume and mix estimates and assumptions
                           needed for scheduling.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The
                           estimated rate of daily demand for the four models is assumed to
                           be generally constant though at different levels, with some seasonality
                           or higher demand at the end of the year.

                        
                        

                     
                     

                  
                  
                  
                  This leveling and heijunka process provides
                     the following information:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Daily
                           and hourly batch rates

                        
                        

                     
                     
                     
                     	
                        
                        
                        Total
                           daily batch quantity of 655 hammers (400 + 5 + 50 + 200)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Total
                           hourly batch quantity of 81.875 (50 + 0.625 + 6.25 + 25)

                        
                        

                     
                     

                  
                  
                  
                  In each hour, an organization could produce, in the following
                     order, 50 As, 0.625 Bs, 6.25 Cs, and 25 Ds, but this would not achieve the full
                     production-leveling benefit that heijunka scheduling requires, even though all units
                     would be produced in the same time period (an hour). A pure heijunka schedule could
                     instead require a sequence that may repeat more than once within the hour on a
                     regular cycle—some As, then Bs, Cs, and Ds.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Takt Time

            
            
            
            
               
               
               Flow processes feature products moving from one
                  work center to another at a nearly constant rate with no delays.
                  They produce similar products and feature specialized machinery
                  and workers with specialized skill sets. Here we focus on the transactional side
                  of flow processes from an inventory control perspective. Takt time
                  is one approach to setting the proper production rate in a flow
                  manufacturing process to match demand.

               
               
               
               The ASCM Supply Chain
                     Dictionary defines takt time as:

               
               
               
               
                  
                  
                     Sets the pace of production to match the rate
                        of customer demand and becomes the heartbeat of any lean production system. It is
                        computed
                        as the available production time divided by the rate of customer demand. For
                        example, assume demand is 10,000 units per month, or 500 units per day, and planned
                        available capacity is 420 minutes per day. The takt time = 420 minutes per day ÷ 500
                        units
                        per day = 0.84 minutes per unit. This takt time means that a unit should be planned
                        to
                        exit the production system on average every 0.84 minutes. Syn.: tact
                        time.

                  

               
               
               
               Takt time is the result
                  of converting the rate of customer demand to a per-unit production
                  rate based on heijunka schedules for standard products or models.
                  In other words, takt time is the pace of production synchronized
                  to the pace of sales.

               
               
               
               While conventional
                  manufacturing planning and control also sets a pace for production,
                  usually this is the rate at which a bottleneck work center can produce units.
                  Takt time synchronizes production with the rate of customer demand
                  rather than production rate requirements.

               
               
               
               Takt time is calculated as:

               
               
               
               [image: ../images/mathml_id1784A0R60ME.png]
               
               
               
               Consider a situation
                  that involves two shifts of 445 minutes each, which equals 890 minutes
                  of daily operating time, and a daily rate of customer demand of
                  890 units.

               
               
               
               [image: ../images/mathml_id1784A0UL05S.png]
               
               
               
               The assumption is that
                  available resources based on standardized work rates will support
                  this takt time objective. In the pacemaker process, which is discussed
                  below, the organization should see a replenishment or throughput
                  of one unit per minute to meet the schedule. In other words, takt
                  time is the primary control mechanism for the pacemaker process.
                  It is important to keep takt time neither too fast nor too slow.

               
               

            
            
            
            
               
               
               Takt
                  Time versus Cycle Time

               
               
               
               
                  
                  
                  Cycle time is defined in the ASCM Supply Chain Dictionary as:

                  
                  
                  
                  
                     
                     
                        1) In industrial engineering, the time between
                           the completion of two discrete units of production. For example, the cycle time of
                           motors assembled at a rate of 120 per hour is 30 seconds. 2) In materials
                           management, the length of time from when material enters a production facility until
                           it exits. Syn.: throughput time.
                        

                     

                  
                  
                  
                  In a perfect world, takt time and cycle time are equal. This
                     enables production to reach an ideal state, or one-piece flow, also called one-at-a-time production, which the
                     ASCM Supply Chain Dictionary defines as:

                  
                  
                  
                  
                     
                     
                        The technique of processing an item directly from one step to the next, one unit at
                           a time. This approach reduces waste by shortening lead times and lines of communication,
                           thus enabling quality problems to be identified more quickly. One-piece flow is closely
                           associated with lean manufacturing and just-in-time (JIT) methodologies.
                        

                     

                  
                  
                  
                  If cycle time is longer than takt time, production is behind
                     schedule and corrective action needs to occur. The ASCM Supply Chain Dictionary defines corrective action as:
                     “The implementation of solutions
                        resulting in the reduction or elimination of an identified problem.”

                  
                  
                  
                  If the organization
                     is looking ahead to possible increases in period demand, it may
                     be necessary to scale up resources in order to shorten cycle time
                     to meet daily customer demand, such as by using a two-shift structure.
                     Steps to deal with such situations include

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Find
                           and correct the root causes of long cycle times

                        
                        

                     
                     
                     
                     	
                        
                        
                        Add
                           more workers to the production lines to increase shift throughput
                           and lower the cycle time to match the takt time

                        
                        

                     
                     
                     
                     	
                        
                        
                        Relieve
                           bottlenecks

                        
                        

                     
                     
                     
                     	
                        
                        
                        Rebalance
                           the load among the production lines

                        
                        

                     
                     
                     
                     	
                        
                        
                        Use
                           overtime or add shifts to produce to the daily customer demand rate.

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Pacemaker

               
               
               
               
                  
                  
                  Lean implements takt time by setting a pacemaker, which is defined in the ASCM Supply Chain
                        Dictionary as:

                  
                  
                  
                  
                     
                     
                        In lean, the resource that is scheduled based on the customer demand rate for the
                           value stream. This resource performs an operation or process that governs the flow
                           of materials along the value stream to maintain a smooth flow through the manufacturing
                           plant. A larger buffer is maintained for the pacemaker than other resources so that
                           it can maintain continuous operation. See: constraint, pacing process.
                        

                     

                  
                  
                  
                  One way of viewing the
                     pacemaker is that its cycle time sets a pace that enables all other
                     processes to achieve the takt time objective. The pacemaker could
                     be any point, such as the store or finished goods inventory, the
                     final assembly point, or another point further upstream. Often the
                     pacemaker is where the flow begins. Other organizations select a
                     process that is downstream from their pacemaker so upstream operations
                     can be pulled.

                  
                  
                  
                  Some
                     of the advantages of scheduling only the pacemaker in lean include
                     the following:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Work flows quickly in
                           a cellular lean layout and is visible to workers and production
                           controllers.

                        
                        

                     
                     
                     
                     	
                        
                        
                        It
                           requires only one production schedule. There is no need to schedule
                           or report the start or finish of production at each workstation.
                           This allows the inevitable changes in customer demand to be accommodated
                           much more easily.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Completion
                           of an item needs to be reported only at the final assembly workstation or
                           the store.

                        
                        

                     
                     

                  
                  
                  
                  In
                     practice, the determination of the pacemaker relies on judgment.
                     The cycle time at the pacemaker, for example, must establish the
                     rate or pace for the entire line or cell that achieves takt time.

                  
                  

               
               

            
            
            
            
               
               
               Stores
                  and Supermarkets

               
               
               
               
                  
                  
                  One of the common misconceptions of lean systems
                     is that they do not require inventory. The reality is that there
                     are circumstances when inventory buffers are needed in a lean facility.
                     Several reasons for holding parts and finished goods inventory are
                     shown in Exhibit 7-47.

                  
                  
                  
                  
                     Exhibit 7-47: Reasons for Inventory
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Reason for Inventory

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Explanation

                                       
                                       
                                    
                                    

                                 
                                 
                              
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Customer order lead time
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       The customer’s required lead time is less
                                          than the manufacturing lead time.

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Cycle time mismatches
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Operations in the product routing have
                                          very different cycle times, making one-piece flow very hard, especially
                                          when machines are most efficient in large batch production.

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Distance (transportation cost)
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Some suppliers are far from customer facilities, and shipping
                                          one piece at a time is not realistic or cost-effective.
                                          For example, a low-cost but bulky good may need to be
                                          shipped in full containers on a containership.

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Process instability
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Some processes are too unreliable to couple
                                          directly with other processes.

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Long manufacturing lead time
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Some processes take too long to be part
                                          of a cell.

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  
                  
                  It is a kaizen goal to eliminate these inventories and safety
                     stocks through one-piece flow production. But until that occurs, there is a need for
                     a store, defined in the ASCM Supply Chain Dictionary as: “A storage point located upstream of a work station,
                        intended to make it easier to see customer requirements.” Stores are a transitional step toward the elimination of buffer inventory or
                     safety stock.

                  
                  
                  
                  There are three types of stores: raw materials, semifinished
                     goods, and finished goods. Floor stock can also be kept in a store. (The ASCM Supply Chain Dictionary defines floor
                        stocks as: “An inventory of inexpensive production parts from which production workers can draw
                        without requisitions. Syn.: bench stock, expensed stock.”) Floor stock would not appear on a pick list, as it has already been issued to
                     production.

                  
                  
                  
                  Some key characteristics
                     of stores are as follows:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        A
                           store is a controlled inventory of parts or finished goods that
                           schedules an upstream process through a kanban signal.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Withdrawal
                           (pull) of parts from the store is a signal for replenishment by
                           an upstream process.

                        
                        

                     
                     

                  
                  
                  
                  A store can also be called a supermarket. Supermarkets
                     are used when there are a variety of parts and some fluctuation
                     in the timing and quantity needed. When using the supermarket approach,
                     similar to a store, a runner goes “shopping” for the needed parts.
                     When organizing a supermarket, one should take into consideration
                     the flow, allowing the runner to gather the needed items on a normal
                     route, therefore eliminating wasted movement.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Kanban Systems

            
            
            
            
               
               
               The
                  ASCM Supply Chain Dictionary defines kanban
                  as:

               
               
               
               
                  
                  
                     A method of just-in-time (JIT) production that uses standard containers or lot sizes
                        with a single card (or other signaling device) attached to each. It is a pull system
                        in which work centers signal that they wish to withdraw parts from feeding operations
                        or suppliers. The term is often used synonymously for the specific scheduling system
                        developed and used by the Toyota Motor Corporation in Japan. See: move card, production
                        card, synchronized production.
                     

                  

               
               
               
               Kanban systems use signals
                  and standard containers to move parts quickly through production
                  with the objective of minimizing inventory. Such systems are simple
                  but powerful. They exercise control by

               
               
               
               
                  
                  
                  	
                     
                     
                     Authorizing production
                        at processes upstream from the pacemaker process

                     
                     

                  
                  
                  
                  	
                     
                     
                     Pulling
                        parts through upstream processes to the pacemaker based on the production
                        schedule

                     
                     

                  
                  
                  
                  	
                     
                     
                     Establishing
                        the number of parts containers between processes on the shop floor

                     
                     

                  
                  
                  
                  	
                     
                     
                     Using
                        visual controls in a fast throughput environment.

                     
                     

                  
                  

               
               
               
               The kanban system is
                  responsible not only for implementing the production schedule but
                  also for facilitating the continuous improvement of execution and
                  control.

               
               
               
               After introducing visual controls and the basics of kanban
                  systems, the single- and two-card methods are presented. Single-card kanban systems
                  use only move cards, while two-card kanban systems use both move cards and
                  production cards.

               
               

            
            
            
            
               
               
               Visual
                  Controls

               
               
               
               
                  
                  
                  The signaling devices in kanban systems are meant to be
                     obvious to all workers in the vicinity and generally are visual controls. The ASCM Supply Chain Dictionary defines visual
                        control as:

                  
                  
                  
                  
                     
                     
                        1) The control of authorized levels of
                           activities and inventories in a way that is instantly and visibly obvious. 2) A type
                           of activity and inventory control used in a workplace organization where everything
                           has an assigned place and is in its place.
                        

                     

                  
                  
                  
                  The
                     classic visual signals are move cards and production cards. The ASCM Supply Chain Dictionary defines these
                     terms.

                  
                  
                  
                  
                     
                     Move card:
                        A card or other signal indicating that a specific number of units of an item are required
                           and authorized to be moved from a source to a point of use. Syn.: move signal. See:
                           kanban.

                     
                     Production card:
                        In a just-in-time (JIT) context, a card or other signal for indicating that items
                           should be made for use or that some items removed from pipeline stock should be replaced.
                           See: kanban.

                     

                  
                  
                  
                  Other
                     examples of visual controls include

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Open
                           space on the production floor

                        
                        

                     
                     
                     
                     	
                        
                        
                        A
                           minimum inventory line on a conveyor or storage rack

                        
                        

                     
                     
                     
                     	
                        
                        
                        Open
                           space on a conveyance dolly

                        
                        

                     
                     
                     
                     	
                        
                        
                        A
                           parts bin with spaces for a required number of parts

                        
                        

                     
                     
                     
                     	
                        
                        
                        A
                           light on a production control board

                        
                        

                     
                     
                     
                     	
                        
                        
                        Space
                           on a parts cart

                        
                        

                     
                     
                     
                     	
                        
                        
                        A
                           colored Ping-Pong ball that rolls down a chute

                        
                        

                     
                     
                     
                     	
                        
                        
                        An
                           electronic message on a computer screen.

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Kanban Cards for WIP Control

               
               
               
               
                  
                  
                  The kanban system
                     is a means of controlling work-in-process (WIP) inventory on the factory
                     floor. The number of cards, other visual controls, or related spots
                     or bins (which could be as little as one) create a specific maximum
                     amount of WIP inventory for that given inventory item in that place
                     at all times. Choosing the number of cards per item at that location
                     depends on how much of a buffer is desired for the next step in
                     the process. Among the reasons for having WIP inventory is the need
                     for inventory buffers, as in the following situations:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Transportation lead
                           time—A buffer is important when move distances are long.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Cycle
                           time interval—When a work center changes over to another product,
                           its expected cycle time in returning to the first product might
                           vary for any number of reasons.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Manufacturing
                           lead time—A feeder center’s manufacturing lead time normally will have
                           some variation, requiring some safety stock or safety lead time.

                        
                        

                     
                     

                  
                  
                  
                  Another reason related to manufacturing
                     lead time is the inherent inefficiency in any production process. Lead times at
                     feeder and user centers might not be in balance because of variations from standard
                     work estimates caused by quality problems; parts shortages; problems with machinery,
                     jigs, or tools; or labor efficiency, defined in the ASCM Supply Chain Dictionary as: “The average of worker efficiency for all
                        direct workers in a department or facility. Syn.: worker efficiency.”

                  
                  
                  
                  The result
                     is that in a poorly managed lean system, a considerable amount of
                     WIP inventory can exist on the factory floor. This would adversely
                     affect the rate of production, and it causes long lead times and
                     raises inventory costs as labor and material accumulate in WIP.

                  
                  
                  
                  On the other hand, if
                     conditions were perfect, you could have synchronized one-piece flow
                     with little or no WIP build-up. Parts completed at a feeder work
                     center would arrive at a user work center just as the user work
                     center needs to start production on its next product. Work centers
                     would not need any inventory at inbound stockpoints or work centers.
                     Material flow velocity would increase.

                  
                  
                  
                  However, in most lean environments the
                     situation is somewhere in between these extremes, and so some WIP
                     is needed at some points.

                  
                  
                  
                  The
                     point is that a kanban system needs to limit the number of kanban
                     cards and related bins on the factory floor. This can be accomplished
                     by calculation and experimentation. The formula for calculating
                     the number of kanbans needed is based on the rate of product demand,
                     lead time, container capacity, and safety stock. The purpose of
                     the experimentation approach is to reduce the number of kanban containers
                     in the system gradually and discover what process improvements need
                     to be made to maintain the desired takt time and achieve one-piece
                     flow.

                  
                  
                  
                  A set of kanban
                     rules provides the discipline that is needed to limit the number
                     of kanban cards on the factory floor, including

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Each bin (container
                           or designated floor space) must have a kanban card (although a bin
                           could be designed to have more than one part).

                        
                        

                     
                     
                     
                     	
                        
                        
                        The
                           number of parts in a bin is fixed, and no partial bins will be put
                           into storage (for ease of tracking inventory).

                        
                        

                     
                     
                     
                     	
                        
                        
                        Parts
                           are always pulled by the user department.

                        
                        

                     
                     
                     
                     	
                        
                        
                        No
                           parts are obtained without a kanban card.

                        
                        

                     
                     
                     
                     	
                        
                        
                        All
                           containers contain standard quantities, and only the standard container
                           for the part can be used.

                        
                        

                     
                     
                     
                     	
                        
                        
                        No
                           extra production is permitted; production can start only upon receipt
                           of a production kanban card.

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Single-Card Kanban Systems

               
               
               
               
                  
                  
                  The ASCM Supply Chain
                        Dictionary defines a one-card kanban
                        system (also called a single-card system) as:

                  
                  
                  
                  
                     
                     
                        A kanban system in which only a move card is used. Typically, the work centers are
                           physically close, so no production card is required. In many cases, squares located
                           between work centers are used as the kanban system. An empty square signals the supplying
                           work center to produce a standard container of the item. Syn.: single-card kanban
                           system. See: two-card kanban system.
                        

                     

                  
                  
                  
                  Exhibit 7-48 shows
                     how a one-card kanban system functions using our motorcycle manufacturer
                     case study as an example.

                  
                  
                  
                  
                     Exhibit 7-48: One-Card Kanban Example[image: The image depicts a one-card kanban system for managing inventory and production workflow.]
                  
                  
                  
                  
                  In
                     this manufacturing environment, two work centers are shown. Assume
                     that these work centers are part of a larger process. Work center
                     1 converts three inputs of raw materials (here shown as a circle,
                     a triangle and a square) into a subassembly, and this subassembly
                     (engine part number 105 for a motorcycle) is further machined by
                     work center 2. Work center 1’s parts are kept readily available
                     using a supermarket approach. Note also the kanban board. Assume
                     in this case that the various columns represent different parts
                     that work center 1 might produce, while the rows indicate when a
                     part needs to be produced based on all the card slots being full
                     for the particular row.

                  
                  
                  
                  Note that in
                     this example, in the steady state (when there is no demand and thus
                     no production) there would still be some inventory held in the supermarket
                     and in the component inventory. (In the exhibit, this would be three
                     units of each raw material and three completed components available
                     for work center 2 to pull from.) Perhaps the supermarket inventory
                     is considered necessary due to the time it takes to order and fulfill
                     raw materials for a typical day’s production. A reason to hold component inventory
                     might be to ensure that a bottleneck process further down the line
                     can be kept at full capacity. In a purer example of kanban systems,
                     zero or only one part of a given type might be held. However, even
                     when some raw materials or work-in-process inventory is considered
                     necessary, a key benefit is that the chosen level will remain constant.

                  
                  
                  
                  There is always only one kanban card for
                     each bin (container), containing just one instance of that part
                     number, for example, one card for a bin containing one engine part
                     105. When work center 2 pulls a part due to a demand signal further
                     down the line (ultimately triggered by a customer demand signal
                     of purchasing a motorcycle that requires that particular part),
                     the work center 2 operator takes the card from the engine part 105
                     bin and places it on the kanban board in the proper column for that part.
                     The operator also puts the empty bin on a bin shelf. The trigger
                     for work center 1 to start production on another engine part 105
                     is that the kanban board slots for that particular part are fully
                     occupied. Another trigger could be an empty spot for a bin, but
                     if the work center produces multiple different parts that could
                     occupy the same bin slots, the fully occupied card slots for that
                     part would be the trigger. The card is taken off the card rack and
                     attached to an empty bin. Once work center 1 work is completed,
                     the bin with the completed assembly is placed into the component inventory
                     for work center 2. Note that work center 2 would have its own component inventory
                     for completed units and its own kanban card board if there are further workstations
                     down the line. If the units are packaged finished goods, these would
                     be sent to the shipping and receiving area, and this step could
                     also be operated using its own kanban board system. These later
                     steps and inventories are not shown in the exhibit.

                  
                  
                  
                  The kanban control process is as follows:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Work center 2 starts
                           to work on part number 105 because it received a demand signal from
                           the next process down the line (e.g., from work center 3).

                        
                        

                     
                     
                     
                     	
                        
                        
                        The
                           operator from work center 2 withdraws the container, removes the
                           kanban card, places the card in the engine part 105 slot in the
                           card rack, and then moves the empty bin to the work center 1 bin
                           shelf. The act of placing the kanban card in the slot in the kanban
                           board authorizes replacement of the part number 105 just withdrawn,
                           assuming that the available slots for this part number are then
                           fully occupied.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The
                           operator from work center 1 notices that the part number 105 slots
                           are fully occupied. This triggers production, so the operator withdraws
                           the requisite engine parts from the supermarket, takes kanban card
                           105 from the kanban board, and starts to produce a new part number
                           105.

                        
                        

                     
                     
                     
                     	
                        
                        
                        After
                           work center 1 production is completed, the full container is moved
                           to component inventory for work center 2, with the kanban card attached
                           to the container.

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Two-Card Kanban Systems

               
               
               
               
                  
                  
                  What if a feeder work center is some distance from
                     the next work center? This may be common for organizations still in the early stages
                     of lean implementation, such as if the production layout throughout the facility is
                     not entirely cellular with all of the workstations close together. Situations where
                     longer moves are necessary can make use of a two-card kanban system.

                  
                  
                  
                  The ASCM Supply
                        Chain Dictionary defines the two-card kanban
                        system, shown in Exhibit 7-49,
                     as:

                  
                  
                  
                  
                     
                     
                        A kanban system in which a move
                           card and production card are employed. The move card authorizes the movement of a
                           specific number of parts from a source to a point of use. The move card is attached
                           to the standard container of parts during movement of the parts to the point of use.
                           The production card authorizes the production of a given number of parts for use or
                           replenishment. Syn.: dual-card kanban system. See: one-card kanban
                           system.
                        

                     

                  
                  
                  
                  
                     Exhibit 7-49: Two-Card Kanban Example[image: The image depicts a two-card kanban system for managing inventory and production workflow.]
                  
                  
                  
                  
                  The steps, as illustrated in Exhibit 7-49, are as follows.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Work center 2 pulls a product from
                           its component inventory and removes the move kanban card from the bin and
                           puts it on the move kanban board. Note that work center 2 is also responding
                           to demand from further down the line that started with a demand pull from
                           the customer. Note also that this component inventory has designated spots
                           for a specific number of part bins (or any other type of holder, including
                           just a painted spot on the floor). This component inventory is work center
                           2’s inbound stockpoint, which is defined in the ASCM Supply Chain Dictionary as:

                        
                        
                        
                        
                           
                           
                              A defined location next to the place
                                 of use on a production floor. Materials are brought to the stockpoint as needed and
                                 taken from
                                 it for immediate use. Inbound stockpoints are used with a pull system of material
                                 control.
                              

                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        The move personnel (shown as a
                           forklift) see that a move card has been returned to the move kanban board,
                           which is the demand signal for them to retrieve a bin from work center 1’s
                           outbound stockpoint, which is defined in the ASCM Supply Chain Dictionary as:

                        
                        
                        
                        
                           
                           
                              A designated location near the point
                                 of use on a plant floor to which material produced is taken until it is pulled to
                                 the next operation.
                              

                           

                        
                        
                        
                        The move personnel remove the
                           production card from that bin and put it on work center 1’s production
                           kanban board. They attach a move card to the bin, and they then execute the
                           move to work center 2’s inbound stockpoint. They also move the empty bin
                           back to the start of the process (unless the bin is needed in later
                           stages).

                        
                        

                     
                     
                     
                     	
                        
                        
                        Work center 1 sees
                           the empty spot for a bin at its outbound stockpoint and uses this demand
                           signal to pull an empty bin, attach a production kanban to it, make a
                           replacement part, and put the bin in the empty space in its outbound
                           stockpoint once the work is complete.

                        
                        

                     
                     

                  
                  
                  
                  In the logic of kanban control of pull, it is
                     important to remember the following:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The kanban system
                           regulates the upstream response to downstream customer pull.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The move card and/or
                           empty inventory spot initiate the pull from the outbound stockpoint of the
                           feeder work center.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The move card is
                           attached to the container as it leaves the outbound stockpoint.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The production
                           card that is removed from the container at the outbound stockpoint of the
                           feeder work center and/or its related empty inventory spot authorize
                           immediate production of parts to replace the ones that were in the outbound
                           container. (The ASCM Supply Chain
                              Dictionary defines a feeder
                              workstation as: “An area of manufacturing that feeds a subsequent work area.”)

                        
                        

                     
                     
                     
                     	
                        
                        
                        The production card
                           is placed in the container of new parts when it is moved to the outbound
                           stockpoint and will be used to authorize production again when the container
                           is moved to a customer work center.

                        
                        

                     
                     

                  
                  

               
               

            
            

         
         
   
      
         
         
         
         TOC Scheduling and PAC

         
         
         
         
            
            
            Here we address the theory of constraints in
               general and its uses in scheduling and production activity control.

            
            

         
         
         
         
         
            
            
            Theory of Constraints

            
            
            
            
               
               
               The ASCM Supply Chain
                     Dictionary defines the theory of constraints
                     (TOC) as:

               
               
               
               
                  
                  A holistic management
                        philosophy developed by Dr. Eliyahu M. Goldratt based on the principle that complex
                        systems exhibit inherent simplicity. Even a very complex system comprising thousands
                        of people and pieces of equipment can have, at any given time, only a very, very
                        small number of variables—perhaps only one, known as a constraint—that actually
                        limit the ability to generate more of the system’s goal.

                  

               
               
               
               The theory of constraints was a revolutionary
                  idea when Dr. Goldratt proposed it, because conventional thinking at the time was
                  additive, meaning that, due to process complexity, streamlining any part of a system
                  where improvements could be found would be beneficial to total system output.
                  However, according to TOC, real gains in efficiency can be made only by finding the
                  part of the system that constrains total output—the weakest link—and making
                  efficiency improvements to that area and only that area. Strengthening any other
                  part of the chain will waste effort without resulting in a stronger chain. Only
                  repairing or replacing the weak link will increase the capacity of a chain to
                  achieve its goal of being able to pull or lift more weight. TOC is also a better use
                  of time and money; a focused investment can generate real results quickly.

               
               
               
               The ASCM Supply
                     Chain Dictionary defines terms related to constraints as:

               
               
               
               
                  
                  Constraint:
                     1) Any element or factor that prevents a
                        system from achieving a higher level of performance with respect to its goal.
                        Constraints can be physical, such as a machine center or a lack of material, but
                        they can also be managerial, such as a policy or procedure. 2) One of a set of
                        equations that cannot be violated in an optimization procedure.

                  
                  
                     Constraints management:
                     The practice of managing resources
                        and organizations in accordance with theory of constraints principles. See: theory
                        of constraints (TOC).

                  

               
               
               
               Balancing the capacity available with the demand
                  at work centers is almost impossible in intermittent manufacturing. Some work
                  centers have too much work (are overloaded) while others do not have enough work
                  (are underloaded). The ASCM Supply Chain
                     Dictionary defines overload as: “A condition in which the total hours of work
                     outstanding at a work center exceed that work center’s capacity.”

               
               
               
               The work centers with too much work become
                  constraints or bottlenecks within the system. The volume of throughput is
                  constrained by the volume of work that can get through the bottlenecks. The ASCM Supply Chain Dictionary defines a bottleneck as follows:

               
               
               
               
                  
                  A facility, function, department, or resource whose capacity is less than the demand
                        placed upon it. For example, a bottleneck machine or work center exists where jobs
                        are processed at a slower rate than they are demanded. Syn.: bottleneck operation.
                        See: limiting operation.

                  

               
               
               
               A constraint is a limit on throughput, or the
                  rate of production, not on inventory or production.

               
               
               
               How does one find a constraint in a complex
                  manufacturing plant? This may be difficult in some situations, but often it is
                  relatively straightforward. If work-in-process inventory is accumulating before a
                  process or work center and processes downstream are waiting for inputs, and if the
                  process or work center is working at full capacity, then it is the constraint.

               
               
               
               Next we discuss various types of constraints
                  and then we address the principles of bottleneck management that underly the theory
                  of constraints.

               
               

            
            
            
            
               
               
               Types of Constraints

               
               
               
               
                  
                  
                  Anything that has an impact on throughput
                     is a constraint and will create a bottleneck—for example, faulty machinery,
                     insufficient equipment or personnel, or a work center unsuited to the required
                     task. Constraints can also be behavior-based; these might include specific
                     policies, regulations, and procedures and management choices and directives that
                     have an impact on operations.

                  
                  
                  
                  Next we examine physical constraints,
                     capacity-constrained resources, and behavior-based constraints.

                  
                  

               
               
               
               
                  
                  
                  Physical Constraints

                  
                  
                  
                  
                     
                     
                     Physical constraints are related to resources
                        (equipment, labor, materials), or they are market constraints. Consider the example
                        of a plant with work-in-process (WIP) inventory accumulating before a work center.
                        What if none of the work centers had WIP inventory accumulating and none were
                        operating at full capacity but all orders were being scheduled and all raw materials
                        were being released on schedule? In this case, the constraint is said to be sales,
                        which is a market constraint. The production process has excess capacity.

                     
                     
                     
                     Throughput is a rate that might be measured
                        as units per period, or, in the case of an entire organization, revenue per period,
                        since this is the basic goal of for-profit organizations. If sales is the
                        constraint, then demand will be less than supply. If sales is not the constraint,
                        then supply will be less than demand, and a specific part of the system will be
                        keeping supply from increasing to meet demand.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Capacity-Constrained Resources

                  
                  
                  
                  
                     
                     
                     There may be many areas of a system that could
                        become a constraint, depending on how orders are scheduled. In this case, the
                        constraint might shift on a regular basis and may be hard to identify. The theory
                        of
                        constraints identifies a danger area like this as a capacity-constrained resource (CCR),
                        which is defined in the ASCM Supply Chain
                           Dictionary as:

                     
                     
                     
                     
                        
                        Any resource that, if its capacity is not carefully managed, is likely to become a
                              constraint and compromise the throughput of the organization.

                        

                     
                     
                     
                     Thus a capacity-constrained resource is a
                        potential constraint (potential bottleneck) area, while a constraint is an active
                        bottleneck: the current weakest link given the current load on the system. The
                        theory of constraints has a process of mitigating and removing bottlenecks as they
                        are identified, but it also emphasizes prevention by careful management of resources
                        and the load placed on them.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Behavior-Based Constraints

                  
                  
                  
                  
                     
                     
                     Behavior-based constraints (e.g., the
                        managerial constraints described in the constraint definition above) are generated
                        by persons and management policies. This can include administrative or other
                        unnecessary steps that take time away from performing necessary process steps at a
                        bottleneck area. It could be personnel who do not know they are working at a
                        bottleneck work center and unnecessarily delay the process, or it could be a
                        management decision not to spend time on improvement because of past failures.

                     
                     
                     
                     Behavior-based constraints might also be
                        related to an inability to detect or initiate improvements. People may not
                        understand the root cause of a problem or how to start addressing a problem that
                        seems too complex to solve. The theory of constraints emphasizes finding the root
                        cause of the limits on throughput so that the right fixes can be made. This helps
                        to
                        avoid spending time and money while failing to show results. Focusing improvements
                        on constraint areas also avoids viewing the system as too complex to understand,
                        because only one part needs to be studied at a time. Finally, management will be
                        more likely to fund and staff more improvement projects if such projects generate
                        quick wins.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Principles of Bottleneck Management

               
               
               
               
                  
                  
                  The theory of constraints includes
                     a number of principles related to management of bottleneck areas versus
                     non-bottleneck areas (any part of the system that is not currently a
                     bottleneck).

                  
                  
                  
                  Principles related to
                     bottlenecks follow:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The rate at which a bottleneck
                           can process work is the rate at which its inputs should be provided to
                           avoid increasing work-in-process inventory before it. Work centers that
                           depend on the output of the bottleneck should be scheduled to work at
                           the rate set by the bottleneck.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The capacity of the production
                           process depends on the capacity of the bottleneck, so breakdowns or
                           slowdowns in this area directly reduce system throughput.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Priority and capacity are
                           interrelated, meaning that priority (demand) for different types of
                           units promotes more setups, but each new setup at a bottleneck work
                           center is an opportunity cost because it takes time away from
                           processing, thus reducing utilization.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Output from
                           bottleneck areas should be provided to the next work center(s) in
                           smaller lots than a full batch size. The amount to move might be the
                           amount finished each day or even more often, depending on
                           materials-handling costs. This smaller lot is called a split lot or a
                           transfer batch. The ASCM Supply Chain Dictionary defines
                           a split lot as follows:

                        
                        
                        
                           
                           A manufacturing order quantity that has been
                                 divided into two or more smaller quantities, usually after the order has been
                                 released. The quantities of a split lot may be worked on in parallel, or a portion
                                 of the
                                 original quantity may be sent ahead to a subsequent operation to be worked on while
                                 work on the remainder of the quantity is being completed at the current operation.
                                 The purpose of splitting a lot is to reduce the lead time of the order.

                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        The goal should be to maximize
                           the total throughput of the plant, in other words, to maximize the
                           revenue the plant produces by balancing the flow of units produced to
                           maximize the amount of demand that can be satisfied. This means
                           scheduling capacity-constrained resources to avoid bottlenecks.

                        
                        

                     
                     

                  
                  
                  
                  Principles related to non-bottleneck
                     areas follow:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Non-bottleneck capacity
                           improvements do not improve total capacity.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Non-bottleneck areas set their
                           maximum utilization not based on their potential but on the rate
                           determined at the bottleneck. This means that non-bottleneck areas may
                           be idle at times. However, when they are run, they should still be run
                           using proper efficiency, quality, and cost principles. (They run at full
                           speed when running.)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Using a non-bottleneck area 100
                           percent of the time does not result in 100 percent utilization, since it
                           would simply build up more and more work-in-process inventory and
                           eventually need to be stopped.

                        
                        

                     
                     

                  
                  

               
               

            
            

         
         
         
         
            
            
            TOC for PAC or Improvement

            
            
            
            
               
               
               Here we discuss how the theory
                  of constraints (TOC) is used in production activity control. After that we discuss
                  the very similar process of using TOC to prioritize continuous improvements to
                  capacity and throughput.

               
               

            
            
            
            
               
               
               TOC
                  Production Activity Control

               
               
               
               
                  
                  
                  Once an organization has created the TOC schedule and
                     identified the bottlenecks, it must execute and manage the schedule on a daily
                     basis. Some basic steps are involved in managing PAC using the TOC.

                  
                  

               
               
               
               
                  
                  
                  Step 1: Scheduling the Drum

                  
                  
                  
                  
                     
                     
                     The first step is scheduling new orders on the
                        drum or bottleneck using the following logic:

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Add the processing time before the
                              constraint to (1) the raw material and (2) the constraint buffer time. This
                              results in the earliest start time on the first constraint.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Place the order after and as close as
                              possible to the earliest start time of the constraint.

                           
                           

                        
                        
                        
                        	
                           
                           
                           If another constraint exists, calculate
                              the earliest start time for that constraint by adding (1) the processing
                              time after the first constraint and (2) the next buffer time to the
                              completion time on the first constraint.

                           
                           

                        
                        

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Step 2: Exploiting the Drum

                  
                  
                  
                  
                     
                     
                     The next step is to exploit the drum, which means
                        to maximize its utilization. If product demand exceeds available capacity at the
                        drum, the organization should take steps to augment its capacity.

                     
                     
                     
                     This may involve offloading work to another work
                        center or outsourcing to external suppliers. Other options would include working the
                        drum over breaks and lunch, adding additional shifts (overtime), or increasing the
                        batch size to minimize any setup time. There may be an opportunity to employ lot
                        splitting here.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Step 3: Releasing Material Using the Rope

                  
                  
                  
                  
                     
                     
                     The third step is the release of material
                        according to the TOC schedule’s raw material release date, and not before, to
                        minimize work-in-process inventory.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Step 4: Managing Buffers Proactively

                  
                  
                  
                  
                     
                     
                     The key to successful execution of TOC is the
                        proactive management of buffers. Dividing the buffers into thirds and managing them
                        by zones is one way to accomplish this.

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           The first zone is the red zone. These are the
                              orders that are scheduled next on the drum (constraint). Any orders missed
                              in the red zone are of immediate danger to the drum schedule. These orders
                              should be top priority and should be actively worked until resolved.

                           
                           

                        
                        
                        
                        	
                           
                           
                           The middle zone is yellow. Orders in the yellow zone may
                              be occasionally missed. These orders are next in priority and should be
                              worked on to ensure that they are resolved before they enter the red
                              zone.

                           
                           

                        
                        
                        
                        	
                           
                           
                           The final zone is green, which are the orders the furthest
                              out from the drum. If any of these orders are missed, the coordinator should
                              be made aware of their location.

                           
                           

                        
                        

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Step 5: Elevating the Drum

                  
                  
                  
                  
                     
                     
                     In this step, planning should be done to increase
                        capacity at the drum to increase throughput.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               TOC
                  Improvement Process

               
               
               
               
                  
                  
                  A key benefit of TOC is the ability to eliminate
                     specific bottlenecks entirely. (However, there will always be another
                     bottleneck.) Successful application of TOC principles and techniques to
                     continuous improvement of operations should have the following benefits:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Increased profit (the primary goal of
                           TOC for most companies)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Fast improvement (a result of focusing
                           all attention on one critical area—the system constraint)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Improved overall capacity or
                           throughput (Optimizing the constraint enables more product to be
                           manufactured.)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Reduced lead times (Optimizing the
                           constraint results in smoother and faster product flow.)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Reduced inventory (Eliminating
                           bottlenecks means there will be less work-in-process).

                        
                        

                     
                     

                  
                  
                  
                  Since the bottleneck is in short supply,
                     you don’t want to spend its time on unnecessary tasks or let it sit idle. You
                     don’t want to waste a scarce resource. The theory of constraints can be used to
                     manage and control bottlenecks by employing the techniques found in Exhibit 7-50.

                  
                  
                  
                  
                     Exhibit 7-50: Managing Bottlenecks
                     
                     
                     
                     
                        
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Technique

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Explanation

                                       
                                       
                                    

                                 
                              
                              
                              
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Establish a buffer in
                                          front of bottleneck.

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Create a time buffer
                                          before the bottleneck to keep the work center
                                          utilized.

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Control the rate of
                                          material flowing into the bottleneck.

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Keep the bottleneck
                                          fed at a constant rate that is equal to its capacity so
                                          the time buffer remains constant.

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Focus on maintaining
                                          or increasing bottleneck capacity.

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Look for ways to
                                          increase the capacity of the bottleneck. This could be a
                                          new process with fewer steps or reducing lead times
                                          (queue, setup, run, wait, move).

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Adjust loads.

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Reduce the load on the
                                          bottleneck such as by

                                       
                                       
                                       
                                       
                                          
                                          	
                                             
                                             
                                             Offloading
                                                some constraint work to other machines. Even if
                                                these machines are less efficient, the improved
                                                system throughput is likely to improve overall
                                                profitability.

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Offloading
                                                some work to other companies. This should be a
                                                last resort if other techniques are not sufficient
                                                to relieve the constraint.

                                             
                                             

                                          

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       Change schedule.

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       The last resort is to
                                          change the promised schedule for delivery.

                                       
                                       
                                    

                                 
                              

                           

                        
                        

                     
                  
                  
                  
                  TOC can become more proactive by
                     focusing also on capacity-constrained resources (CCRs). In this way, increased
                     demand on a resource, facility, function, or department will not result in an
                     unexpected bottleneck that suddenly limits the planned throughput of the entire
                     system. Instead, plans will be in place to account for this potential constraint
                     or improvements will have kept it from becoming a constraint.

                  
                  
                  
                  CCR management steps are summarized in Exhibit 7-51.

                  
                  
                  
                  
                     Exhibit 7-51: Elements of CCR Management
                     
                     
                     
                     
                        
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                    
                                    	
                                       
                                       
                                       CCR Steps

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Details

                                       
                                       
                                    

                                 
                              
                              
                              
                                 
                                 
                                    
                                    	
                                       
                                       
                                       1

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Identify—Identify the
                                          CCR before it becomes a bottleneck.

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          	
                                             
                                             
                                             Identify
                                                overloads through capacity requirements
                                                planning.

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Look for
                                                excess work in queue.

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Ask shop
                                                supervisors.

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Identify
                                                centers always behind schedule.

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Find work
                                                centers near or at 100 percent of capacity.

                                             
                                             

                                          

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       2

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Exploit—Keep the CCR
                                          working.

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          	
                                             
                                             
                                             Allow queues
                                                in front of CCRs to keep them working.

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Feed quality
                                                parts into CCRs to avoid lost time on bad
                                                parts.

                                             
                                             

                                          

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       3

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Subordinate—Feed into
                                          the process only what can be handled at the CCR.

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       
                                          
                                          	
                                             
                                             
                                             This step is
                                                dependent on the process and work content.

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Depending on
                                                the process that is the CCR, an organization
                                                may

                                             
                                             
                                             
                                             
                                                
                                                	
                                                   
                                                   
                                                   Run the
                                                      nonconstraint work center for some portion of the
                                                      day and then shut it down for some portion of
                                                      time

                                                   
                                                   

                                                
                                                
                                                	
                                                   
                                                   
                                                   Run it at
                                                      the speed of the constraint.

                                                   
                                                   

                                                

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             An
                                                organization should not deliberately slow an
                                                operation down so it becomes inefficient, produces
                                                substandard quality, or increases the cost as a
                                                result of not running the work center at the
                                                performance capability.

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             An
                                                organization should not run a nonconstraint work
                                                center at full capacity for the entire day just to
                                                fully utilize the work center; this only creates
                                                excess queue/work-in-process.

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Do not allow
                                                queues at noncritical work centers.

                                             
                                             

                                          

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       4

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Elevate—Accelerate
                                          and improve the CCR.

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Consider all options
                                          for providing required capacity for the CCR,
                                          including

                                       
                                       
                                       
                                       
                                          
                                          	
                                             
                                             
                                             Additional
                                                staffing

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             More-productive equipment

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Improved
                                                methods and processes

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Reduced
                                                setups

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Improved
                                                preventive maintenance

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Better
                                                training

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Additional
                                                material, labor, and machine resources

                                             
                                             

                                          
                                          
                                          	
                                             
                                             
                                             Adjusting
                                                loads by using, for example, alternate work
                                                centers, subcontracting, and combining setups.

                                             
                                             

                                          

                                       
                                       
                                    

                                 
                                 
                                 
                                    
                                    	
                                       
                                       
                                       5

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Repeat—After fixing
                                          the CCR, return to step 1 to attack the new CCR.

                                       
                                       
                                    
                                    
                                    	
                                       
                                       
                                       Return to step 1 to
                                          attack the next CCR before it becomes a bottleneck.

                                       
                                       
                                    

                                 
                              

                           

                        
                        

                     
                  
                  
                  
                  TOC scheduling identifies the CCR
                     during the capacity planning phase. It schedules maximum utilization of the CCR
                     and ensures that buffer inventories are adequate to prevent underutilization. As
                     a production philosophy, TOC also applies continuous improvement and other
                     quality management techniques to improve operations at the CCR before it becomes
                     a bottleneck. The process then moves on to the next CCR, in a cycle of
                     continuous lowering of throughput time.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Drum-Buffer-Rope

            
            
            
            
               
               
               Drum-buffer-rope (DBR) is the method of scheduling in the
                  theory of constraints (TOC). It enables material and required capacity to be planned
                  simultaneously. TOC looks at everything as a linked process. Therefore, even its
                  scheduling system is designed to recognize bottlenecks and develop a schedule that
                  minimizes the impact of constraints on the overall process or flow. The idea of
                  balancing overall flow and maintaining steady work at all stations is important to
                  the theory of constraints.

               
               
               
               Organizations use DBR scheduling to

               
               
               
               
                  
                  
                  	
                     
                     
                     Identify and schedule constraints
                        carefully

                     
                     

                  
                  
                  
                  	
                     
                     
                     Buffer constraints with inventory

                     
                     

                  
                  
                  
                  	
                     
                     
                     Maximize utilization at bottlenecks or
                        constrained resources

                     
                     

                  
                  
                  
                  	
                     
                     
                     Maximize system throughput.

                     
                     

                  
                  

               
               
               
               The ASCM Supply
                     Chain Dictionary defines drum-buffer-rope and related terms.

               
               
               
               
                  
                  Drum-buffer-rope (DBR): The theory of constraints method for
                        scheduling and managing operations that have an internal constraint or
                        capacity-constrained resource.

                  
                  Resource-limited
                        scheduling:
                     The scheduling of activities
                        so that predetermined resource availability pools are not exceeded. Activities are
                        started as soon as resources are available (with respect to logical constraints),
                        as
                        required by the activity. When not enough of a resource exists to accommodate all
                        activities scheduled on a given day, a priority decision is made. Project finish may
                        be delayed, if necessary, to alter schedules constrained by resource
                        usage.

                  
                  Resource-limited
                        schedule:
                     Project schedule with no early
                        or late start or finish dates. The activity and scheduled start and finish dates
                        show the expected availability of resources. Syn.: resource-constrained
                        schedule.

                  

               
               
               
               Note that resource-limited scheduling and
                  resource-constrained scheduling are synonyms for drum-buffer-rope scheduling. A
                  resource-limited schedule is also called a resource-constrained schedule.

               
               
               
               Drum-buffer-rope gets its name from the
                  following TOC elements. (Quoted portions are from the ASCM Supply Chain Dictionary.)

               
               
               
               
                  
                  
                  	
                     
                     
                     Drum. “In theory of constraints, the constraint is viewed
                           as a drum, and non-constraints are like soldiers in an army who march in unison to
                           the drumbeat. The resources in a plant should perform in unison with the drumbeat
                           set by the constraint.” The drum of the system refers to the necessary pace of production that
                        is focused around the pace of throughput as defined by the constraint.

                     
                     
                     
                     The drum is similar to but not the same as
                        takt time. The drum is the master production schedule for an organization
                        using drum-buffer-rope scheduling, and it becomes the constraint, because
                        this rate of production is set to match either the rate of demand (when
                        sales is the constraint) or the rate of the constraint. Note that the drum
                        is intended to avoid the queue and wait lead times that exist in
                        conventional manufacturing planning and control. Rather than pre-releasing
                        orders and forming queues before a work center and waiting after the work
                        center, production is initiated by the drum so queues and waiting should not
                        form. Buffers will instead provide the similar benefit of reducing
                        uncertainty but in a more deliberate fashion so as not to add to total lead
                        time. The drum schedule is defined in the ASCM Supply Chain Dictionary as:

                     
                     
                     
                        
                        The detailed production schedule for a
                              resource that sets the pace for the entire system. The drum schedule must reconcile
                              the customer
                              requirements with the system’s constraint(s).

                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     Buffer. The buffer is defined in the ASCM Supply Chain Dictionary as:

                     
                     
                     
                     
                        
                        1) A quantity of materials awaiting further processing. It can refer to raw materials,
                              semi-finished stores or hold points, or a work backlog that is purposely maintained
                              behind a work center. 2) In theory of constraints, buffers can be time or material,
                              and they support throughput and/or due date performance.

                        

                     
                     
                     
                     A buffer could be raw materials,
                        work-in-process (WIP), or finished goods but is actually a time buffer based
                        on timed release of appropriate material into the relevant process. The ASCM Supply Chain Dictionary defines a
                        time buffer as: “Protection against uncertainty that takes the
                           form of time.” Since it is so important that the constraint never be starved for needed
                        inventory, a time buffer is often established in front of the constraint and
                        in a few other places to protect the constraint from disruption. It is a
                        time buffer because the materials the constraint uses as input are completed
                        earlier than they are needed. Thus the buffer does not consist of an
                        inventory of general parts but rather parts allocated to future orders. The
                        duration of the time buffer will be based on the amount of variability in
                        production or purchasing. For example, a three-day time buffer would require
                        all materials to be at the constraint buffer three days before they are
                        actually needed. There are often three time buffers: the constraint buffer
                        just before the bottleneck, the assembly buffer just before final assembly,
                        and the shipping buffer just before shipping. Buffer
                           management is needed to monitor and control these buffers. It is
                        defined in the ASCM Supply Chain
                           Dictionary as:

                     
                     
                     
                        
                        In theory of constraints, a process in which all expediting in a shop is driven by
                              what is scheduled to be in the buffers (constraint, shipping, and assembly buffers).
                              By expediting this material into the buffers, the system helps avoid idleness at the
                              constraint and missed customer due dates. In addition, the reasons items are missing
                              from the buffer are identified, and the frequency of occurrence is used to prioritize
                              improvement activities. See: green zone.

                        

                     
                     
                     
                     A raw materials inventory buffer could
                        also be placed before raw materials, for example, to ensure that, in the
                        case of variations in supply, production will not be interrupted.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Rope. “One of the three devices required for proper
                           management of operations. (The other two are drum and buffer.) The rope is the
                           information flow from the drum to the front of the line (material release), which
                           chokes the release of materials to match the flow through the
                           constraint.” The analogy is that the rope pulls production to the constraint for
                        necessary processing. One cannot push a rope; one can only pull it. While
                        this may imply a kanban-type pull system, it is often done using a
                        well-coordinated release of material into the system at the right time.

                     
                     
                     
                     Instead of a demand-pull signal, the
                        signal is the throughput rate at the constraint. Imagine that all WIP
                        inventory is attached to a long rope and that the constraint process is
                        pulling on the rope at the rate needed to match its production, neither
                        faster nor slower. This will not only keep the constraint busy, but it will
                        keep the time buffers from growing longer or shorter, given some active
                        management. If the constraint area is improved, such as by increasing its
                        utilization rate, the throughput rate can likewise be increased. If the area
                        experiences delays or has too many setups, overall throughput will be
                        slowed. However, this is just a metaphor. The scheduler will still need to
                        coordinate the release of materials into the system to maintain buffers.

                     
                     

                  
                  

               
               
               
               Drum-buffer-rope helps organizations visualize
                  a system’s constraints, as illustrated in Exhibit 7-52.

               
               
               
               
                  Exhibit 7-52: Drum-Buffer-Rope Scheduling[image: The image illustrates a production process using the Drum-Buffer-Rope (DBR) method. It shows the flow of materials through different work centers and the use of buffers to manage production constraints.]
               
               
               
               
               Every production system needs some control points, or points
                  to control the flow of product through the system. The ASCM Supply Chain Dictionary defines a control point as:

               
               
               
               
                  
                  In theory of constraints, a strategic location in the logical product structure for
                        a product or family that simplifies the planning, scheduling, and control functions.
                        Control points include gating operations, convergent points, divergent points, constraints,
                        and shipping points. Detailed scheduling instructions are planned, implemented, and
                        monitored at these locations, allowing materials to flow rapidly through the facility
                        without detailed work center scheduling and control.

                  

               
               
               
               The theory of constraints argues that the most
                  important place to control is WIP at the bottleneck. Raw material moves to work
                  center A at the rate dictated by the drum, or bottleneck, which is market demand in
                  this example. However, the capacity-constrained resource (CCR), or potential
                  bottleneck, is work center C, which has only a slightly higher rate of production
                  than demand. A time buffer is placed ahead of the CCR at work center C to ensure
                  that it always has supply. In the exhibit, this buffer is shown as having a
                  five-hour lead time. Assume that this is the amount of time to ensure that work
                  center C has enough material at all times to continue producing at 75 units per hour
                  (the market demand). Finished goods inventory can also be placed at the shipping
                  dock as a buffer, and here we assume that a three-hour lead time is what is needed
                  for shipping. This would mean that the finished goods would arrive at the shipping
                  dock three hours before they need to be shipped. Finally, there may be feeder
                  processes that do not contain the constraint but feed into that process, such as the
                  sequence shown from F to G to H, and these may have an assembly buffer (a seven-hour
                  buffer is shown here for illustration) to ensure that the subassemblies can enter
                  the process at the rate they are needed so as not to become the constraint.

               
               
               
               The assumptions of drum-buffer-rope are that

               
               
               
               
                  
                  
                  	
                     
                     
                     The master production schedule should be
                        developed so that it is within the constraints of the system (drum).

                     
                     

                  
                  
                  
                  	
                     
                     
                     The throughput of the system must be
                        protected through time buffers at critical points of the system
                        (buffer).

                     
                     

                  
                  
                  
                  	
                     
                     
                     The protection at each resource should be
                        linked to the drumbeat (rope).

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Market Demand as
                  Constraint

               
               
               
               
                  
                  
                  There are times when
                     the constraint is not internal, for example, when there is insufficient demand
                     for a company’s product or service—i.e., demand is far below the system’s
                     capacity and the market is constraining the system’s throughput. This is an
                     external market constraint.

                  
                  
                  
                  When the
                     market is the constraint, one would use a simplified drum-buffer-rope (S-DBR)
                     for planning and scheduling. An example of an S-DBR can be seen in Exhibit 7-53.

                  
                  
                  
                  
                     Exhibit 7-53: Simplified Drum-Buffer-Rope[image: A diagram illustrating a Drum-Buffer-Rope (DBR) system in a manufacturing process. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  When the market is the constraint,
                     there are certain considerations that differ from instances of internal
                     constraints:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The drum is at shipping and is
                           based on market needs.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The rope connects the drum to the
                           material release point (as in conventional DBR).

                        
                        

                     
                     
                     
                     	
                        
                        
                        The time buffer is only at
                           shipping. This will result in a small bank of finished goods in front of
                           shipping, which allows for a greater likelihood that the company will
                           meet its order due dates.

                        
                        

                     
                     
                     
                     	
                        
                        
                        The S-DBR assumes that all
                           resources have sufficient protective capacity in the event of a
                           higher-than-expected market demand.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Based on the example in Exhibit 7-53, resource C has the potential to become the first
                           bottleneck if production were to increase. It therefore needs to be
                           managed to ensure that it does not become an active bottleneck.

                        
                        

                     
                     

                  
                  
                  
                  An important way to address a market constraint is to get
                     sales and marketing operations more involved. By doing this, the organization
                     can come up with ways to increase sales volume and demand.

                  
                  
                  
                  One should remember that a market constraint does not
                     preclude internal constraints from occurring; the market will, however, be the
                     most important constraint to address. It is for this reason that the time buffer
                     exists at shipping, as it allows for the manufacturer to address fluctuations in
                     demand.

                  
                  

               
               

            
            

         
         
         
         
            
            
            TOC Scheduling Steps

            
            
            
            
               
               
               The
                  theory of constraints (TOC) scheduling steps for a product or order are illustrated
                  in Exhibit 7-54.

               
               
               
               
                  Exhibit 7-54: Theory of Constraints Steps[image: A flowchart outlining the theory of constraints (TOC). Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               The steps are as follows:

               
               
               
               
                  
                  
                  	
                     
                     
                     Step 1:
                           Create a network diagram. This is accomplished by combining the data
                        in the bill-of-material file with the routing file to form a network (or
                        extended tree) diagram for the order being scheduled. (This is similar to an
                        operations setback chart.) When creating the network diagram, it is
                        important to note any divergent point, defined in the ASCM Supply Chain Dictionary as: “An operation in a production process in
                           which a single material or component enters and, after processing, can then be
                           routed to a number of different downstream operations.”

                     
                     

                  
                  
                  
                  	
                     
                     
                     Step 2: Form
                           a product network. This is done by combining the network diagram
                        data with the master production schedule due date and linking the customer
                        orders to the final operation, which in turn links to previous operations
                        and back to raw materials.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Step 3:
                           Assess capacity utilization by work center. Next the product network
                        and resource descriptions are fed into a series of routines that identify
                        bottlenecks. The assessment is carried out by identifying bottleneck centers
                        and the expected load for each resource. Rough-cut capacity planning may be
                        used to accomplish this.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Step 4:
                           Schedule work center. At this point, the resources are split between
                        bottleneck and non-bottleneck resources.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Step 5a:
                           Schedule bottleneck resources. In this step, bottleneck resources
                        and all succeeding operations are scheduled. The bottleneck resource is
                        called the gateway work center. Quality and efficiency improvements should
                        be targeted here. This portion of the network is forward-finite-loaded.

                     
                     
                     
                     The production coordinator will
                        reduce the available capacity of the gateway work center by any hours of
                        setup time. For example, if the constraint has a capacity of 40 hours in a
                        week, setups take two hours, and there will be two setups, the planner
                        subtracts the two two-hour setups, which leaves 36 hours available.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Step 5b:
                           Schedule non-bottleneck resources. Scheduling the bottleneck
                        resources first is an indication that the split between bottleneck and
                        non-bottleneck scheduling highlights where attention needs to be focused
                        first. This portion of the network is not forward-finite-loaded.

                     
                     
                     
                     The production coordinator calculates
                        the production rate for other work centers. If the number of units to output
                        at a different work center matches the constraint output in units, then the
                        rates can simply be the same (neither higher nor lower). If the
                        bill-of-material explosion requires multiple parts per unit, these
                        operations will have to factor this in. For example, if a nonconstraint work
                        center produces four parts for each one part produced by the constraint,
                        then this work center will need its rate per unit to be four times higher
                        than the constraint. (This is a factor of the run time and the number of
                        units.) Calculating schedules for work centers to match the rate of the
                        constraint’s production may require use of algebra and solving for
                        variables, but this is not addressed here.

                     
                     

                  
                  

               
               
               
               Remember, the goal is to determine bottleneck and
                  non-bottleneck resources. If an organization is able to do this, they will know
                  where to focus their continuous improvement efforts.

               
               

            
            

         
         
   
      
         
         
         
         Nonstandard Demand

         
         
         
         
            
            
            Here we focus on how capacity is
               planned in specific manufacturing environments and for various types of
               nonstandard demand, including

            
            
            
            
               
               
               	
                  
                  
                  Remanufacturing planning

                  
                  

               
               
               
               	
                  
                  
                  Recycled
                     materials planning

                  
                  

               
               
               
               	
                  
                  
                  Scheduling
                     for unplanned or nonstandard work or quality problems in
                     resources.

                  
                  

               
               

            
            
            
            The following types of nonstandard demand
               are addressed separately here since they are more involved discussions:

            
            
            
            
               
               
               	
                  
                  
                  Make-to-stock line or repetitive processes, which are more
                     likely to use lean methods

                  
                  

               
               
               
               	
                  
                  
                  Environments characterized by continuous flow and high-volume,
                     repetitive processes (These industries tend to plan use of their
                     capacity first and then plan materials needed by this level of
                     capacity.)

                  
                  

               
               

            
            

         
         
         
         
         
            
            
            Nonstandard Demand

            
            
            
            
               
               
               Crucial to capturing a complete picture of all product
                  and service demand is accounting for demand that originates outside of the
                  typical order process. This includes demand that be required to supply

               
               
               
               
                  
                  
                  	
                     
                     
                     Sample
                        inventory

                     
                     

                  
                  
                  
                  	
                     
                     
                     Displays

                     
                     

                  
                  
                  
                  	
                     
                     
                     Product
                        testing

                     
                     

                  
                  
                  
                  	
                     
                     
                     Prototyping.

                     
                     

                  
                  

               
               
               
               Nonstandard
                  demand also includes demand in certain manufacturing environments that
                  produce materials in a continuous flow and so plan demand differently. Key
                  differences in manufacturing environments and various types of nonstandard
                  demand lead to different approaches to scheduling and capacity planning. For
                  example, in the engineer-to-order (ETO) environment, both materials and
                  capacity are managed using project management techniques. In environments
                  characterized by higher volume than ETO, processes may still be
                  intermittent, and operations tend to use material requirements planning for
                  scheduling orders and then capacity requirements planning is used. In these
                  operations, there is more flexibility in adjusting capacity to meet customer
                  orders.

               
               

            
            
            
            
               
               
               Remanufacturing Capacity Planning

               
               
               
               
                  
                  
                  Remanufacturing is the process of
                     returning a product to like-new condition. This type of manufacturing
                     process can be done in different types of physical layouts, although
                     in many cases it is done using a job shop layout. The receipt of a
                     returned product initiates the remanufacturing process. Companies that
                     do this type of work most likely bring the product in through their
                     service channels, either to be repaired or replaced for the customer
                     or to be redistributed through the company’s refurbished products
                     channel.

                  
                  
                  
                  Material
                     requirements planning and capacity requirements planning are commonly
                     used in planning materials and equipment use for remanufacturing or
                     repair. Planning must include disassembly, purchase, and parts
                     restoration and fabrication time in addition to parts assembly lead
                     time.

                  
                  
                  
                  These lead times are not as standardized as those used in manufacturing. Disassembly
                     times vary substantially, and the extent of repair, restoration, and fabrication needed
                     also can vary substantially depending on the condition of the returned item. The term
                     unplanned repair from the ASCM Supply Chain Dictionary underscores the difficulty of planning capacity in this industry: “Repair and replacement requirements that
                        are unknown until remanufacturing teardown and inspection.”

                  
                  
                  
                  An
                     important planning factor in remanufacturing is the occurrence factor, sometimes
                     called the repair or replacement factor, which is defined in the ASCM Supply Chain Dictionary as:

                  
                  
                  
                  
                     
                     
                        Within the repair or remanufacturing
                           environment, the occurrence factor is associated with how often a repair is required
                           to bring the average part to a serviceable condition (some repair operations do not
                           occur 100 percent of the time). The factor is expressed at the operation level in
                           the routing. See: repair factor, replacement factor.
                        

                     

                  
                  
                  
                  Due to the uncertainties
                     mentioned above, either resource planning or rough-cut capacity
                     planning can be used to provide a workable estimate of resource
                     requirements.

                  
                  

               
               

            
            
            
            
               
               
               Recycled Material Planning

               
               
               
               
                  
                  
                  As part of sustainability goals, organizations
                     may set goals for recycling materials and/or for using recycled materials in
                     their products. In some conditions, both can occur as part of a closed-loop
                     cycle, either within the organization or in conjunction with other
                     organizations, per the following ASCM Supply
                        Chain Dictionary definition of waste
                        exchange.

                  
                  
                  
                  
                     
                     
                        1) Arrangement in which companies exchange
                           their wastes for the benefit of both parties. 2) An exchange service of valuable
                           information between generators and potential users of industrial and commercial
                           wastes, whereby a beneficial use rather than disposal is the end result. This
                           service identifies both the producers and potential markets for by-products,
                           surpluses, unspent materials, and other forms of solid waste that are no longer
                           needed.
                        

                     

                  
                  
                  
                  A waste
                     exchange might exchange byproducts. Not every waste or byproduct will
                     find a market, and some will need to be assessed for the best
                     disposition process. Some organizations could work to determine how to
                     transform what would be considered waste or a byproduct into a
                     co-product. For example, a semiconductor manufacturer might produce
                     some semiconductors that fall below accuracy specifications. The
                     organization could determine if there is a market for these units and
                     if so, sell them as a different-grade product at a lower price.

                  
                  
                  
                  An issue with
                     the use of recycled materials, byproducts, or used consumer goods is
                     the scrap factor. A certain percentage of these types of materials
                     will be unusable due to contamination (e.g., oils in paper products),
                     and the organization will need to keep refining its scrap factors to
                     ensure that enough acceptable recycled material is left over to meet
                     production requirements related to goals for the percentage of
                     recycled material. There will also be additional processing costs for
                     preparing the materials, and this preparation work center needs to be
                     developed, staffed, and scheduled as part of the overall
                     process.

                  
                  

               
               

            
            
            
            
               
               
               Unplanned or Nonstandard Work

               
               
               
               
                  
                  
                  The impact of unplanned or
                     nonstandard work can be significant at organizations if processes are not in
                     place to handle these sources of demand. This includes samples, tests, and
                     engineering prototypes and the impact of quality problems on resources
                     (e.g., unplanned scrap or rework).

                  
                  
                  
                  Samples, tests, and prototypes can be included in the
                     schedule as normal orders. For materials not carried in stock, quality
                     control or research and development needs a process to order materials. This
                     will allow the orders to be put into the queue just like any other customer
                     order and will ensure that such orders follow rules, such as not being able
                     to insert orders inside the demand time fence without appropriate approval.
                     In some cases, destructive testing may be performed on a sample of a given
                     order on a regular basis, and the size of the sample can be included in the
                     scrap factor.

                  
                  
                  
                  For quality
                     problems, the ideal situation or goal for many organizations is to
                     have or design a system that has built-in quality and fail-safes. In
                     this case, either quality problems do not occur due to correction of
                     root causes, or, if they do occur (e.g., machine producing product
                     outside of tolerances), they are detected quickly and the process is
                     halted before entire defective batches are created. The organization
                     then works to correct the problem before restarting the line. Each
                     minute the line is down costs money, so such situations are treated as
                     emergencies. Preventive maintenance can minimize their
                     occurrence.

                  
                  
                  
                  Making serious
                     investments in quality and working to change the culture, such as
                     empowering workers to stop a line, are lean goals, but these are
                     expensive, difficult, and risky endeavors. Many organizations will
                     either keep these as longer-term goals or choose not to make such
                     investments and accept the related quality costs and risks. A common
                     alternative for organizations is to increase scheduling complexity or
                     increase buffers to compensate for quality issues. This may
                     involve

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Completing the order per schedule if sufficient safety
                           stocks or buffer inventories exist to replace the scrap or
                           rework and then scheduling any rework as a separate order
                           only when there is sufficient capacity and new demand for
                           the component

                        
                        

                     
                     
                     
                     	
                        
                        
                        Splitting the order and completing the acceptable
                           portions per schedule and then scheduling a separate order
                           for the items that need to be made new or
                           reworked

                        
                        

                     
                     
                     
                     	
                        
                        
                        Creating a new order for the missing items and expediting
                           it if capacity cannot be increased (e.g., overtime)
                           (However, other orders may miss their due dates and
                           customers will need to be informed.)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Creating a more complex dispatching algorithm by
                           collecting historical data on rework per work center or
                           per machine and factoring in the probability of
                           rework

                        
                        

                     
                     
                     
                     	
                        
                        
                        Increasing lot sizes

                        
                        

                     
                     
                     
                     	
                        
                        
                        Adjusting the current scrap factor

                        
                        

                     
                     
                     
                     	
                        
                        
                        Increasing buffer inventories at areas prone to quality
                           issues or carrying more finished goods.

                        
                        

                     
                     

                  
                  

               
               

            
            

         
         
         
         
            
            
            Continuous (Flow) Manufacturing Environments

            
            
            
            
               
               
               The make-to-stock continuous process
                  (or “flow”) environment includes operations that use a continuous sequence
                  of steps to transform a single resource into multiple products. These
                  operations may be based on high-volume line processes, such as product-based
                  assembly lines, or on continuous processes conducted by process
                  manufacturers, such as manufacturers of chemicals.

               
               
               
               The continuous flow environment is
                  distinctive in some important ways.

               
               
               
               
                  
                  
                  	
                     
                     
                     
                        
                           Divergent product structure.
                           
                        With a divergent product structure, a single raw material
                           such as crude oil can be transformed into a large number
                           of different products. Contrast this with what happens
                           with discrete products in a job shop or batch production
                           environment, where many raw materials are brought together
                           in an assembly process to produce discrete products singly
                           or in batches.
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     
                        
                           Capacity planned first.
                           
                        In the continuous (flow) environment, production is
                           scheduled to meet forecasted demand. Production is planned
                           for efficiency and ability to meet production schedules.
                           The challenge in this environment is underutilization of
                           capacity. Line and continuous process technology is large
                           and usually expensive. Imagine complex assembly lines and
                           robotic elements controlled by software systems or large
                           smelters and rollers in a steel plant. When the lines are
                           not producing, they are not generating product and
                           potential revenue.
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     
                        
                           Continuous flow.
                           
                        The most economical production approach is long runs,
                           high-capacity utilization rates, and few setups, which,
                           because of the size of the technology, can be
                           expensive.
                        

                     
                     

                  
                  
                  
                  	
                     
                     
                     
                        
                           Perspectives on efficiency.
                           
                        The focus in the engineer-, make-, and assemble-to-order
                           environments is the efficient use of materials—inventory
                           in storage or in process that is not generating revenue.
                           In the continuous or flow environments, the focus is on
                           capacity.
                        

                     
                     

                  
                  

               
               
               
               Capacity planning for repetitive
                  manufacturing environments such as assembly lines is addressed next.
                  Capacity planning for process manufacturers such as oil refineries is
                  addressed separately since this is a more involved discussion.

               
               

            
            
            
            
               
               
               Capacity Planning in Repetitive Manufacturing
                  Environments

               
               
               
               
                  
                  
                  Repetitive manufacturing takes place in production
                     lines, assembly lines, and work cells. It is a material-dominated
                     planning approach in which the production output needed to meet demand
                     is established and then the capacity of individual workstations is
                     balanced so that work flows without interruption or accumulation of
                     inventory from one workstation to the next. The process is designed to
                     minimize work-in-process inventory and lead time, eliminate waste, and
                     support frequent new product introductions.

                  
                  
                  
                  One of the lean techniques used in repetitive
                     environment to manage capacity is line balancing. The goal of line balancing
                     is to keep an assembly line moving at the planned line rate by ensuring that
                     the flow of work is consistent. This rate is referred to as the takt time
                     when customer demand is used to determine the desired rate.

                  
                  
                  

               
               

            
            

         
         
         
         
            
            
            Process Flow Scheduling

            
            
            
            
               
               
               Process manufacturing is defined in the
                  ASCM Supply Chain Dictionary as: “Production that adds value by
                     mixing, separating, forming, and/or performing chemical reactions. It may be done
                     in
                     either batch or continuous mode. See: project manufacturing.” Examples include

               
               
               
               
                  
                  
                  	
                     
                     
                     Chemical
                        and petroleum-based product manufacturing

                     
                     

                  
                  
                  
                  	
                     
                     
                     Food and
                        beverage processing

                     
                     

                  
                  
                  
                  	
                     
                     
                     Synthetic
                        rubber production

                     
                     

                  
                  
                  
                  	
                     
                     
                     Textiles
                        and carpeting weaving

                     
                     

                  
                  
                  
                  	
                     
                     
                     Steelmaking

                     
                     

                  
                  
                  
                  	
                     
                     
                     Cement
                        manufacture.

                     
                     

                  
                  

               
               
               
               Process
                  flow scheduling is a planning and scheduling framework that was developed by
                  Sam G. Taylor and Steven F. Bolander to meet the planning needs of
                  capital-intensive, repetitive, and continuous production operations. In
                  these industries, certain conditions apply:

               
               
               
               
                  
                  
                  	
                     
                     
                     All of the
                        products have similar routings, creating a flow of materials
                        through a series of process stages. This is in contrast with a
                        job shop, where each product may have a unique routing through
                        work centers.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Production
                        often is scheduled to meet forecast demand rather than customer
                        orders; most process plants produce intermediate or finished
                        goods for stock.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Production
                        is authorized by production schedules, not work orders.

                     
                     

                  
                  

               
               
               
               Process flow scheduling has three
                  principles, each of which is discussed below.

               
               
               
               
                  
                  
                  	
                     
                     
                     Scheduling
                        calculations are based on the structure of the production
                        process. This is in contrast to scheduling based on the
                        structure of the finished good, as described by the bill of
                        material.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Scheduling
                        for the stages within a process is done with processor- or
                        material-dominated scheduling.

                     
                     

                  
                  
                  
                  	
                     
                     
                     A process
                        train (including all the stages) can be scheduled using
                        reverse-flow scheduling, forward-flow scheduling, or mixed-flow
                        scheduling.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Process
                  Structure

               
               
               
               
                  
                  
                  Bolander and Taylor propose a taxonomy of process
                     structures. This is shown in Exhibit 7-55, which illustrates the three stages included in the ASCM Supply Chain Dictionary definition
                     of the term process train.

                  
                  
                  
                  
                     
                     
                        A representation of the flow of materials
                           through a process industry manufacturing system that shows equipment and
                           inventories. Equipment that performs a basic manufacturing step, such as mixing or
                           packaging, is called a process unit. Process units are combined into stages, and
                           stages are combined into process trains. Inventories decouple the scheduling of
                           sequential stages within a process train.
                        

                     

                  
                  
                  
                  
                     Exhibit 7-55: Process Structures[image: Diagram showing three stacked segments, which form an upside-down triangle. The largest segment (Process trains) is at the top, followed by a smaller segment (Stages), and the smallest segment (Units) at the bottom.]
                  
                  
                  
                  
                  Process trains can be linear,
                     transforming one raw material into one product. Bolander and Taylor
                     offer the example of a potato processor that produces a peeled,
                     shredded, and packaged frozen potato product. Trains can be more
                     complex—for example, using the same raw materials in different
                     combinations to make different products in different sizes. Two trains
                     can converge to make a single product, or they can diverge to make
                     multiple products. In addition to producing end products, process
                     trains may produce byproducts and co-products (which will be defined
                     in an example below).

                  
                  
                  
                  A
                     process train is composed of stages, and each stage is composed of at
                     least one unit. A process unit performs a basic step, such as mixing
                     or fermentation. Structuring the process train in stages allows the
                     stages to be scheduled independently. Inventory can be decoupled at
                     the stage level. This allows each stage to be run independently of the
                     other stages to accommodate different levels of efficiency or lot
                     sizes.

                  
                  

               
               

            
            
            
            
               
               
               Example of Process
                  Structure

               
               
               
               
                  
                  
                  To illustrate a
                     process train, let’s consider a sugar refinery. The sugar refinery
                     produces different types of sugar products (granulated and powdered,
                     white and grades of brown, molasses). The refinery is designed so that
                     the raw resource passes through the same steps in the same order.
                     Exhibit 7-56 shows (in a very simplified way) the process
                     train in this plant.

                  
                  
                  
                  
                     Exhibit 7-56: Sugar Refinery Process Train[image: A flow diagram illustrating the process of converting cane into various products across three stages. The flow chart demonstrates the various stages and byproducts of processing cane into fuel, juice, molasses, and mud for agricultural use.]
                  
                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Stage 1. The process begins by loading the raw sugar
                           cane into a machine that cuts the cane into smaller pieces,
                           which then pass through a series of mills where water is added.
                           The liquid result of this stage is passed through to the next
                           stage, which will continue the refining process. The biomass
                           left over from the milling process (essentially a cane mush) is
                           a by-product, defined by the
                           ASCM Supply Chain Dictionary as: “A material of value produced as a residual of
                              or incidental to the production process. The ratio of by-product to primary product
                              is
                              usually predictable. By-products may be recycled, sold as is, or used for other
                              purposes. See: co-product.” This byproduct is transported to the plant’s power center
                           where it is burned and powers the plant’s turbines.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Stage 2. The cane juice produced in stage 1 passes
                           through a series of thermal and chemical processes that
                           gradually clarify the juice. There is another byproduct produced
                           during this process called mill mud. The mill mud is transported
                           in large containers to sugar fields where it serves as a soil
                           conditioner. The clarified juice is dried into a crystal form.
                           The material that cannot be dried—molasses—becomes a co-product, defined by the ASCM Supply Chain
                              Dictionary as: “A product that is usually manufactured
                              together with or sequentially with another product because of product or process
                              similarities. See: by-product.” It is sent directly to the packaging stage. The main end
                           product of this stage is raw sugar, which still has some
                           molasses. It can be sent to packaging, where it is marketed as
                           naturally refined brown sugar, or it is directed into the third
                           stage.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Stage 3. The
                           crystallized sugar can pass through different processes to
                           create different products. Some of the sugar may be ground
                           more finely for baking purposes. Some will have molasses
                           added back in to make a less expensive form of brown
                           sugar. Some will be sent to another plant that adds other
                           ingredients to produce powdered sugar or sugar
                           cubes.

                        
                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Scheduling
                  Stages

               
               
               
               
                  
                  
                  An
                     individual stage may be scheduled using either processor-dominated or
                     material-dominated scheduling.

                  
                  

               
               
               
               
                  
                  
                  Processor-Dominated Scheduling

                  
                  
                  
                  
                     
                     
                     Processor-dominated scheduling (PDS) is defined in
                        the ASCM Supply Chain Dictionary as: “A technique that schedules
                           equipment (processor) before materials. This facilitates scheduling equipment in
                           economic run lengths and the use of low-cost production sequences.
                           Processor-dominated scheduling is used in some process industries. See:
                           material-dominated scheduling (MDS).”

                     
                     
                     
                     The steps in PDS are as follows:

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Prepare a
                              finite capacity schedule for the process, using finite forward scheduling
                              and production capacity.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Check the
                              projected inventory to see if it is within the target minimum and maximum
                              levels.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Revise the
                              production schedule. This may involve revising a forecast or accepting that
                              a forecast will not be met.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Schedule the raw
                              materials to meet the capacity schedule. Note that a problem with the supply
                              of raw materials may necessitate revising the production schedule.

                           
                           

                        
                        

                     
                     
                     
                     Exhibit 7-57 shows a processor-dominated schedule for a simple process
                        train that contains one process that produces three products—A, B, and C.

                     
                     
                     
                     
                        Exhibit 7-57: Processor-Dominated Schedule[image: A two-part diagram illustrating the processor schedule and inventory levels for products A, B, and C in a single-stage process train over ten days. Go to long description for more details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     The process unit appears to be able to produce
                        all three products in a 10-day production period, making full use of the equipment.
                        Product A’s projected inventory in week 3, however, is above the maximum, which can
                        result in higher inventory investment or unplanned storage costs. The process will
                        be revised in as economical a manner as possible to minimize excess inventory and
                        setups.

                     
                     
                     

                  
                  

               
               
               
               
                  
                  
                  Material-Dominated Scheduling

                  
                  
                  
                  
                     
                     
                     Material-dominated scheduling (MDS) is defined in the ASCM Supply Chain Dictionary as: “A technique that schedules materials before processors (equipment or capacity) to
                           facilitate the efficient use of materials. MDS can be used to schedule each stage
                           in a process flow scheduling system. Material requirements planning (MRP) systems
                           use MDS logic. See: processor-dominated scheduling.” Material planning begins with a time-phased material balance record. When
                        finished goods inventory drops below a set minimum, production is scheduled to build
                        to a target or maximum level.

                     
                     
                     
                     The steps in MDS are as follows:

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Create a
                              time-phased record of material balances, using a technique similar to that
                              in material requirements planning for calculating gross and net
                              requirements.

                           
                           

                        
                        
                        
                        	
                           
                           
                           When inventory
                              falls below the targeted level, add a lot to the schedule.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Compile a load
                              profile for the unit.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Analyze and
                              reconcile incompatibilities. This may be done by adjusting run lengths and
                              changing inventory levels and/or production rates. If capacity cannot be
                              balanced, the material-dominated schedule may have to be revised.

                           
                           

                        
                        

                     
                     
                     
                     Exhibit 7-58 shows a material-dominated schedule for product A.

                     
                     
                     
                     
                        Exhibit 7-58: Material-Dominated Schedule[image: A diagram showing a material schedule and a processor schedule for Product A over a 10-day period, indicating that the material schedule needs adjustment. Go to long description for more details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     Product A has a lot size of 600 units (three
                        days of production). It is scheduled for production on days 1 through 3 and again
                        beginning on day 9, when it is apparent that there will not be enough inventory to
                        supply requirements plus the minimum inventory level of 100 units on day 10.
                        However, a load profile shows that there is not enough capacity on days 3 and 9. The
                        scheduler could explore moving products C and B into the idle days or shifting
                        production of A and B into other days without falling below the minimum inventory
                        level. For example, if product B could be shifted to days 5 and 6, C could be
                        shifted to day 4 without causing inventory to fall below 100 units. There are, of
                        course, many other solutions to this problem.

                     
                     
                     
                     Exhibit 7-59 shows when PDS or MDS approaches are most appropriate.

                     
                     
                     
                     
                        Exhibit 7-59: When to Use PDS or MDS
                        
                        
                        
                        
                           
                           
                           
                           
                              
                              
                                 
                                 
                                    
                                    
                                    
                                    
                                    
                                 
                                 
                                    
                                    
                                       
                                       	
                                          
                                          
                                          PDS

                                          
                                          
                                       
                                       
                                       	
                                          
                                          
                                          MDS

                                          
                                          
                                       

                                    
                                 
                                 
                                 
                                    
                                    
                                       
                                       	
                                          
                                          
                                          
                                             
                                             	
                                                
                                                
                                                Capacity is
                                                   relatively expensive.

                                                
                                                

                                             
                                             
                                             	
                                                
                                                
                                                The process
                                                   unit is a bottleneck.

                                                
                                                

                                             
                                             
                                             	
                                                
                                                
                                                Setups are
                                                   expensive.

                                                
                                                

                                             

                                          
                                          
                                       
                                       
                                       	
                                          
                                          
                                          
                                             
                                             	
                                                
                                                
                                                Materials
                                                   are relatively expensive.

                                                
                                                

                                             
                                             
                                             	
                                                
                                                
                                                There is
                                                   excess capacity.

                                                
                                                

                                             
                                             
                                             	
                                                
                                                
                                                Setup costs
                                                   are low.

                                                
                                                

                                             
                                             
                                             	
                                                
                                                
                                                The stage
                                                   containing the unit operates as a job shop.

                                                
                                                

                                             

                                          
                                          
                                       

                                    
                                 

                              

                           
                           

                        
                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Scheduling Process
                  Trains

               
               
               
               
                  
                  
                  The process
                     stages can be combined to build a schedule for the entire process
                     train. Process flow scheduling describes three possible approaches to
                     building a process train schedule: forward-flow, reverse-flow, and
                     mixed-flow.

                  
                  

               
               
               
               
                  
                  
                  Forward-Flow Scheduling

                  
                  
                  
                  
                     
                     
                     Forward flow
                           scheduling is defined in the ASCM Supply
                           Chain Dictionary as: “A procedure for building process
                           train schedules that starts with the first stage and proceeds sequentially through
                           the process structure until the last stage is scheduled.” Taylor and Bolander note that this approach is used infrequently, usually when
                        an operation knows that its raw material supply is very limited. For example,
                        operations that rely on the byproducts of other operations may use forward-flow
                        scheduling.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Reverse-Flow Scheduling

                  
                  
                  
                  
                     
                     
                     Reverse flow
                           scheduling is defined in the ASCM Supply Chain Dictionary as: “A scheduling procedure used in
                           some process industries for building process train schedules. The scheduling starts
                           with the last stage and proceeds backward (countercurrent to the process flow)
                           through the process structure.” The schedule is built, back to front, one stage at a time.

                     
                     
                     
                     Exhibit 7-60 shows an example of reverse-flow scheduling in a three-stage process
                        train.

                     
                     
                     
                     
                        Exhibit 7-60: Reverse-Flow Scheduling of Process Train[image: A flowchart depicting the reverse-flow scheduling process from forecasting to production scheduling, with steps to revise schedules if inventories are not okay. Go to long description for more details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Stage 3, the final stage, is scheduled first. (Stages can
                              be scheduled using processor or material dominated scheduling [PDS or MDS].
                              In this example, PDS is used.)

                           
                           

                        
                        
                        
                        	
                           
                           
                           The stage 3
                              inventory is checked against the downstream inventory levels. If the
                              inventory level is inadequate, stage 3 is rescheduled.

                           
                           

                        
                        
                        
                        	
                           
                           
                           When the stage 3
                              schedule is acceptable, stage 2 is scheduled.

                           
                           

                        
                        
                        
                        	
                           
                           
                           The inventory is
                              rechecked and stage 2 rescheduled if necessary. Alternatively, the schedule
                              for stage 3 can be changed or the forecast can be revised.

                           
                           

                        
                        
                        
                        	
                           
                           
                           When satisfactory
                              schedules for stages 2 and 3 have been achieved, stage 1 is scheduled and
                              the steps of checking inventory and rescheduling are repeated as
                              needed.

                           
                           

                        
                        
                        
                        	
                           
                           
                           The last step is to
                              check the raw materials inventory. If there are supply problems, the
                              schedules and inventory projections will have to be revised.

                           
                           

                        
                        

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Mixed-Flow Scheduling

                  
                  
                  
                  
                     
                     
                     Mixed-flow
                           scheduling is defined by the ASCM Supply
                           Chain Dictionary as:

                     
                     
                     
                     
                        
                        A procedure used in some process
                              industries for building process train schedules that start at an initial stage and
                              work toward the terminal process stages. This procedure is effective for scheduling
                              when several bottleneck stages may exist. Detailed scheduling is done at each
                              bottleneck stage.

                        

                     
                     
                     
                     Exhibit 7-61 shows mixed-flow scheduling on the three-stage process shown
                        above.

                     
                     
                     
                     
                        Exhibit 7-61: Mixed-Flow Scheduling of Process Train[image: A detailed flowchart depicting the mixed-flow scheduling process with multiple decision points for verifying requirements, capacity, and inventories at different stages. Go to long description for more details.]
                     
                        Go to long description.
                        

                     
                     
                     
                     
                     In this scenario, stage 2 has been identified as a bottleneck
                        stage in step 1. It is scheduled first, using forward scheduling. In step 2, stage
                        2
                        creates buffer inventory, labeled I2. Then
                        stage 3 is scheduled in step 3, using MDS (materials first) in this example. This
                        creates I3. I2 must be reconciled at this point, adjusting
                        the push of stage 2 with the pull of stage 3. If I2 is above its maximum or below its minimum, stages 2 or 3 will have to
                        be rescheduled. (Alternatively, the forecast can be changed.) When stages 2 and 3
                        have been reconciled in step 4, stages 1 and I0 (finished goods) can be scheduled, using reverse-flow scheduling.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Probable
                  Scheduling

               
               
               
               
                  
                  
                  There is another scheduling
                     method related to process trains: probable scheduling. According to the ASCM Supply Chain Dictionary,
                     probable scheduling is:

                  
                  
                  
                  
                     
                     
                        A variant of scheduling that considers slack time to increase or decrease the calculated
                           lead time of an order. Interoperation and administrative lead time components are
                           expanded or compressed by a uniform stretching factor until no difference exists between
                           the schedule of operations obtained by forward and backward scheduling. See: lead
                           time scheduling.
                        

                     

                  
                  
                  
                  Using this method can provide an extra element of flexibility, as it
                     takes into consideration the possibility and length of delays that are
                     allowed in each operation or stage of production that will not in turn
                     cause delays in other stages (i.e., the slack time
                     available).

                  
                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Section C: Creating Production and Service
            Schedules

         
         
         
         
            
            
            
               After
                  completing this section, students will be able to
               

            
            
            
            
               
               
               	
                  
                  
                  Define terms
                     related to capacity

                  
                  

               
               
               
               	
                  
                  
                  Describe the
                     basic goals and challenges of capacity management

                  
                  

               
               
               
               	
                  
                  
                  Describe how
                     capacity planning is conducted in service industries

                  
                  

               
               
               
               	
                  
                  
                  Explain the steps
                     in the capacity requirements planning (CRP) model

                  
                  

               
               
               
               	
                  
                  
                  Recognize demand and capacity characteristics to manage
                     loads 

                  
                  
                  
                  
                     
                     	
                        
                        
                        List
                           CRP’s load inputs and capacity-related inputs

                        
                        

                     

                  
                  

               
               
               
               	
                  
                  
                  Evaluate theoretical, demonstrated, available, and
                     rated capacity 

                  
                  

               
               
               
               	
                  
                  
                  Describe how
                     efficiency and utilization factors are calculated

                  
                  

               
               
               
               	
                  
                  
                  Apply
                     appropriate simulation and modeling techniques to
                     assess the viability of various options or
                     opportunities

                  
                  

               
               
               
               	
                  
                  
                  Explain how
                     load is calculated

                  
                  

               
               
               
               	
                  
                  
                  Manage various
                     methods of balancing capacity and load

                  
                  

               
               
               
               	
                  
                  
                  Determine and maintain safety capacity or capacity
                     cushions 

                  
                  

               
               
               
               	
                  
                  
                  Load operations and adjust capacity to accommodate
                     process variability and planned downtime 

                  
                  

               
               

            
            
            
            Here are some of the details that go into
               creating viable production schedules:

            
            
            
            
               
               
               	
                  
                  
                  Capacity planning
                     and capacity requirements planning (CRP)

                  
                  

               
               
               
               	
                  
                  
                  CRP inputs, tools,
                     and outputs

                  
                  

               
               
               
               	
                  
                  
                  Loading and
                     balancing techniques

                  
                  

               
               
               
               	
                  
                  
                  Labor schedules and
                     staffing

                  
                  

               
               

            
            
            
            Note that labor schedules and staffing are addressed
               elsewhere.

            
            

         
         
         
         
   
      
         
         
         
         Capacity
            Planning and Service Capacity

         
         
         
         
            
            
            It is important to
               understand some capacity terminology, where capacity fits in manufacturing
               planning and control, and the goals of capacity management. We also discuss
               challenges related to detailed capacity planning.

            
            
            
            Service industries need to carefully plan
               their capacity, because they cannot inventory pure services but
               instead need to design their services to account for variability
               in demand. After discussing these subjects, we also address methods
               of changing service capacity.

            
            

         
         
         
         
         
            
            
            Scheduling and Capacity Planning
               Overview

            
            
            
            
               
               
               Whether an organization is in the manufacturing or service
                  sector, it faces the same challenge of aligning its capacity with demand. Too little
                  capacity (caused by, for example, low-output equipment or too few customer service
                  representatives) will mean delays and create the potential for lost sales or damaged
                  customer relations. Too much capacity will underutilize the organization’s resources
                  and increase costs. The purpose of capacity management is to achieve optimal
                  alignment of load (demand) and capacity.

               
               
               
               Capacity management, made up of capacity
                  planning and capacity control, forms a series of feedback loops, meaning that plans
                  are checked for feasibility at each stage of planning or execution. Any replanning
                  done early in the process will be less problematic than replanning done later,
                  especially during execution; in general, the cost and time needed to make a change
                  late in a process far exceeds that required earlier. Lead times and customer service
                  would be unacceptable, and utilization would be too low in some places and too
                  overburdened in others. Proper capacity management means that once execution begins,
                  most changes will be relatively minor and can be addressed quickly.

               
               
               
               After we explore how capacity fits into the
                  manufacturing planning and control model, we introduce some capacity terms, discuss
                  some capacity management goals, and then address some capacity management
                  challenges.

               
               

            
            
            
            
               
               
               Capacity in MPC

               
               
               
               
                  
                  
                  Exhibit 7-62 shows where capacity planning occurs in conventional
                     manufacturing planning and control (MPC). In manufacturing systems that plan
                     material requirements first, detailed capacity planning determines the resources
                     needed to achieve the material requirements planning (MRP) priority plans,
                     aligns load (the priority plans) with actual capacity, and makes necessary
                     adjustments to priorities or capacity. In manufacturing systems that plan
                     capacity first, detailed capacity planning determines the level of resource
                     utilization (how much of existing capacity will be used to produce goods).

                  
                  
                  
                  Once material and capacity
                     requirements are reconciled, the operating plan can be handed off for execution.
                     Orders can be issued to purchasing and/or the shop floor. Capacity will then be
                     managed and controlled to provide the required resources in a timely and
                     cost-effective manner.

                  
                  
                  
                  
                     Exhibit 7-62: Detailed Capacity Planning in the MPC Process[image: This diagram represents the integration of demand-side activities, strategic and business planning, priority planning, supply-side activities, and production activity control in a manufacturing environment. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  

               
               

            
            
            
            
               
               
               Capacity Terminology

               
               
               
               
                  
                  
                  We need to define key terms related to capacity.
                     The definitions in Exhibit 7-63 are from the ASCM Supply
                        Chain Dictionary.

                  
                  
                  
                  
                     Exhibit 7-63: Key Capacity Terms
                     
                     
                     
                     
                        
                        
                        
                        
                           
                           
                              
                              
                                 
                                 
                                 
                                 
                                 
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       Key Term

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       Definition from ASCM
                                             Supply Chain Dictionary

                                       
                                       
                                    
                                    

                                 
                                 
                              
                              
                              
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Capacity
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          1) The capability of a system to perform its expected function. 2) The capability
                                             of a worker, machine, work center, plant, or organization to produce output per time
                                             period. Capacity required represents the system capability needed to make a given
                                             product mix (assuming technology, product specification, etc.). As a planning function,
                                             both capacity available and capacity required can be measured in the short term (capacity
                                             requirements plan), intermediate term (rough-cut capacity plan), and long term (resource
                                             requirements plan). Capacity control is executed through the input/output control
                                             report of the short-term plan. Capacity can be classified as budgeted, dedicated,
                                             demonstrated, productive, protective, rated, safety, standing, or theoretical. See:
                                             capacity available, capacity required. 3) The required mental ability to enter into
                                             a contract.
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Theoretical
                                             capacity
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          The maximum output capability,
                                             allowing no adjustments for preventive maintenance, unplanned downtime, shutdown,
                                             and so forth.
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Budgeted
                                             capacity
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          The volume and mix of throughput on
                                             which financial budgets were set and overhead and burden absorption rates
                                             established.
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Capacity planning
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          The process of determining the amount
                                             of capacity required to produce in the future. This process may be performed at an
                                             aggregate or product-line level (resource requirements planning), at the
                                             master-scheduling level (rough-cut capacity planning (RCCP)), and at the material
                                             requirements planning (MRP) level (capacity requirements planning (CRP)). See:
                                             capacity management, capacity requirements planning (CRP), resource planning,
                                             rough-cut capacity planning (RCCP).
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Capacity
                                             management
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          The function of establishing, measuring, monitoring, and adjusting limits or levels
                                             of capacity in order to execute the load created by all manufacturing schedules (e.g.,
                                             the production plan, master production schedule (MPS), material requirements plan,
                                             and dispatch list) to achieve expected service and cost objectives. Capacity management
                                             is executed at four levels: resource requirements planning, rough-cut capacity planning
                                             (RCCP), capacity requirements planning (CRP), and input/output control (I/0 control).
                                             See: capacity planning.
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                                 
                                 
                                    
                                    
                                    	
                                       
                                       
                                       
                                          Capacity control
                                          

                                       
                                       
                                    
                                    
                                    
                                    	
                                       
                                       
                                       
                                          The process of measuring production
                                             output and comparing it with the capacity plan, determining if the variance exceeds
                                             pre-established limits, and taking corrective action to get back on plan if the
                                             limits are exceeded. See: input/output control (I/O control).
                                          

                                       
                                       
                                    
                                    

                                 
                                 
                              

                           

                        
                        

                     
                  
                  

               
               

            
            
            
            
               
               
               Capacity Management Goals

               
               
               
               
                  
                  
                  The goals of capacity
                     management are similar to those of material planning and align with operations
                     performance objectives.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Speed:
                           Decrease lead times, prevent bottlenecks, and cut wait times.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Dependability: Meet due dates more reliably.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Flexibility: Develop resources and processes to respond more flexibly
                           to changing conditions.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Quality:
                           Provide accurate and detailed information in both directions of the
                           value chain—to sales and operations planning and master planners and to
                           shop floor supervisors.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Cost:
                           Maximize return on investment in resources, keep work-in-process levels
                           low, and minimize administrative and labor time.

                        
                        

                     
                     

                  
                  
                  
                  Effective capacity
                     management increases productive capacity, which is defined as: “In theory of constraints, the maximum
                        of the output capabilities of a resource (or series of resources) or the market
                        demand for that output for a given time period. See: excess capacity, idle capacity,
                        protective capacity.” It also carefully manages idle
                        capacity, which is defined as: “The available capacity that is not currently required and is instead maintained to
                        protect the system from disruptions. See: excess capacity.” (Definitions are from the ASCM
                        Supply Chain Dictionary.) Idle capacity includes excess
                     capacity and safety (or protective or cushion) capacity.

                  
                  
                  

               
               

            
            
            
            
               
               
               Challenges of Detailed Capacity Planning

               
               
               
               
                  
                  
                  In an ideal situation, capacity would be used when it is
                     available and needed. To achieve this, capacity and load must be planned in a
                     closed-loop manner.

                  
                  
                  
                  Exhibit 7-64 illustrates the basic challenge of capacity
                     planning.

                  
                  
                  
                  
                     Exhibit 7-64: Unplanned and Planned Capacity and Load[image: Two line graphs compare load and capacity over planning periods. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  The vertical axis in both
                     graphics is quantity of output (filled orders), and the horizontal axis
                     represents time.

                  
                  
                  
                  The top graphic shows a situation in which future work has been loaded onto a
                     productive resource without any scheduling or capacity management activity. When the
                     load line is above the capacity line, priorities will not be met; orders will be
                     late. Throughput will decline. Queues (or waiting lines) at work centers will
                     increase, as will work-in-process inventory. Operations will not meet performance
                     objectives related to cost, speed, or dependability. When load falls below capacity,
                     capacity will not be fully utilized. Investments in workforce and equipment will not
                     be generating a return. This situation is made more challenging by the fact that
                     planning is being done amidst continual change from internal and external
                     factors.

                  
                  
                  
                  In the bottom
                     graphic, the ideal load profile, adjustments have been made to both the size and
                     timing of future load and future capacity, so there is a continuous balance
                     between the two. To approach this ideal state, those responsible for detailed
                     capacity planning must know what capacity is available and what tactics they can
                     use to address gaps between capacity and load. Short-term options may include
                     expanding (or shrinking) capacity by scheduling overtime (or cutting shifts),
                     splitting batches or lots of work into sublots to allow simultaneous work, and
                     transferring or outsourcing work. They may also include managing load by
                     changing the priorities or size of orders.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Service Capacity

            
            
            
            
               
               
               Here we discuss how
                  service capacity differs from product capacity and how to design services
                  to account for demand variability. The service capacity planning
                  of the case study hotel group is also covered.

               
               

            
            
            
            
               
               
               Scarcity and Perishability of Service
                  Component

               
               
               
               
                  
                  
                  In
                     manufacturing, capacity is the ability of resources to produce a
                     product per time period. Measuring capacity is straightforward.
                     The demand for a product can be exploded, for example, by a bill
                     of material, and then converted into measurable resource requirements
                     such as quantities and timing.

                  
                  
                  
                  In service industries, capacity is often subject
                     to scarcity, may be expensive to obtain, and is a risk once obtained
                     because it increases fixed costs and the break-even point (the amount
                     of revenue needed to break even). Determining and maintaining the
                     right level of capacity is important in service industries. However,
                     doing this is not as straightforward as in manufacturing. Service
                     industries cannot inventory output from excess capacity; their services
                     are inherently perishable. A hotel room has a shelf life of one
                     day, and an airplane seat provides capacity only for the scheduled
                     flight. As W. Earl Sasser noted in a Harvard
                        Business Review article, “Services are produced and consumed
                     almost simultaneously.” In addition, because of the large role customers play,
                     demand is more complex and difficult to predict.

                  
                  

               
               

            
            
            
            
               
               
               Service Design for Demand Variability

               
               
               
               
                  
                  
                  Service
                     industries design themselves to manage the tension between the conflicting goals
                     of satisfying the customer and operating efficiently. Attempts to
                     resolve this tradeoff usually focus on ways to expand or decrease
                     capacity, since managers in service industries generally have more
                     control over capacity than they have over demand. For example, a
                     law firm can call in temporary workers when an urgent filing deadline
                     arises or research is needed for a filing. It cannot change the
                     deadline (at least, not often) or the nature of the case.

                  
                  
                  
                  In “Customer-Introduced
                     Variability in Service Operations,” Frances Frei focuses on ways
                     to manage “customer-introduced variability” in load, including

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        When customers
                           want to be served

                        
                        

                     
                     
                     
                     	
                        
                        
                        What types of service they request

                        
                        

                     
                     
                     
                     	
                        
                        
                        How able and willing customers are to become
                           involved—help themselves

                        
                        

                     
                     
                     
                     	
                        
                        
                        What type of experience the customer expects.

                        
                        

                     
                     

                  
                  
                  
                  Service industries
                     can use the concept of customer-introduced variability to design their
                     operations. For each type of variability, they can find ways either
                     to reduce the impact of customer load or accommodate it. For example,
                     an insurance company finds that its customer service department
                     is flooded with calls on the morning of the first business day after
                     a weekend. Some calls are from brokers, who represent large portions
                     of the company’s business, and some are from individual customers.
                     The company can reduce the impact by changing the hours that customer
                     service takes calls from individual customers. They could accommodate
                     the extra load by scheduling additional representatives for that
                     time period.

                  
                  
                  
                  Here
                     are tactics a service organization could use to adjust capacity
                     to service expectations.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Change the level of the workforce (e.g.,
                           seasonal workers) by hiring/laying off part-time or full-time workers
                           or acquiring/releasing contractors.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Cross-train employees to enable flexible
                           adjustments to areas of high demand.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Increase customer participation by using
                           automated self-service processes (for example, check-in kiosks at
                           airports).

                        
                        

                     
                     
                     
                     	
                        
                        
                        Rent equipment to enable an increased workforce.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Expand or renovate facilities to improve
                           worker efficiency (e.g., add pharmacies to more areas of a hospital).

                        
                        

                     
                     
                     
                     	
                        
                        
                        Employ automation (e.g., automated phone
                           systems).

                        
                        

                     
                     
                     
                     	
                        
                        
                        Extend service hours. This may level the
                           load across time.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Use better scheduling tools and practices
                           (e.g., flight crew scheduling).

                        
                        

                     
                     

                  
                  
                  
                  Some solutions can be implemented quickly
                     (e.g., extending hours), while others require months of preparation
                     (e.g., hiring new staff). Some may manage capacity but create other
                     costly issues. Capacity management in service industries must therefore be
                     assessed against other factors, such as

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Impact on customer satisfaction

                        
                        

                     
                     
                     
                     	
                        
                        
                        Impact on employee morale and engagement

                        
                        

                     
                     
                     
                     	
                        
                        
                        Cost and difficulty of changing workforce
                           contracts

                        
                        

                     
                     
                     
                     	
                        
                        
                        Costs of hiring, training, and termination

                        
                        

                     
                     
                     
                     	
                        
                        
                        Costs of losing government incentives for
                           hiring or incurring penalties for workforce reduction.

                        
                        

                     
                     

                  
                  
                  
                  
                     Case Study

                     
                        
                        
                        Hotel Group Capacity Planning

                        
                        
                        
                        Capacity challenges can occur at all
                           levels of capacity planning. Early in its history, the hotel group faced a major
                           capacity decision about whether it would open a resort near Disney World.
                           Planners assessed the market carefully. Good locations were already owned by
                           Disney, but there was still enough real estate available that the hotel group
                           could expect even more competitors to enter the market. Many of them would be
                           experts at low-cost hotel operations to appeal to the family demographic. The
                           hotel group decided to invest in capacity in other markets.

                        
                        
                        
                        The hotel group designs its properties
                           with enough amenities to satisfy the number of rooms. It is tempting to add more
                           rooms that generate revenue rather than pools or exercise rooms that do not
                           generate revenue. However, without enough amenities to satisfy customer
                           expectations, the properties’ appeal will suffer. Reservations will decline.
                           Promotional packages are also designed to fill excess capacity during
                           less-popular travel times.

                        
                        
                        
                        On a detailed capacity planning level,
                           property managers know their busy seasons, when they can anticipate overflow
                           capacity. (Like the airlines, they overbook according to a carefully reviewed
                           percentage to compensate for no-show reservations.) They contract to provide
                           temporary housekeeping staff for those periods. They have also empowered
                           employees to suggest ways to manage capacity imbalances. One employee, for
                           example, suggested using texts to handle guests who arrived before their rooms
                           were prepared. They could complete their check-in, store baggage, and begin
                           other activities (e.g., shopping, sightseeing, or business meetings). When their
                           rooms were ready for occupancy, guests would receive a text.

                        
                        
                        
                        Check-in times are problematic capacity
                           challenges for hotels. One way the hotel group deals with the issue is to have
                           small kiosks that can be opened at peak periods and staffed by cross-trained
                           employees (e.g., bell captains) who can complete guest services.

                        
                        

                  
                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Capacity Requirements Planning
            (CRP)

         
         
         
         
            
            
            After reviewing the steps in the capacity
               requirements planning (CRP) process, we define units of load and capacity. After
               that, load inputs, routings, work center data, capacity available, rated capacity,
               demonstrated capacity, productivity, and yield are addressed. We address the details
               of how CRP calculates and simulates load and then uses a report to determine how to
               resolve differences. We conclude with a discussion of how to resolve differences
               using loading and balancing. Loading and balancing could involve increasing and
               reducing capacity and increasing, reducing, and redistributing load.

            
            

         
         
         
         
         
            
            
            Capacity Planning Overview

            
            
            
            
               
               
               Here we introduce the iterative capacity planning
                  process for all types of capacity planning. Then we go over the steps in capacity
                  requirements planning (CRP), the detailed capacity planning step that occurs at the
                  material requirements planning (MRP) level. After that we discuss units of measure
                  and define how capacity and load are rate-based.

               
               

            
            
            
            
               
               
               Iterative Capacity Planning
                  Process

               
               
               
               
                  
                  
                  Resource planning, rough-cut capacity
                     planning, and capacity requirements planning all follow the same basic capacity
                     planning process that iterates, or repeats, at each level. In all cases, the
                     goal is to determine how much capacity is needed to meet the priority plan and
                     to ensure that enough capacity will be available if this is feasible.

                  
                  
                  
                  CRP is the counterpart to MRP. CRP is the
                     first of the capacity checks that validates every detail of production, but it
                     does rely on some general assumptions to simplify analysis, such as rounding up
                     certain estimates to the nearest day. All work centers are checked for capacity
                     against the total demand for the time bucket. The planned and open orders
                     (scheduled receipts) are translated into a common unit of measure. Since many
                     processes may have work that is partially complete at the end of a time bucket,
                     the CRP system accounts for work already completed on open shop orders prior to
                     estimating capacity requirements. It also considers the lead times for
                     operations at each work center and offsets the start times from the due dates
                     correspondingly.

                  
                  
                  
                  Here are the general steps in the
                     iterative capacity planning process:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Calculate the capacity available.
                           (This will be the rated or demonstrated capacity.)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Calculate the load per time
                           bucket (capacity required), and determine differences between capacity
                           available and capacity required.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Create work center load
                           reports.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Resolve differences. Adjust
                           available capacity first, and, if necessary, change the priority plan to
                           match capacity available.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Prepare plan for execution.

                        
                        

                     
                     

                  
                  
                  
                  For each work center (this may be all work
                     centers used or just bottleneck work centers, depending on the level of detail)
                     or other element being measured for capacity, perform these steps for each time
                     bucket of the planning horizon.

                  
                  
                  
                  Capacity available will be in either
                     units of output or, more typically, standard time. The productive hours
                     available in the time bucket and other details are factored in when calculating
                     capacity available.

                  
                  
                  
                  Calculating the load per time bucket
                     typically requires translating the priority plan into standard hours of work
                     required, determining when this load will hit each work center, and then summing
                     the hours of work required for all output to be produced at each work center per
                     time bucket.

                  
                  
                  
                  In these steps, load is determined and
                     compared to available capacity using a simulation process. If an imbalance is
                     detected, the planner must take further action, such as by reducing load or
                     increasing capacity (or vice versa).

                  
                  
                  
                  Determining load requires information
                     related to load (represented by both released and planned orders), routing
                     requirements, work center characteristics such as work center utilization, and
                     available capacity.

                  
                  
                  
                  Note that as enterprise resources planning
                     (ERP) software evolves, it will be increasingly possible to run material
                     requirements planning while taking capacity constraints into account at the same
                     time, making this iterative process unnecessary. Often this takes the form of
                     best-of-breed scheduling tools that are implemented using ERP data.

                  
                  

               
               

            
            
            
            
               
               
               Units
                  of Measure

               
               
               
               
                  
                  
                  The priority plan from MRP is
                     typically stated in units of output. Capacity can be stated in units of output
                     as well, for example, with barrels of oil, reams of paper, or tons of a raw
                     material being produced. In many cases, however, the priority plan will be in
                     terms of a large number of various types of product families or end units and,
                     at the MRP level, in terms of subcomponents. Therefore, it is important to
                     carefully consider units of measure prior to measuring capacity.

                  
                  
                  
                  Capacity and load may be measured by
                     time or volume of output—for example, machine hours, labor hours, physical units
                     produced, or dollar value of units produced. Manufacturing Planning and Control for Supply Chain Management
                     recommends prioritizing measurement by focusing on resources that are critical
                     and in short supply and that are therefore most directly related to the ability
                     to meet production goals.

                  
                  
                  
                  Units of
                     measure also need to be consistent to be comparable. Time is a common element
                     when a work center produces many different parts, subassemblies, and assemblies.
                     For this reason, work center loads and capacities are usually measured in terms
                     of hours rather than units produced. Hours is a very flexible unit of measure
                     and generally is stated in terms of standard hours, also called standard
                     time.

                  
                  
                  
                  Standard hours can be
                     expressed in machine or labor hours, depending on whether a work center is
                     machine-paced or labor-paced. To determine how a work center is paced, ask this
                     question: “Would the production rate double if we applied twice the number of
                     workers?” If the answer is mostly no, the work center is machine-paced. In that
                     case, load and capacity standards should be expressed in machine hours. If the
                     answer is mostly yes, the work center is labor-paced, as with a hand-packing
                     operation. Load and capacity are then expressed in labor hours.

                  
                  
                  
                  Whatever measure is chosen, it is
                     critical that those involved in monitoring the system’s performance know and
                     understand those
                     measures.

                  
                  
                  

               
               

            
            
            
            
               
               
               Capacity Available Versus Capacity Required

               
               
               
               
                  
                  
                  The ASCM Supply Chain Dictionary defines capacity available, capacity required, and load as
                     follows:

                  
                  
                  
                  
                     
                     Capacity
                           available:
                        The capability of a system or resource
                           to produce a quantity of output in a particular time period. Syn.: available
                           capacity. See: capacity, available time.

                     
                     Capacity required:
                        The capacity of a system or resource
                           needed to produce a desired output in a particular time period. Syn.: required
                           capacity. See: capacity.

                     
                     Load:
                        1) The amount of planned work scheduled for and actual work released to a facility,
                           work center, or operation for a specific span of time. This is usually expressed in
                           terms of standard hours of work or, when items consume similar resources at the same
                           rate, units of production. Syn.: workload. 2) The total cargo or contents of a shipping
                           vehicle in weight, volume, or utilization percentage.

                     

                  
                  
                  
                  Capacity is a rate, not a quantity. It is an amount of
                     work that can be done or is needed in a given time period. Capacity available is
                     then a rate of production. For a work center, this might be units per day. Capacity
                     required is the rate at which work needs to be done. Load is a quantity for a given
                     time period. Exhibit 7-65 revisits a common
                     funnel metaphor for describing these terms.

                  
                  
                  
                  
                     Exhibit 7-65: Capacity Required (Load) Versus Capacity Available[image: The image depicts a funnel representing a manufacturing or production process. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  In this exhibit, the capacity
                     available is the funnel point, the constraint on how much can be done per time
                     period. The load is the total amount of work that needs to be done in the time
                     period for the given person, work center, production line, and so on. In this
                     version of the metaphor, we show that the capacity required is also a rate, and
                     this rate may need to be higher than is actually available to get all of the
                     load processed in the required time (i.e., the size of the “funnel point” may
                     need to be wider than it is). In other cases, the capacity required may be
                     smaller or the same as the capacity available. The capacity available results in
                     a particular output per time period, such as four units per day.

                  
                  
                  
                  Note that the load per time bucket will
                     in effect be the capacity required, since a requirement over time becomes a
                     rate. (For example, miles per hour is a rate, and, in this comparison, miles
                     that need to be traveled in a time period would be akin to load while capacity
                     required is load per week or different time bucket.)

                  
                  
                  
                  Production leveling, lean’s level scheduling and takt time,
                     and the theory of constraints are examples of efforts to make the capacity
                     available match the capacity required. Planners can increase the capacity
                     available a great deal at the resource planning level, a small amount at the
                     rough-cut capacity planning level, and less so at the capacity requirements
                     planning and capacity control levels due to the shortening time scales involved.
                     Beyond a certain point, the priority plan will be determined to be unachievable,
                     and it will be necessary instead to decrease the capacity required, such as by
                     scheduling some of the load in other periods or otherwise changing the priority
                     plan.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Inputs to CRP

            
            
            
            
               
               
               Inputs to capacity
                  requirements planning (CRP) include sources of load (primarily in the form of
                  planned order releases and open orders), routings, and information from the work
                  center files on capacity and lead times, including the shop calendar.

               
               

            
            
            
            
               
               
               Sources of
                  Load

               
               
               
               
                  
                  
                  Load refers to the planned and already
                     released work at a work center. Information about load comes from the following
                     sources:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Open orders. Open orders (scheduled
                           receipts on the material requirements planning [MRP] record) are those
                           orders that have already been released, so these will be contained in a shop
                           order file, which is a file of all the manufacturing orders (open shop
                           orders) that are waiting to start operations or are work-in-process. These
                           orders represent scheduled load, defined in the ASCM Supply Chain Dictionary as: “The standard hours of work required by
                              scheduled receipts (i.e., open production orders).” They can include firm planned orders and samples or prototypes. Data for
                           already released orders typically come from an order status file maintained
                           by production control. The data include

                        
                        
                        
                        
                           
                           	
                              
                              
                              Order due date

                              
                              

                           
                           
                           	
                              
                              
                              Order quantity

                              
                              

                           
                           
                           	
                              
                              
                              Last operation
                                 completed

                              
                              

                           
                           
                           	
                              
                              
                              Operations remaining
                                 according to the item’s routing.

                              
                              

                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        MRP planned
                              orders. Planned order releases come from the proposed material
                           requirements plan. These orders represent planned load,
                           defined in the ASCM Supply Chain
                              Dictionary as: “The standard hours of work required by
                              planned production orders.” The planned orders constitute the proposed additional capacity required
                           for future time buckets. Unlike machine loading, CRP includes planned orders
                           as well as released orders. A work center supervisor might find machine
                           loading to be valuable as it would show the actual released orders for the
                           work center. Machine loading is defined in the ASCM Supply Chain Dictionary as

                        
                        
                        
                        
                           
                           The accumulation by workstation, machine, or machine group of the hours generated
                                 from the scheduling of operations for released orders by time period. Machine loading
                                 differs from capacity requirements planning (CRP) in that it does not use the planned
                                 orders from material requirements planning (MRP) but operates solely from released
                                 orders.

                           

                        
                        
                        
                        Planned orders (including firm
                           planned orders) may be input directly into CRP by MRP. The data
                           include

                        
                        
                        
                        
                           
                           	
                              
                              
                              Planned order release
                                 date

                              
                              

                           
                           
                           	
                              
                              
                              Planned order receipt
                                 date

                              
                              

                           
                           
                           	
                              
                              
                              Planned order
                                 quantity.

                              
                              

                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        Other sources and the need for safety capacity. Although they often
                           are difficult to predict, other sources of load should be included in
                           capacity planning. Statistical analysis of past performance may suggest the
                           need to plan for safety capacity or a capacity cushion to handle additional
                           loads, such as

                        
                        
                        
                        
                           
                           	
                              
                              
                              Rework

                              
                              

                           
                           
                           	
                              
                              
                              Scrap

                              
                              

                           
                           
                           	
                              
                              
                              Process yield

                              
                              

                           
                           
                           	
                              
                              
                              Past-due orders

                              
                              

                           
                           
                           	
                              
                              
                              Engineering-related
                                 downtime for testing

                              
                              

                           
                           
                           	
                              
                              
                              Prototypes, sales
                                 samples, and so on

                              
                              

                           
                           
                           	
                              
                              
                              Destructive tests.

                              
                              

                           

                        
                        
                        
                        While it may seem counterintuitive
                           to plan for rework, scrap, or past-due orders, if these happen often
                           enough in production to warrant their planning, at least the plan will
                           be kept realistic. Continuous improvement can be applied to the root
                           causes as a longer-term solution.

                        
                        
                        
                        In some systems, plant
                           maintenance orders create load on a work center in the same way as
                           production orders. This has proven to be a workable approach to
                           scheduling production and maintenance simultaneously within one
                           plant.

                        
                        

                     
                     

                  
                  
                  
                  Determining available capacity requires knowing more
                     about the work center and how it operates (including timing), the efficiency and
                     utilization of resources (such as work center utilization rates), and the sequencing
                     and standard times required for individual operations (routing).

                  
                  
                  

               
               

            
            
            
            
               
               
               Routings

               
               
               
               
                  
                  
                  Routing designates the work centers
                     assigned to planned and released orders. The ASCM Supply Chain Dictionary defines routing as
                     follows:

                  
                  
                  
                  
                     
                     1) Information detailing the method of manufacture of a particular item. It includes
                           the operations to be performed, their sequence, the various work centers involved,
                           and the standards for setup and run. In some companies, the routing also includes
                           information about tooling, operator skill levels, inspection operations and testing
                           requirements, and so on. Syns.: bill of operations, instruction sheet, operation chart,
                           operation list, operation sheet, route sheet, routing sheet. See: bill of labor, bill
                           of resources. 2) In information systems, the process of defining the path a message
                           will take from one computer to another computer.

                     

                  
                  
                  
                  In a batch (or job shop) process
                     type, items can have different routings, and routing may be flexible for a
                     particular order. In a line process, items generally flow along the same
                     path.

                  
                  
                  
                  Routings might also include
                     information on alternate work centers that can perform the same operation. Note
                     that the definition indicates that setup and run time standards might be
                     included. This would be the standard time or hours for these activities per unit
                     produced. Exhibit 7-66 shows an example of a routing for a door for our
                     commercial door manufacturer.

                  
                  
                  
                  
                     Exhibit 7-66: Routing for Door, Family A[image: A table titled “Routing for Door, Family A.” Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  

               
               

            
            
            
            
               
               
               Work Center Capacity and
                  Lead Time

               
               
               
               
                  
                  
                  The work center (or load center) is the resource
                     unit with capabilities that are factored into the determination of capacity
                     available for production of specific components. 

                  
                  
                  
                  Work centers may be considered
                     separate departments, for example, a lathing work center with two
                     computer-controlled lathes.

                  
                  
                  
                  Work
                     center data include

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Identification and
                           description

                        
                        

                     
                     
                     
                     	
                        
                        
                        Number of workdays per period
                           (or reference to a shop calendar, described below)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Number of shifts scheduled and
                           hours per shift (or reference to a shift calendar)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Number of machines, operators,
                           workstations and which of these is the basis for measuring capacity

                        
                        

                     
                     
                     
                     	
                        
                        
                        Work center capacity
                           utilization and efficiency factors

                        
                        

                     
                     
                     
                     	
                        
                        
                        Standard queue, wait, and move
                           times (or reference to a scheduling rules table).

                        
                        

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Calculating (or Recalculating) Capacity Available

                  
                  
                  
                  
                     
                     
                     Each work center will have a work center
                        file, and this file typically contains information on the center’s available
                        capacity (i.e., the capacity available [rate]). Lead times will usually be stored
                        in
                        the routing (in some systems, lead times may be in the work center file), but some
                        components of lead time, specifically queue, wait, and move, are usually contained
                        in the work center master file rather than the routing.

                     
                     
                     
                     Capacity available is based on standard
                        hours, but it is important to note that these standards will need to be updated when
                        any inputs or assumptions used to make the assessment change. This may be due to new
                        equipment that has a faster processing rate (or aging equipment that works slower),
                        additional units of equipment, refinements to work processes that add or eliminate
                        steps, or changes to products or product mixes.

                     
                     
                     
                     Capacity available can be measured at the
                        plant level, the production line or cellular level, the work center level, and the
                        individual worker or equipment level. The plant, work center, and individual levels
                        are all important to measure.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Manufacturing Calendar
                  (Shop Calendar)

               
               
               
               
                  
                  
                  The number of workdays in a week is not uniform due to
                     holidays and plant shutdowns. The calendar weeks break across months, and months
                     have an uneven number of days. These things complicate planning, so organizations
                     base plans and operations on a manufacturing
                        calendar, also called a shop calendar, which the ASCM Supply Chain Dictionary defines as:

                  
                  
                  
                  
                     
                     A calendar used in inventory and
                           production planning functions that consecutively numbers only the working days so
                           that the component and work order scheduling may be done based on the actual number
                           of workdays available. Syns.: M-day calendar, planning calendar, production
                           calendar, shop calendar. See: resource calendar.

                     

                  
                  
                  
                  Exhibit 7-67 shows a shop
                     calendar. The days of the month are shown just as in any calendar. However,
                     non-workdays (weekends, holidays, plant shutdowns) are circled (or denoted in
                     some other way), and working days are numbered sequentially from the first of
                     the year to the last. All non-workdays are omitted from this sequential count.
                     The weeks are similarly numbered consecutively starting from the first week of
                     the year and going to the last. In this way, the week and the day can be
                     identified without the chance of confusion.

                  
                  
                  
                  
                     Exhibit 7-67: Shop Calendar[image: A calendar depicting five weeks. Days of the month are numbered, workdays are shown in black text, non-workdays are circled. The visual indicators emphasize specific dates for clarity in scheduling and planning.]
                  
                  
                  
                  
                  Taking only workdays into
                     account, in the sample shown, if an order has a lead time of 12 days and is
                     released on day 4 (the 7th), it would be scheduled for completion on day 15 (the
                     23rd).

                  
                  
                  
                  Note that each organization
                     will determine which holidays and so on it will honor, and this may differ
                     significantly among countries.

                  
                  
                  

               
               

            
            

         
         
         
         
            
            
            Determining Capacity Available

            
            
            
            
               
               
               The amount of capacity available may
                  depend on

               
               
               
               
                  
                  
                  	
                     
                     
                     Product specifications. If the
                        number or type of processes required to make a product changes, the time
                        required to manufacture an item may change as well.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Product mix in terms of overall
                        output. Since individual products have distinctive processes and required
                        times, a change in the proportions of products in the mix will affect system
                        capacity.

                     
                     

                  
                  
                  
                  	
                     
                     
                     The number and output rate of
                        equipment.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Workforce rate of output.

                     
                     

                  
                  

               
               
               
               Capacity available can be determined by
                  calculating rated capacity, which uses three factors: available time, utilization,
                  and efficiency. It can also be based on demonstrated capacity. Each of these methods
                  is discussed next.

               
               
               

            
            
            
            
               
               
               Rated
                  Capacity

               
               
               
               
                  
                  
                  The ASCM Supply Chain Dictionary defines rated
                        capacity as:

                  
                  
                  
                  
                     
                     The expected output capability of a
                           resource or system. Capacity is traditionally calculated from such data as planned
                           hours, efficiency, and utilization. The rated capacity is equal to hours available
                           × efficiency
                           × utilization. Syns.: calculated capacity, effective capacity, nominal capacity,
                           standing capacity.

                     

                  
                  
                  
                  The formula for rated capacity
                     is

                  
                  
                  
                  [image: ../images/mathml_id176ME0F0X2P.png]
                  
                  
                  
                  The three
                     components that are multiplied to determine rated capacity are discussed next,
                     followed by an example of calculating rated
                     capacity.

                  
                  

               
               
               
               
                  
                  
                  Available Time

                  
                  
                  
                  
                     
                     
                     The ASCM Supply
                           Chain Dictionary defines available time as:

                     
                     
                     
                     
                        
                        The number of hours a work center can be
                              used, based on management decisions regarding shift structure, extra shifts, regular
                              overtime, observance of weekends and public holidays, shutdowns, and the like. See:
                              capacity available, utilization.

                        

                     
                     
                     
                     Available time per time bucket will factor in
                        the number of pieces of equipment or the number of workers as well as the amount of
                        time in a workday (one or more shifts) and the number of hours in the time bucket
                        (hours per day times days per bucket). Available time calculations will use whatever
                        constrains higher capacity. This constraint might be workers when no equipment is
                        needed or equipment is plentiful. In most cases, equipment is the constraint, such
                        as each worker needing a sewing machine (meaning that adding workers beyond the
                        number of sewing machines would not be helpful), so the number of pieces of
                        equipment would be used in the calculation.

                     
                     
                     
                     For example, if work center 13 has four
                        pieces of equipment (for example, arc welders) that can be run in a week with five
                        workdays over an eight-hour shift per day, then available time is calculated as
                        follows:

                     
                     
                     
                     [image: ../images/mathml_id209DN070TQN.png]
                     
                     
                     
                     Available time per week will depend on the
                        number of workdays in the given week. (The same work center has 128 hours of
                        available time in a four-day week, for example, such as due to a holiday.)

                     
                     
                     
                     A related term is availability. This is
                        defined in the ASCM Supply Chain Dictionary
                        as:

                     
                     
                     
                     
                        
                        The percentage of time that a worker or
                              machine is capable of working. The formula is availability = (S - B) / S x 100%
                              where S is the scheduled time and B is the downtime.

                        

                     
                     
                     
                     [image: ../images/mathml_id176MEA050WA.png]
                     
                     
                     
                     So, if a machine is scheduled for 8 hours per
                        day and is down for 0.5 hours per day, the machine has an availability of 93.75
                        percent.

                     
                     
                     
                     [image: ../images/mathml_id176MEH00PGJ.png]
                     
                     
                     
                     Note, however, that the rated capacity formula
                        uses available time rather than availability because the next factor, utilization,
                        factors in downtime.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Utilization

                  
                  
                  
                  
                     
                     
                     Utilization is a measure of how intensively
                        a resource is being used relative to its available time. Utilization is defined in the
                        ASCM Supply Chain Dictionary as:

                     
                     
                     
                     
                        
                        1) A measure (usually expressed as a percentage) of how intensively a resource is
                              being used to produce a good or service. This measure compares actual time used to
                              available time. Traditionally, it is calculated as the ratio of direct time charged
                              (run time plus setup time) to the clock time available. Utilization is a percentage
                              between 0 percent and 100 percent that is equal to 100 percent minus the percentage
                              of time lost due to the unavailability of machines, tools, workers, and so forth.
                              See: efficiency, productivity. 2) In theory of constraints, activation of a resource
                              that productively contributes to reaching the goal. Over-activation of a resource
                              does not productively utilize a resource. 3) In warehousing, the consolidation of
                              several units into fewer larger units to reduce handling. See: available time.

                        

                     
                     
                     
                     Utilization therefore takes into account that portion of
                        available time that is not used for productive purposes. This can include the
                        general category of idle time, defined in the ASCM Supply Chain Dictionary as: “The time when resources (e.g., operators or machines) are available for use but are
                           not producing product because of setup or maintenance requirements, lack of material,
                           lack of tooling, or lack of scheduling.”

                     
                     
                     
                     Underutilized time can include

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Scheduled nonproductive activities
                              such as preventive maintenance performed during shifts, prototype
                              production, and rework. Most of these activities take place during shift
                              time but do not add revenue-generating output. (Rework does generate revenue
                              if the unit passes inspection.)

                           
                           

                        
                        
                        
                        	
                           
                           
                           Normal working patterns, which
                              includes scheduled breaks, multiple work centers in a cell staffed by one
                              worker, or anticipated interruptions in work to perform support activities,
                              such as removing pallets.

                           
                           

                        
                        
                        
                        	
                           
                           
                           Tactical underutilizations.
                              Capacity might be underutilized in order to allow for variability in
                              conditions and to manage queues and work-in-process.

                           
                           

                        
                        

                     
                     
                     
                     Utilization is important for the following
                        tasks:

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Managing queues and lead times in
                              the job shop or batch manufacturing environment

                           
                           

                        
                        
                        
                        	
                           
                           
                           Monitoring the performance of the
                              plant in capital-intensive industries

                           
                           

                        
                        
                        
                        	
                           
                           
                           Analyzing the historical
                              performance of a productive resource

                           
                           

                        
                        
                        
                        	
                           
                           
                           Making key decisions, such as
                              make-or-buy decisions

                           
                           

                        
                        

                     
                     
                     
                     Simply activating a work center to achieve a high
                        utilization rate is not desirable. Activation is defined in the ASCM Supply Chain Dictionary as: “Putting a resource to work.” Work centers should be activated to meet production constraints, not utilization
                        targets.

                     
                     
                     
                     The formula for utilized time is

                     
                     
                     
                     [image: ../images/mathml_id176MEL00NCI.png]
                     
                     
                     
                     Utilization makes the available time more
                        realistic by including normal break and lunch times for workers and time for routine
                        maintenance, unavoidable delays, and even equipment downtime due to breakdowns.
                        Reviewing historical records on equipment or work center actual use or conducting
                        a
                        work sampling study can provide this information. Note that if workers get a
                        one-hour break, this would generally mean one hour per day per worker; over a
                        five-day week with six workers, this would be 30 hours.

                     
                     
                     
                     Continuing the prior example, if work center
                        13 actually produces units for only 130 hours per week, the calculation will be as
                        follows:

                     
                     
                     
                     [image: ../images/mathml_id174JB50L07W.png]
                     
                     

                  
                  

               
               
               
               
                  
                  
                  Efficiency

                  
                  
                  
                  
                     
                     
                     Efficiency is a measure of how closely the
                        actual worked hours compare to a predetermined standard for hours worked in order
                        to
                        produce a given level of output. Efficiency is defined in the ASCM Supply Chain Dictionary as:

                     
                     
                     
                     
                        
                        A measurement (usually expressed as a percentage) of the actual output relative to
                              the standard output expected. Efficiency measures how well something is performing
                              relative to existing standards; in contrast, productivity measures output relative
                              to a specific input (e.g., tons per labor hour). Efficiency is the ratio of (1) actual
                              units produced to the standard rate of production expected in a time period, (2) standard
                              hours produced to actual hours worked (taking longer means less efficiency), or (3)
                              actual dollar volume of output to a standard dollar volume in a time period.

                        

                     
                     
                     
                     The formula for calculating efficiency
                        is

                     
                     
                     
                     [image: ../images/mathml_id176MF03079I.png]
                     
                     
                     
                     A workstation standard could be set at, for
                        example, a rate such as one unit per standard hour. In 100 hours, the expectation
                        then is that 100 units would be produced. If 110 units were actually produced during
                        100 hours, this would be 110 standard hours of work, and efficiency would be
                        calculated as follows:

                     
                     
                     
                     [image: ../images/mathml_id209DN0801BI.png]
                     
                     
                     
                     In a different (and perhaps more commonly
                        experienced) example, if a job should have been done in 100 hours but required 20
                        hours of overtime, then the calculation would be 100 hours/120 hours = 0.833 = 83.3
                        percent efficiency.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Calculating Rated Capacity

                  
                  
                  
                  
                     
                     
                     We now have all the elements we need to
                        calculate the work center’s rated capacity.

                     
                     
                     
                     [image: ../images/mathml_id209DN080CBI.png]
                     
                     
                     
                     We now know how much available capacity we
                        can use for planning purposes for this work center. The expectation is that this
                        workstation has a capacity available of 143 standard hours of work in every five-day
                        week. If the utilization and efficiency are the same in a four-day week, this would
                        be

                     
                     
                     
                     [image: ../images/mathml_id228VB020LY4.png]
                     
                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Demonstrated Capacity

               
               
               
               
                  
                  
                  Demonstrated capacity is another way of calculating
                     capacity available. The ASCM Supply Chain
                        Dictionary defines demonstrated
                        capacity as:

                  
                  
                  
                  
                     
                     Proven capacity calculated from
                           actual performance data, usually expressed as the average number of items produced
                           multiplied by the standard hours to produce the item. See: maximum demonstrated
                           capacity.

                     

                  
                  
                  
                  Demonstrated capacity is
                     generally used when efficiency and utilization data have not been studied for a
                     given work center and are not available for the type of analysis used in rated
                     capacity.

                  
                  
                  
                  Since demonstrated
                     capacity is calculated using actual production records, it can produce a
                     realistic view of the average, rather than maximum, output. Note that the
                     definition provides one method of calculating demonstrated capacity.
                     Demonstrated capacity can also be calculated by summing the standard hours of
                     work produced for the given number of time buckets (e.g., weeks) and dividing by
                     the number of periods. (Assume that a work center actually produced 100, 110,
                     90, and 120 standard hours of work over four five-day weeks.)

                  
                  
                  
                  [image: ../images/mathml_id20BHA0R0DHS.png]
                  
                  
                  
                  Either way
                     it is calculated, demonstrated capacity is an average, not a maximum. It isn’t
                     even an average of maximum capacities, because the load on the work center or
                     other element being studied may not be at the maximum amount each time bucket.
                     Note that demonstrated capacity already includes utilization and efficiency, so
                     they should not be factored in again. This is because actual work times are
                     being used, and the workers took breaks working at a certain efficiency level,
                     and so on.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Productivity and Yield

            
            
            
            
               
               
               The ASCM Supply Chain
                     Dictionary defines productivity, labor productivity, and yield as:

               
               
               
               
                  
                  Productivity:
                     1) An overall measure of the ability to
                        produce a good or a service. It is the actual output of production compared with the
                        actual input of resources. Productivity is a relative measure across time or against
                        common entities (labor, capital, etc.). In the production literature, attempts have
                        been made to define total productivity where the effects of labor and capital are
                        combined and divided into the output. One example is a ratio that is calculated by
                        adding the dollar value of labor, capital equipment, energy, and material, and so
                        forth and dividing it into the dollar value of output in a given time period. This
                        is one measure of total factor productivity. See: efficiency, labor productivity,
                        machine productivity, utilization. 2) In economics, the ratio of output in terms of
                        dollars of sales to an input such as direct labor in terms of the total wages. This
                        is also known as single-factor productivity or partial-factor
                        productivity.

                  
                  Labor
                        productivity:
                     A partial productivity measure in
                        which the rate of output of a worker or group of workers per unit of time is
                        compared with an established standard or rate of output. Labor productivity can be
                        expressed as
                        output per unit of time or output per labor hour. See: machine productivity,
                        productivity.

                  
                  Yield:
                     The amount of good or acceptable material available
                        after the completion of a process. It is usually computed as the final amount
                        divided by the initial amount converted to a decimal or percentage. In manufacturing
                        planning and control systems, yield is usually related to specific routing steps or
                        to the parent item to determine how many units should be scheduled to produce a
                        specific number of finished goods. For example, if 50 units of a product are
                        required by a customer and a yield of 70 percent is expected, then 72 units
                        (computed as 50 units divided by .7) should be started in the manufacturing process.
                        Syn.: material yield. See: scrap factor, yield factor.

                  

               
               

            
            

         
         
         
         
            
            
            Calculating Load

            
            
            
            
               
               
               Capacity requirements planning (CRP) compares the
                  projected load against the available capacity to determine if there is enough
                  capacity to meet the scheduled priorities. Calculating load is a three-step process,
                  looking at operation time and order scheduling to generate load profiles. The steps
                  are as follows:

               
               
               
               
                  
                  
                  	
                     
                     
                     Calculate the operation time per work
                        order (open orders and planned orders). This step converts orders into a
                        common unit, standard time.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Simulate order scheduling (often done
                        using backward scheduling) to determine the start and finish dates for each
                        operation per work center.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Establish load profiles. To do this,
                        sum the operation times for the portions of each work order to be done at
                        each work center in a given time bucket, and then repeat for each time
                        bucket in the planning horizon.

                     
                     

                  
                  

               
               
               
               Each of these steps is discussed next.

               
               

            
            
            
            
               
               
               Calculating Operation
                  Time per Work Order

               
               
               
               
                  
                  
                  Each order is analyzed to determine the amount of total
                     standard time it requires, and then all of the orders for the work center are
                     aggregated to determine a total load for the work center.

                  
                  
                  
                  The operation time per work order is the sum of the setup
                     time and the run time components of the lead time for each work order (planned or
                     open). Each order is calculated separately for each work center in the routing.
                     Setup time will be added once per order; the run time will be the quantity times the
                     standard time per unit. For example, say that work order 808 (a planned order) is
                     for 100 units of part number 100 (family A double door). The routing shows that one
                     part in this order, part number 202 (door, family A), will need some spot-welding
                     done at work center 13. As is shown in the routing for part 202 (see Exhibit 7-68), for work center 13 the setup time is 0.15
                     hours and the run time is 0.07 hours per unit.

                  
                  
                  
                  
                     Exhibit 7-68: Routing for Door, Family A[image: A table titled “Routing for Door, Family A.” Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  The bill-of-material explosion shows that there are two
                     doors per part 100, requiring 200 units. The operation time per work order is
                     calculated as follows:

                  
                  
                  
                  [image: ../images/mathml_id209DN090DBF.png]
                  
                  
                  
                  The
                     operation time at each work center is similarly calculated. Operation times are
                     calculated for all planned and open work orders that will need to be completed
                     during the time horizon.

                  
                  

               
               

            
            
            
            
               
               
               Simulating Order Scheduling (Back scheduling)

               
               
               
               
                  
                  
                  Simulating
                     order scheduling is needed at this point even though the actual scheduling will
                     be performed by production activity control. Load is simulated during CRP to
                     detect imbalances between load and capacity—to determine if adequate resources
                     are available during the period when they are actually needed. Since orders
                     might need to be started in one time bucket and finished in another, some orders
                     will need to be split up prior to determining the load on each work
                     center.

                  
                  
                  
                  While there is more than one way to simulate scheduling,
                     back scheduling is shown here as it is a common method. Back scheduling starts at
                     the end or due date and works backward through the operations to find the start and
                     finish dates for each order in each work center.

                  
                  
                  
                  The simulation must take into account all of the work
                     centers through which an order must pass, the sequence in which they must pass, the
                     order’s lead time, the required load, and the available capacity at the work
                     centers. Therefore the inputs required to perform back scheduling include

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Quantity, due date, and operation
                           time per work order

                        
                        

                     
                     
                     
                     	
                        
                        
                        Operations sequence from the
                           routing

                        
                        

                     
                     
                     
                     	
                        
                        
                        Queue, wait, and move times from
                           the work center file

                        
                        

                     
                     
                     
                     	
                        
                        
                        Work center rated or demonstrated
                           capacity from the work center file.

                        
                        

                     
                     

                  
                  
                  
                  The basic steps in back scheduling are as follows:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        For each work order, calculate
                           the operation time and determine the queue, wait, and move times at each
                           work center in the sequence shown on the routing. (Since queue, wait,
                           and move will be on the work center master file, these elements will be
                           the same for each work order and do not need to be individually
                           calculated.)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Starting with the due
                           date, schedule backward, deducting the wait and move time to find the final
                           operation finish date, then deducting the operation and queue times to find
                           the start date, and then repeating for the next operation until the initial
                           operation start date is determined. The ASCM
                              Supply Chain Dictionary defines a start date as: “In project management, the time an activity
                              begins. It may be defined as an actual start date or a planned start date.”

                        

                     
                     

                  
                  
                  
                  This process uses a few simplifying rules to allow back
                     scheduling to be calculated using full rather than partial days.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        We assume that a day is one
                           eight-hour shift, so we divide all operation times that consume more
                           than eight hours into eight-hour daily increments.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Any remainder is rounded up to
                           eight hours, as is any operation that takes less than eight hours.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Another assumption is that all
                           start dates start at the beginning of the day and all finish dates end
                           at the end of the workday. Thus, if the queue time is one day, the
                           operation will start at the beginning of the next day.

                        
                        

                     
                     

                  
                  
                  
                  Let’s return to our example. The
                     operation time per work order for work center 13 for the door order is 14.2
                     standard hours. This is rounded up to two days in the simulated order schedule.
                     Exhibit 7-69 shows a worksheet that pulls data from the routing on
                     setup time and run time and then calculates first the operation time and then
                     the rounded-up days per operation for the order of 200 doors.

                  
                  
                  
                  
                     Exhibit 7-69: Calculations of Operation Time Based on Route Sheet[image: A table titled “Calculations of Operation Time Based on Route Sheet.” Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Next, Exhibit 7-70 compiles information from the work center files on queue, wait,
                     and move times, which are already rounded up to full days.

                  
                  
                  
                  
                     Exhibit 7-70: Queue, Wait, and Move from Work Center Files[image: This table displays the queue, wait, and move times in days for various work centers. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Once these inputs are gathered,
                     they can be used to fill out a simulated work schedule. Exhibit 7-71 shows a simulated work schedule with the final due date already
                     filled in (this is a manufacturing calendar day) for the entry of the doors into
                     stores (inventory). The doors will be available when they are needed to complete
                     the rest of order 808 to build 100 in-stock double doors with frames. (The rest
                     of the order is not shown.) In other cases, the due date will be a shipping date
                     rather than entry into inventory.

                  
                  
                  
                  
                     Exhibit 7-71: Simulated Backschedule, Partially Complete[image: A table titled “Simulated Backschedule, Partially Complete.” Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Starting with the due date of
                     entry into stores on the morning of day 54, the first thing to do when working
                     backward is to deduct the two days of wait and move, so this brings us back to
                     day 52. Deducting the two days of operation and one day of queue brings us back
                     to day 49. Exhibit 7-72 shows how this
                     process is continued until the first operation in the order is reached.

                  
                  
                  
                  
                     Exhibit 7-72: Simulated Backschedule, Completed[image: A table titled “Simulated Backschedule, Completed.” Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Once the simulated schedule is
                     complete, the next thing is to determine how the order falls into one or more
                     time buckets based on the start and finish dates at each work center. Orders
                     that break across time buckets will be broken up as needed.

                  
                  
                  
                  This process is repeated for each
                     planned and open order in the planning horizon. This information is then summed
                     to create a work center load profile.

                  
                  

               
               
               
               
                  
                  
                  AI for Calculating Load

                  
                  
                  
                  
                     
                     
                     While it is valuable to learn the logic of simulated order scheduling, modern
                        capacity requirements planning tools feature machine learning capabilities,
                        including artificial intelligence (AI) to help simulate load and adjust plans in
                        real time as demand changes. The breakthrough is that these tools help move away
                        from rule-based systems and manual decision making that has serious limitations
                        given dynamic and fast-changing environments.

                     
                     
                     
                     These systems learn from historical patterns and automate complex processes by
                        refining the related algorithms to include more and more factors. They simulate
                        multiple options and recommend a current optimum plan that best avoids overloading
                        or underutilization across the system. For example, they may identify and properly
                        load current and potential critical resources.

                     
                     
                     
                     AI-enhanced CRP load simulations may not aggregate all plans into daily or weekly
                        buckets since there is less need to simplify the calculations. Rather than
                        simulating sequencing that may assume a process takes a full day even though it
                        would only require a small portion of that day, these systems may use micro-level
                        sequencing to simulate scheduling on an hourly basis. This may be done for
                        high-variability and bottleneck work centers while using daily or weekly buckets for
                        schedule simulations of stable processes.

                     
                     
                     
                     These systems may also provide a probability distribution of results (such as
                        providing the standard deviation of a simulated schedule) so that risk-adjusted
                        capacity can be assessed rather than implying that the plan is deterministic (not
                        subject to variability).

                     
                     
                     
                     These systems may rely on digital twins to enable fast and accurate scenario building
                        in a virtual environment that reflects the actual production environment down to the
                        specific equipment and its current status.

                     
                     
                     
                     A prerequisite for enabling AI in load simulations is that the system must have data
                        on things such as machine status, worker availability, material readiness, and so
                        on
                        in a format that the system can read, analyze, and update as needed. An example of
                        an update to what was formerly static data is the system identifying an increase in
                        setup times for tooling as it ages and then including this in simulations.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Establishing Load
                  Profiles

               
               
               
               
                  
                  
                  The output of load simulation is a work center load
                     profile. The ASCM Supply Chain Dictionary defines
                     a load
                        profile, also called a load projection or load report, as: “A display of future capacity requirements
                        based on released and/or planned orders over a given span of time. Syn.: load
                        projection. See: capacity requirements plan.” The load profile compares the loads that are expected at each work center and
                     the available capacity of each work center by period.

                  
                  
                  
                  Exhibit 7-73 shows the load
                     profile for work center 13 over the planning horizon.

                  
                  
                  
                  
                     Exhibit 7-73: Load Profile for Work Center 13 in Table Format[image: A table titled “Load Profile for Work Center 13 in Table Format.” Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  The released load would be the sum
                     of all open orders (scheduled receipts) that are scheduled to be processed at
                     the work center in each week based on the simulated schedule. The planned load
                     would be the sum of all planned orders and firm planned orders that were also
                     part of the simulated scheduling process. The total load is the sum of these two
                     lines. Note that the rated capacity in weeks 1, 3, and 8 is less (the rated
                     capacity is 114.4 but is rounded in the graphic) because these are four-day
                     weeks. The rated capacity minus the total load is the final line, with negative
                     values being over capacity and positive values being under capacity. This might
                     also be called uncommitted capacity. Note also that the total load and the total
                     rated capacity are the same in this planning horizon.

                  
                  
                  
                  The load profile is commonly
                     represented by a bar chart, each bar representing one period. Bar charts and
                     line graphs are easy to interpret and readily reveal whether underload or
                     overload conditions exist in particular time periods. The report should cover
                     the planning horizon required by the planner for CRP, which could be as long as
                     the planning horizon used in material requirements planning. Exhibit 7-74 shows the information from the prior exhibit presented as a
                     stacked bar chart.

                  
                  
                  
                  
                     Exhibit 7-74: Load Profile for Work Center 13 as Stacked Bar Chart[image: The bar chart depicts the standard hours of released load and planned load across 13 weeks, with the vertical axis representing standard hours and the horizontal axis representing weeks. Go to long description for more details.]
                  
                     Go to long description.
                     

                  
                  
                  
                  
                  Note that the rated capacity line is
                     broken up based on the number of workdays in the week. (The four-day weeks have
                     a lower rated capacity.)

                  
                  
                  
                  Presenting information graphically is especially important when you need to
                     make problem areas obvious to decision makers. Looking at this load profile, a
                     planner knows whether and when it will be necessary to employ load balancing
                     techniques, for example.

                  
                  
                  
                  This
                     process would be repeated for each work center that will be used during the
                     planning horizon. The information gained by producing reports like these is then
                     used in the next step, resolving
                     differences.

                  
                  
                  

               
               

            
            

         
         
         
         
            
            
            Resolving Differences

            
            
            
            
               
               
               What
                  does the planner do when load and capacity are not balanced? Load or capacity must
                  be changed to prevent a conflict—either undercapacity, which risks not meeting
                  orders, or overcapacity (excess or uncommitted capacity), which impacts
                  profitability. In a “plan material first” or material-dominated approach to
                  planning, planners depend on the flexibility of capacity, which enables them to meet
                  due-date priorities. Mechanisms must be in place to exploit the flexibility of
                  capacity and also the flexibility of scheduling if necessary.

               
               
               
               Resolving differences starts by changing capacity
                  whenever possible. This might include authorizing overtime in periods of
                  undercapacity and undertime in periods of overcapacity. Hiring or laying off workers
                  may be possible in the time horizon, but, in the case of hiring, equipment must be
                  available for the workers’ use. Leasing more equipment may or may not be possible.
                  Adding a work shift (or removing one) is another option when equipment is a
                  constraint that cannot be changed in the given time. Workforce development can also
                  be used to upskill the workforce and increase their productivity over time.
                  Subcontracting might be used to provide additional supply to meet the demand;
                  however, it may not be an available short-term solution. Alternate routings might
                  be
                  used to shift some demand to another work center. Finally, it may be possible to
                  improve processes, such as by reducing setup or run time.

               
               
               
               When these options have been explored and
                  exhausted, the next step in resolving differences is to alter the load. This may
                  involve changing lot sizes, order splitting, modifying order quantities, and/or
                  rescheduling certain orders with different due dates. Any changes in schedules or
                  load will require repeating the scheduling simulation and load profiles, because a
                  resolution in one area or work center may create new capacity issues for other areas
                  or work centers.

               
               
               
               In the example shown in Exhibit 7-75,
                  there are three periods of overcapacity.

               
               
               
               
                  Exhibit 7-75: Load Profile for Work Center 13 in Table Format[image: A table titled “Load Profile for Work Center 13 in Table Format.” Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               Looking at week 4, which has 22 hours scheduled over rated
                  capacity, a firmed planned order could be used to schedule six hours of this work
                  in
                  the prior two weeks, taking advantage of excess available capacity. The remaining
                  16
                  hours could be resolved using overtime. (Since there are four pieces of equipment,
                  this would be four hours of overtime per operator, or less than one hour per
                  operator per day.) In some cases, experienced managers will know whether their
                  workers are able to work faster than the standard due to experience or other
                  factors, and, in this case, they might advise the workers of a possible need for
                  overtime, but actual use of overtime might be avoided if possible. If this or other
                  changes are not acceptable, possible, or cost-effective, it may be necessary to
                  reschedule one or more orders, which should be feasible since the total capacity
                  required and total capacity available are the same. This may not be simple, since
                  delaying this work might delay the work it depends upon and customers might need to
                  agree to such a delay. Some items are custom orders and others are make-to-stock,
                  so
                  some of the make-to-stock production might be shifted to a later period as long as
                  inventory levels stay above zero.

               
               
               
               Increasing capacity, reducing load, decreasing
                  capacity, or increasing load are explored in more detail next. Note that a
                  rebalancing process could also be used, but this process is addressed in its own
                  area.

               
               

            
            
            
            
               
               
               Increasing Capacity

               
               
               
               
                  
                  
                  Tactics aiming at increasing capacity
                     can focus on the workers, the equipment, or the processes that produce the
                     work.

                  
                  
                  
                  Workforce-focused tactics must consider
                     the basic tradeoff in increasing workforce capacity: the costs of hiring new
                     workers (which includes recruiting and training costs as well as the lower
                     productivity of new workers) and the risks associated with short-term solutions
                     (which can include negative impacts on employee attitudes, higher costs, and the
                     potential of not finding enough trained workers at the right time). Tactics
                     include the following.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        
                           
                              Adding shifts.
                              
                           This
                              includes increasing the length of shifts or scheduling weekend
                              shifts. It should be used in the medium term because it is not
                              desirable to change scheduled shifts frequently. This can lead to an
                              unmotivated and unengaged workforce and low retention of skilled
                              workers.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Scheduling overtime or weekend work.
                              
                           This can
                              be a good short-term solution when capacity shortfalls are likely to
                              be only temporary.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Increasing the number of workers available.
                              
                           If
                              undercapacity appears to be a long-term feature of planning, then
                              the expense of hiring additional workers may be wise. If
                              undercapacity is a short-term problem, hiring temporary or seasonal
                              workers may be more economical than hiring full-time workers.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        
                           
                              Cross-training and developing workers.
                              
                           Workers with
                              multiple capabilities can be assigned flexibly to overloaded work
                              centers. Other forms of workforce development can also increase skill
                              levels to increase productivity such as by reducing poor work
                              output.
                           

                        
                        

                     
                     

                  
                  
                  
                  Purchasing additional equipment or
                     equipment with greater capabilities will also add capacity. Operations might, for
                     example, add another lathe to a work center or add robot-guided delivery systems to
                     move work-in-process from one work center to another.

                  
                  
                  
                  Processes can also be analyzed to
                     identify opportunities to decrease setup times or minimize move time.

                  
                  
                  
                  
                     Case Study

                     
                        
                        
                        Increasing Capacity at the Shipbuilder

                        
                        
                        
                        Capacity can be difficult to control at
                           a project-driven enterprise such as the shipbuilder—even when projects may take
                           multiple years to complete. Management has resisted proposals to increase
                           resources in a permanent manner. Idle workers will have to be furloughed when
                           project work in a certain category is completed and no further work is
                           scheduled. This hurts the shipbuilder’s brand as a desirable employer where
                           careers can be built. Similarly, investments in new equipment are made only
                           after extensive analysis of payback periods under favorable and unfavorable
                           business scenarios.

                        
                        
                        
                        Note that the shipbuilder could develop
                           more external relationships, such as standby contracts with subcontractors to
                           perform activities that are not core competencies, but this is a type of
                           outsourcing. Outsourcing does not increase capacity since it is actually a form
                           of reducing load.

                        
                        

                  
                  

               
               

            
            
            
            
               
               
               Reducing Load

               
               
               
               
                  
                  
                  To reduce load, reducing lot size can be a good short-term
                     solution. Decreasing the order size will reduce the run-time load, but completing
                     the full order will require additional runs and incur the expense of additional
                     setups. Modifying order quantities along with changing the lot size to be compatible
                     with it would be a more long-term solution if this makes the overall load balancing
                     more manageable, but careful analysis is needed as discussed more next.

                  
                  
                  
                  Planners can reduce lot size in isolated cases by using firm planned orders in
                     the material requirements planning (MRP) replanning process. To cover extended
                     periods, planners may need to revise the lot sizes used in the MRP plan and then
                     completely rerun the capacity requirements plan. This calls for careful
                     analysis, however, since lot sizing aggregates material requirements for
                     multiple periods and MRP product structure levels. Substantial changes in lot
                     sizing planning factors can affect periods beyond the present one. The changes
                     can also affect lower-level materials in the bill of material, since these
                     materials may also have lot sizes that could be affected.

                  
                  
                  
                  The following methods can also be used to
                     reduce load (and possibly free up capacity if the related in-house capacity is
                     also still maintained):

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Subcontracting. This may be a solution for anticipated
                           short-term capacity issues. This type of arrangement generally has a
                           start date, an end date, and a specific scope of work the outside
                           company will perform to help resolve the overload.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Outsourcing. This essentially is a
                           make-or-buy decision that can address long-term capacity imbalances.
                           Outsourcing production usually is a permanent choice that centers around
                           a firm’s decision to focus on its core competencies.

                        
                        

                     
                     

                  
                  
                  
                  A last resort for reduction of load when adequate capacity
                     cannot be added in the short term is to change the order dates or order quantities
                     in the master production schedule (MPS). Doing so could have a negative effect on
                     customer service and indicates that rough-cut capacity planning is inadequate. If
                     the MPS changes, then material requirements planning and capacity requirements
                     planning must be rerun to assess the effects of the changes.

                  
                  
                  
                  
                     Case Study

                     
                        
                        
                        Reducing Load at the Hotel Group

                        
                        
                        
                        Reducing load is an uncomfortable but
                           necessary tactic for service enterprises such as the hotel group. Like airlines,
                           hotels overbook, anticipating a certain percentage of “no-shows.” Having an
                           empty room is akin to simply destroying a finished good.

                        
                        
                        
                        At the same time, handling guests whose
                           reservations will not be honored is a very sensitive situation. The hotel
                           maintains agreements with a network of local hotels who agree to handle each
                           other’s overflow load. Managers are allowed latitude in negotiating additional
                           compensation for guests.

                        
                        

                  
                  

               
               

            
            
            
            
               
               
               Reducing Capacity

               
               
               
               
                  
                  
                  If the problem is overcapacity,
                     planners look for ways to reduce or reassign workers. In the medium term—for
                     example, during an economic downturn that decreases customer demand—shifts may
                     be shortened or eliminated. To decrease the impact on the workforce, management
                     may use this time to train workers and potentially increase their productivity
                     or cross-train them. Workers may also be reassigned temporarily from underloaded
                     to overloaded work centers or to preventive maintenance or other indirect
                     tasks.

                  
                  
                  
                  
                     Case Study

                     
                        
                        
                        Reducing Capacity at the Fast Fashion Retailer

                        
                        
                        
                        The fast fashion retailer is sensitive
                           to sudden drops in customer demand. These may be caused by local employment
                           conditions, such as layoffs by major employers. Short-term overcapacity can be
                           caused by severe winters. The retail store workers are not guaranteed full-time
                           employment; shifts can be canceled on short notice. The store is experimenting
                           with a new strategy that will alert workers to open shifts in other stores
                           within a certain distance. Management hopes this may help mitigate the negative
                           effect of reviews on social media by ex-employees disappointed with
                           unpredictable and shortened work schedules.

                        
                        
                        
                        In the warehouse, workers have been
                           cross-trained to perform different jobs. When shipping slows, workers are moved
                           to maintenance chores or sent for training.

                        
                        

                  
                  

               
               

            
            
            
            
               
               
               Increasing Load

               
               
               
               
                  
                  
                  If there is excess capacity, operations may
                     do the following:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Bring
                              items normally purchased or subcontracted back in-house. This
                           medium-range solution is the reverse of subcontracting. It requires a
                           make-or-buy analysis. Note that, in a logistics network, a subcontractor
                           may be considered a partner and an extension of the company. Bringing
                           work back in-house might compensate for a reduction in load but at the
                           expense of a partner relationship.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Revise orders for earlier release. This is a temporary
                           solution, since this option tends to build up inventories of
                           work-in-process and finished goods while expediting needed raw
                           materials. It thus should be considered a short-term load-leveling
                           option rather than a means to correct cumulative capacity excess.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Increase lot sizes by using firm planned orders. This, however,
                           also produces additional inventory and should be a short-term
                           solution.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Increase the master production schedule. This is the least
                           desirable solution, unless there are sales or sales projections to
                           support it, because it requires a rerun of both material requirements
                           planning and capacity requirements planning. This solution might have
                           unforeseen results on the balance of workloads.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Take on subcontract work from other operations. When taking on
                           subcontracting work from other organizations is feasible, it can
                           accommodate short- or long-term load imbalances.

                        
                        

                     
                     

                  
                  
                  
                  These tactics can decrease the
                     costs associated with excess capacity but can increase the costs of inventory,
                     including storage, obsolescence, and loss. On the other hand, they can prevent
                     layoffs and work furloughs that weaken the employer-employee
                     relationship.

                  
                  
                  

               
               

            
            

         
         
         
         
            
            
            Redistributing Load

            
            
            
            
               
               
               Operations may choose to redistribute load so that it
                  is level or more compatible with capacity. Load leveling results in more stable
                  workforce deployment and machine use.

               
               
               
               Load can be redistributed in the following
                  ways:

               
               
               
               
                  
                  
                  	
                     
                     
                     Use
                           alternate work centers. Alternates usually are less efficient or
                        more costly, but they provide an opportunity to shift work from an
                        overloaded work center to an underloaded work center in the same time
                        period.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Use alternate routings. The optimal
                        sequence shown by a routing is not mandatory for all operations. According
                        to the ASCM Supply Chain Dictionary, an
                        alternate routing is “A routing that is usually less preferred than the primary routing but results in the
                           production of an identical item. Alternate routings may be maintained in the database
                           or offline via manual methods.” By considering alternative sequences, workloads between work centers
                        might be shifted into different periods, but there may be cost
                        increases.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Modify operation priorities. In this tactic, the planner adjusts
                        operation start dates forward or backward in time by tailoring the routing
                        for an order at release. Modifying priorities can use varying queue times to
                        absorb small variations in load. This option is often attractive, since
                        order due dates remain valid and the information is communicated directly to
                        the dispatching system in production control.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Revise the master production schedule or lot sizes. This option may
                        actually aggravate the load imbalance after material requirements planning
                        and capacity requirements planning are rerun.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Run
                           overlapping operations or use lot splitting. Both techniques can be
                        used to expedite production. Overlapping may not be useful when multiple
                        transfers of material from one work center to the next are costly or
                        time-consuming.

                     
                     

                  
                  

               
               
               
               
                  Case Study

                  
                     
                     
                     Redistributing Load at the Motorcycle Manufacturer

                     
                     
                     
                     The motorcycle manufacturer is
                        fortunate in that it has multiple product lines with different demand patterns.
                        Some work centers for the different motorcycle models are similar, and work can
                        be moved around with minimal loss of productivity. During periods of overload,
                        reassigning loads to alternate work centers maintains manufacturing planning and
                        control. It also keeps workers at the underused work centers fully employed, and
                        the variety of work improves their engagement.

                     
                     
                     
                     Sometimes, planning for plant
                        maintenance is supported by lot splitting, which expedites the completion of
                        priority plans and creates time for workers to maintain equipment and thoroughly
                        clean the production areas.

                     
                     

               
               
               

            
            

         
         
   
      
         
         
         
         Section D: Managing Detailed Schedules and
            Scheduling Materials

         
         
         
         
            
            
            
               After
                  completing this section, students will be able to
               

            
            
            
            
               
               
               	
                  
                  
                  Utilize labor schedules and recommend staffing based on
                     human resources (HR) policies, available labor pool,
                     labor skills matrix, and contract labor 

                  
                  
                  
                  
                     
                     	
                        
                        
                        Create
                           labor schedules for manufacturing or service
                           industries

                        
                        

                     
                     
                     	
                        
                        
                        Manage
                           human resources by using sound management methods,
                           enforcing policies and procedures, and using
                           performance management systems

                        
                        

                     

                  
                  

               
               
               
               	
                  
                  
                  Issue production
                     orders as scheduled

                  
                  

               
               
               
               	
                  
                  
                  Describe the contents
                     and purpose of a shop packet

                  
                  

               
               
               
               	
                  
                  
                  Differentiate
                     between a work order and a manufacturing order

                  
                  

               
               
               
               	
                  
                  
                  Manage material routing 

                  
                  
                  
                  
                     
                     	
                        
                        
                        Evaluate
                           the size of process batches and transfer batches
                           to support production and inventory plans

                        
                        

                     
                     
                     	
                        
                        
                        Review equipment and labor statuses, work
                           orders, preventive maintenance schedules, and
                           their impact on the plan 

                        
                        

                     
                     
                     	
                        
                        
                        Determine
                           when alternate operations or routings should be
                           used

                        
                        

                     

                  
                  

               
               
               
               	
                  
                  Manage the size of queues 

                  
                  
                  
                  
                     
                     	
                        
                        
                        Review input/output (I/O) analysis, capacity,
                           load, and open orders

                        
                        

                     
                     
                     	
                        
                        
                        Determine and implement prioritization
                           rules

                        
                        

                     

                  

               
               
               
               	
                  
                  
                  Schedule incoming
                     materials

                  
                  

               
               
               
               	
                  
                  
                  Manage exceptions and variances to maintain the supply
                     plan 

                  
                  
                  
                  
                     
                     	
                        
                        
                        Evaluate
                           variances to standard performance and determine
                           performance process stability, process capability,
                           and theoretical and demonstrated capacity

                        
                        

                     

                  
                  

               
               
               
               	
                  
                  
                  Measure capacity planning performance

                  
                  

               
               
               
               	
                  
                  
                  Monitor backflush/inventory transactions and close work
                     orders. 

                  
                  

               
               

            
            
            
            Once detailed schedules are created, production activity control
               (PAC) implements them by issuing production orders and scheduling labor. Fine-tuning
               of schedules can include managing material routings, batch sizes, and queues. PAC
               has a feedback loop, and this involves measuring capacity planning performance and
               correcting course given exceptions to the plan. As with all pieces of the
               manufacturing planning and control process, capacity planning can be assessed
               against performance objectives and continuously improved.

            
            

         
         
         
         
   
      
         
         
         
         Labor/Production Scheduling and
            Managing HR

         
         
         
         
            
            
            Scheduling production and labor is the shortest-term form of
               planning, and it leads directly to execution of manufacturing or service provision.
               Manufacturing is scheduled in production activity control by issuing production
               orders and assigning labor schedules; services are scheduled by assigning labor
               schedules. This topic also addresses managing human resources.

            
            

         
         
         
         
         
            
            
            Labor and Production Scheduling

            
            
            
            
               
               
               Labor scheduling needs to meet certain
                  long- and short-term goals. Long-term goals include attracting and retaining
                  qualified staff and promoting a positive work environment. Medium- to short-term
                  goals are derived from the needs of the production plan and more-detailed priority
                  plans. These goals include maintaining targeted customer service levels, maximizing
                  employee productivity, and ensuring sufficient labor capacity in specific work
                  centers.

               
               
               
               Production is
                  scheduled using production orders. The goal of production activity control related
                  to production scheduling is to synchronize labor to meet the needs of the related
                  priority plans. That is, labor is scheduled after accounting for various
                  constraints.

               
               
               
               The labor scheduling process involves the
                  following steps:

               
               
               
               
                  
                  
                  	
                     
                     
                     Defining scheduling rules

                     
                     

                  
                  
                  
                  	
                     
                     
                     Assessing demand

                     
                     

                  
                  
                  
                  	
                     
                     
                     Assessing supply (the available labor
                        pool or resource pool)

                     
                     

                  
                  
                  
                  	
                     
                     
                     Assigning shifts per the rules and per
                        availability

                     
                     

                  
                  
                  
                  	
                     
                     
                     Maintaining schedules based on changes
                        in demand or supply (e.g., employee no-shows)

                     
                     

                  
                  
                  
                  	
                     
                     
                     Using a feedback loop to improve the
                        process

                     
                     

                  
                  

               
               
               
               Setting labor schedules is often facilitated using scheduling
                  software, which enables creating templates for various positions and avoiding gaps
                  or overstaffing. Templates can ensure that workers have the proper qualifications.
                  Rules can be set related to when a particular employee or contract laborer can and
                  cannot be scheduled, either to enforce general human resources policies (e.g.,
                  seniority) or to honor agreements made with specific personnel (e.g., to accommodate
                  a second job). The software will also contain the shop floor calendar and enable
                  scheduling of shifts based on availability as well as scheduling vacations, denoting
                  holidays, and so on. Shift scheduling enables defining the shift location, which is
                  vital for employees who work at more than one work center. Scheduling software can
                  also highlight exceptions for review. The software or another system may verify time
                  and attendance. Some software even has features that let employees trade shifts.

               
               
               
               A labor skills matrix can be used to help with
                  scheduling as well as employee development. This can be an element in scheduling or
                  training software or a simple spreadsheet with columns for employees and rows for
                  required skills, such as work center 123 operation or quality control supervision.
                  A
                  labor skills matrix can take many forms, but the idea is to rank each employee’s
                  skill or knowledge level relative to other employees. In addition, there can be a
                  ranking on the level of supervision the employee requires as well as the employee’s
                  interest in gaining proficiency in the area. A simple ranking, such as between 0 to
                  3, in each area may suffice.

               
               
               
               Schedule maintenance includes accommodating
                  necessary changes (e.g., cutting shifts short due to low demand) as well as
                  reviewing the successes and failures of past schedules. Examining past schedules can
                  reveal chronic areas of labor capacity under-/overstaffing or provide information
                  for future staffing or scheduling, such as a need to have more staff in certain
                  seasonal periods.

               
               

            
            
            
            
               
               
               Schedule Types

               
               
               
               
                  
                  
                  Labor schedules can be fixed, floating, or
                     flexible.

                  
                  
                  
                  A fixed schedule will have defined start and end times for all
                     similar employees.

                  
                  
                  
                  A floating schedule puts employees in
                     various shifts that can differ considerably within the rules set for the
                     employee. Such a schedule can be prepared long in advance or at the last minute,
                     but a best practice is to prepare schedules in advance to the degree possible to
                     reduce employee frustration. It is best to reserve last-minute changes for
                     exceptions such as sick time or no-shows. Floating schedules can also
                     accommodate demand, and this is a primary reason for their use. For example, in
                     a service environment, there may be one or two openers, some workers who start
                     at midday, and others who start late and help close. The timing of the overlap
                     of workers is designed to ensure peak labor at peak demand and minimum labor
                     (e.g., a requirement for two closers) at low demand.

                  
                  
                  
                  Flexible schedules enable different start and end times to
                     accommodate individual needs, but the individuals’ shifts are thereafter fixed
                     until a change is approved. Flexible schedules could also be developed that
                     accommodate peak demand times. Such schedules can reduce absenteeism or other
                     problems and can be seen as a benefit to some workers. Flexible schedules are
                     not usable in some environments or positions, however. If the minimum number of
                     workers are not present at the same time in a work cell, for example, that cell
                     or line cannot operate.

                  
                  

               
               

            
            
            
            
               
               
               Issuing Production Orders

               
               
               
               
                  
                  
                  Issuing production orders as scheduled
                     involves releasing schedules that indicate the start and completion of each job.
                     This can involve automated or manual systems that use Gantt charts or some other
                     form of exact scheduling and/or rely on priority sequencing and dispatching
                     rules to enable flexibility as priorities change. For example, if theory of
                     constraints scheduling is used, the bottleneck work centers will receive an
                     exact schedule of jobs while non-bottleneck work centers will be sequenced using
                     predetermined priority sequencing rules.

                  
                  
                  
                  Once a schedule is prepared, the production coordinator needs
                     to ensure that the necessary capacity, materials, and tooling are available
                     prior to release so the work can proceed. If these are not available, the orders
                     are not released. Production coordinators need to be out on the shop floor
                     frequently so they can learn about any missing resources or other issues and
                     thus not release orders that cannot be processed on schedule. Other orders that
                     do have the necessary resources can be run instead.

                  
                  
                  
                  Orders need to be authorized by material requirements
                     planning (or kanbans, etc.). The production coordinator prepares a shop order
                     packet for each order that will have all materials and capacity
                     available.

                  
                  

               
               
               
               
                  
                  
                  Shop Order Packet

                  
                  
                  
                  
                     
                     
                     An online or printed shop order packet includes the shop order
                        (manufacturing order), which is an authorization for the specified quantity of a
                        specific part number to be made. Alternately, the schedule can serve as the shop
                        order in some environments. The ASCM Supply Chain
                           Dictionary defines a manufacturing order
                        as: “A document, group of documents, or
                           schedule conveying authority for the manufacture of specified parts or products in
                           specified quantities. Syns.: job order, manufacturing authorization, production
                           order, production release, run order, shop order, work order. See: assembly parts
                           list, batch card, blend order, fabrication order, mix ticket, work
                           order.”

                     
                     
                     
                     The shop packet will contain anything else the
                        shop floor needs to successfully produce the products, such as quantities,
                        engineering drawings, chemical formulas, bills of material, and route sheets (setup
                        and run times, sequence of operations, materials needed, and tools needed). Shop
                        orders are identified by shop order number, part number, name, and description.

                     
                     
                     
                     Additional authorizations may also need to be
                        issued:

                     
                     
                     
                     
                        
                        
                        	
                           
                           
                           Material issue tickets and/or pick
                              lists to pull materials from inventory and to charge the material against
                              the shop order (account for its use)

                           
                           

                        
                        
                        
                        	
                           
                           
                           Tool requisitions that enable checking
                              tools and dies out from the tool crib

                           
                           

                        
                        
                        
                        	
                           
                           
                           Job tickets for each operation in the
                              routing, which authorize operations at specific work centers and may be used
                              to record when work is actually started and completed

                           
                           

                        
                        
                        
                        	
                           
                           
                           Move tickets, which authorize
                              movement to the next work center, to shipping, or to inventory and may
                              indicate movement lot sizes

                           
                           

                        
                        

                     
                     
                     
                     Note that this information often exists only
                        within an enterprise resources planning or production activity control system and
                        each work center will see just the portions of the shop order packet pertaining to
                        them. They will enter their results into the system, and all authorizations or other
                        checks and balances occur in the system.

                     
                     
                     
                     Note that the term “work order” is sometimes treated as a
                        synonym for “shop order” or “manufacturing order,” but the following ASCM Supply Chain Dictionary definition clarifies
                        that the primary meaning of work order is authorization for equipment
                        maintenance:

                     
                     
                     
                     
                        
                        1) An order to the machine shop for tool
                              manufacture or equipment maintenance. This is not to be confused with a
                              manufacturing order. Syn.: work ticket. 2) An authorization to start work on an
                              activity (e.g., maintenance) or product.

                        

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Assigning Labor Schedules

               
               
               
               
                  
                  
                  The labor requirement at the execution
                     level is determined by which production orders were issued in each period (i.e.,
                     the load). Assigning labor schedules involves working within the constraints of
                     supply and demand. Supply constraints include equipment capacity as well as
                     labor constraints. Labor constraints include legal and regulatory compliance
                     (e.g., maximum shift lengths) as well as human resources constraints (such as
                     honoring agreements made with unions or works councils or with individuals,
                     including shift preferences or vacation time). The manufacturing shop calendar
                     is also an important input for calculating when labor needs to be scheduled and
                     when things like holidays occur. Demand constraints in manufacturing will depend
                     heavily on whether schedules are chase, level, or hybrid, as discussed
                     elsewhere.

                  
                  
                  
                  For service industries, assigning labor schedules is the
                     primary way that supply and demand are balanced in the short term. Equipment
                     capacity can still play a role (e.g., too many cooks in the kitchen), but within
                     these constraints, scheduling needs to ensure that enough labor of the right
                     types is available for forecast demand not only by day but also by time of day.
                     If employee absenteeism is common, it may be necessary to overschedule to ensure
                     that sufficient labor is available, at least for peak periods. As demand becomes
                     actualized, it may be higher or lower than predicted, and there may need to be a
                     system for some workers to be on call or to extend work shifts within regulatory
                     limits and/or a system for voluntary or mandatory shortening of shifts.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Managing Human Resources

            
            
            
            
               
               
               While setting human resources policy and
                  staffing levels are strategic or tactical processes, managing human resources is an
                  operational process, so it is discussed here. Managing human resources involves
                  working with the staff that is available, implementing policies, monitoring
                  individual and team performance, and measuring the effectiveness of human resources
                  policies. Human resources effectiveness can be measured by productivity metrics and
                  by an organization’s ability to attract and retain talented workers.

               
               
               
               It is important to create an engaged and
                  involved workforce by offering employees opportunities for development, conducting
                  constructive performance appraisals, and rewarding good performance.

               
               
               
               Next we’ll focus on

               
               
               
               
                  
                  
                  	
                     
                     
                     Ensuring that managers have good
                        management and supervisory skills

                     
                     

                  
                  
                  
                  	
                     
                     
                     Implementing effective policies and
                        procedures that promote an employee-friendly workplace

                     
                     

                  
                  
                  
                  	
                     
                     
                     Using a performance management system aimed at increasing
                        productivity and skill development.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Skilled
                  Managers

               
               
               
               
                  
                  
                  Good managers and supervisors are the
                     foundation of a productive workforce.

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        They have credibility and authority. They know
                           the organization’s business and current practices and are seen as
                           reliable sources of advice and information.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        They are seen as fair. They
                           treat all employees equally and follow policies in awarding
                           overtime, training, and promotions. When employees are accused of
                           violating policies, good managers provide due process, which means
                           that they allow employees to explain their actions and they base
                           decisions on facts rather than rumors or opinions.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        They are good communicators. They
                           share information about the organization and its strategy to
                           motivate employees and overcome resistance to change. They listen
                           carefully and ask questions until they understand an issue
                           thoroughly. They understand other people’s perspectives and possible
                           reasons for their statements or actions. They can change their own
                           communication styles to meet the needs of their audiences.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        They delegate tasks to employees. This
                           allows them to focus on strategic issues but also supports employee
                           development. At the same time, effective managers delegate only what
                           employees can handle and provide the support they may need.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        They approach negative outcomes as problems to be solved. They try
                           to identify causes and often involve teams in developing
                           solutions.
                           

                        
                        

                     
                     
                     
                     	
                        
                        
                        They are clear in their expectations. They are
                           consistent in their responses and ready to correct poor performance
                           and to terminate employment if necessary.
                           

                        
                        

                     
                     

                  
                  
                  

               
               

            
            
            
            
               
               
               Effective Policies and
                  Procedures

               
               
               
               
                  
                  
                  Policies focus on expectations of employees and
                     employer commitments to employees; they usually apply across the organization.
                     Procedures explain how policies will be implemented. Together, policies and
                     procedures define the following in a formal manner:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        The organization’s values and
                           visions for the employer-employee relationship. This can include ethical
                           standards or commitments to quality, internal/external customer focus,
                           employee involvement and contributions, and so on. Operations managers
                           and supervisors must be aware of the employer’s employee relations
                           strategy and their role in implementing this strategy—for example, by
                           adopting respectful behavior toward employees.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Expectations about behavior and
                           appearance (e.g., ethical behavior, treating customers with respect and
                           appreciation, treating other employees with respect, on-time attendance,
                           wearing appropriate dress and PPE [personal protective equipment],
                           refraining from substance abuse or behaviors that interfere with work
                           processes such as smoking or bringing food or beverages into work
                           areas). Operations managers can provide input to HR on the practical
                           needs created by shop floor conditions (e.g., what constitutes safe
                           clothing) or can consult on ways to make policies more understandable to
                           employees.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Required approaches to tasks and
                           workplace situations (e.g., when and how to withdraw items from
                           inventory; how to handle a customer complaint; how to schedule vacation,
                           personal, or sick time; how to file a complaint against a supervisor or
                           another employee; restrictions on computer use or taking company
                           property home).

                        
                        

                     
                     

                  
                  
                  
                  Ideally, the organization has set
                     clear policies and procedures for all areas of the organization, including
                     operations. Here are some reasons to help ensure that policies and procedures
                     are consistently applied:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        By standardizing performance across the organization,
                           they support the organization’s quality objectives. Standards for
                           keeping workplaces clean and free of clutter or for work-appropriate
                           clothing will make it easier to produce quality work or convey quality
                           standards to customers. These policies also contribute to a safe work
                           environment.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Policies and procedures regarding
                           taking vacation or sick or personal time will support supervisors’
                           efforts to schedule work and meet production goals. They will also
                           reduce conflict when other workers are required to fill in unexpectedly
                           for absent workers.

                        
                        

                     
                     
                     
                     	
                        
                        
                        They can decrease resistance to
                           change by defining new norms and practices. Employees are less likely to
                           resist changes that have been formally adopted by the organization.
                           Policies and procedures also provide guidance about the right course to
                           take when new or confusing situations arise.

                        
                        

                     
                     

                  
                  
                  
                  Good policies and procedures should
                     occupy a good middle ground between vague abstractions and detailed
                     instructions, and operational managers and their staff are in the best position
                     to give feedback on the right level of detail. Effective policies define
                     expectations without trying to narrowly describe situations. Effective
                     procedures define boundaries and desired outcomes but allow employees enough
                     latitude to adapt their actions when achieving the desired outcome requires
                     it.

                  
                  
                  
                  Ideally, managers should communicate policies and
                     procedures in a way that employees can easily understand—in simple language (not
                     legal terminology), in the employees’ native language, in video. This is because
                     policies and procedures are a valuable tool in aligning human resources with
                     strategic goals—in getting the performance the organization needs to achieve its
                     performance objectives.

                  
                  
                  

               
               

            
            
            
            
               
               
               Performance Management
                  Systems

               
               
               
               
                  
                  
                  Performance
                     management systems are designed to improve performance, motivate continued
                     positive performance, and support employee development. Such systems

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Provide whatever training is
                           needed to enable a new employee to deliver expected performance. Formal
                           training (e.g., classroom, manual, online sessions) can be supplemented
                           with on-the-job coaching by supervisors and peers—more-experienced
                           workers performing similar tasks.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Use performance data to assess
                           employee behavior against expected behavior and performance targets.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Provide performance feedback
                           regularly, not just at an annual salary review meeting. Feedback can
                           improve performance by correcting behaviors, but it also motivates
                           performance and makes employees more confident. Poor performance review
                           processes or poorly trained reviewers can instead demotivate
                           workers.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Sustain positive performance by
                           providing recognition and rewards. This includes competitive
                           compensation and benefits packages and access to promotions. Rewarding
                           good performance is more effective than punishing poor performance, and
                           rewards are most effective when they are related to employees’ own
                           interests. For example, public recognition is meaningful to some
                           employees; others might value additional time off or access to
                           training.

                        
                        

                     
                     

                  
                  
                  
                  Operations managers can often
                     simultaneously motivate, reward, and develop employees by using three common
                     supervisory practices that provide different degrees of variety and challenge.
                     (All definitions are from the ASCM Supply Chain
                        Dictionary.)

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Job
                              enlargement: “An increase in the number of tasks that an employee performs. Job enlargement is associated
                              with the design of jobs, particularly production jobs, and its purpose is to reduce
                              employee dissatisfaction. See: job enrichment.” This can be used to provide well-performing employees with greater
                           challenge in their existing positions. It is useful when opportunities for
                           promotion are limited. Job enlargement increases employees’ responsibilities
                           horizontally, within their job class. For example, in an assembly setting,
                           employees may be assigned to more complex parts of the assembly.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Job
                              enrichment: “An extension of job enlargement in which the number of tasks that an employee performs
                              increases and the employee has a corresponding increase in the control over those
                              tasks. See: job enlargement.” This is often described as vertical job enlargement, in that employees
                           have more opportunities to apply discretion or judgment to their work. For
                           example, solidly performing production workers may be assigned
                           troubleshooting or peer mentoring assignments.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Job
                              rotation: “The practice of an employee periodically changing job responsibilities to provide
                              a broader perspective and a view of the organization as a total system to enhance
                              motivation and provide cross-training.” Job rotations are temporary assignments that can be used as part of a
                           career development system, allowing employees to experience different jobs
                           and their requirements. Job rotations are also used to cross-train employees
                           in other positions, which gives operations greater flexibility and
                           resilience in the event of labor disruptions or employee illness.

                        
                        

                     
                     

                  
                  
                  
                  
                     Case Study

                     
                        
                        
                        Performance Management at the Fast Fashion Retailer

                        
                        
                        
                        At the fashion retailer, managers and
                           supervisors provide ongoing performance reviews rather than formal semiannual or
                           annual performance review meetings. This requires that managers pay more
                           attention to their subordinates’ performance, document instances of good and
                           poor performance, and act quickly to shape or sustain it.

                        
                        
                        
                        David is a warehouse associate. His job
                           involves putting together shipments to stores and getting them on trucks as well
                           as general warehouse housekeeping. Maria is his supervisor. She tends to manage
                           by walking around, observing processes, looking for confused or overwhelmed
                           employees, and then jumping in to see what the problem might be. She has a list
                           of daily store deliveries that she tracks, intervening only when deliveries are
                           falling behind schedule. Maria has noted that David takes his work seriously.
                           She periodically stops by his area to express her satisfaction and to check in
                           with him about any questions or suggestions he might have.

                        
                        
                        
                        After David has been at this job for six
                           months, Maria talks with him about his plans. Is he happy with his work? Would
                           he be interested in helping her set up the deliveries? David is eager to learn
                           some new skills, and every week Maria brings him into her office to show him the
                           processes she uses for allocating shipments to stores. As David grows more sure
                           of himself and more skilled, she assigns him some of these tasks with only
                           minimal supervision.

                        
                        
                        
                        Maria has encouraged David to talk with
                           HR about job rotation opportunities that could allow him to test his interests
                           in merchandising and computers. It will be a shame to lose David, Maria thinks,
                           but she would rather have David leave her department and succeed in the
                           organization than have David succeed for some other employer.

                        
                        

                  
                  
                  

               
               

            
            

         
         
   
      
         
         
         
         Execution
            and Capacity Performance

         
         
         
         
            
            
            As production
               is being executed, control can be exercised in many ways. Discussions here
               include managing workflows, routings, and the size of queues at
               work centers, managing exceptions, and scheduling incoming materials
               (or relying on the supplier to do so). After that, we address measuring
               capacity performance, including its impact on customers, operations,
               employees, suppliers, and finances. Indicators include schedule,
               customer service, cost, declined orders, quality, stockouts, inventory,
               and utilization. Service capacity measurement is also addressed.

            
            

         
         
         
         
         
            
            
            Managing Routings
               and Queue Sizes

            
            
            
            
               
               
               Here we discuss
                  managing workflows and routings as well as queue sizes.

               
               

            
            
            
            
               
               
               Managing Workflows and Routings

               
               
               
               
                  
                  
                  Workflows and routings can be managed to maintain
                     the on-time status of schedules while promoting schedule stability.
                     Since rescheduling can be disruptive, some tools for fine-tuning
                     routings include adjusting process batches and transfer batches, accounting
                     for actual equipment and labor status, and using lot splitting or
                     alternate routings.

                  
                  

               
               
               
               
                  
                  
                  Process Batches and Transfer Batches

                  
                  
                  
                  
                     
                     
                     Process and transfer batches should be evaluated regularly to
                        determine if adjusting their sizes could better support production and inventory
                        plans. Process batches are based partly on equipment capacities (e.g., an oven that
                        holds 64 units), and equipment capacities may not be easy to adjust. However, this
                        is just where process batch lot sizing starts. Process batch lot sizes are based on
                        minimizing costs, including material preparation and setup times, and so are often
                        multiples of the equipment capacities. Continuing the example of a 64-unit oven, if
                        the oven’s cycle time is one hour, it may be most economical to set the economic
                        process batch at 1,024 units (16 hours, or two 8-hour shifts) if this amount is a
                        good lot size for the given setup (e.g., precise oven temperature). Also, breaks and
                        shift changes and so on would be timed to occur during a cycle so that the oven
                        throughput does not fall.

                     
                     
                     
                     After determining the process batch lot size,
                        the size of the transfer batch is determined. This needs to account for factors such
                        as keeping subsequent operations utilized, minimizing inventory investment, making
                        efficient use of floor or storage space, or minimizing wait times. Rather than
                        waiting the 16 hours to send a batch of 1,024 units (continuing the prior example),
                        transfer batches of, say, 256 units could be sent every four hours if this would be
                        most efficient and effective.

                     
                     
                     
                     The term transfer batch is also used in
                        lean and kanban. It is sometimes referred to as move quantity.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Lot Splitting

                  
                  
                  
                  
                     
                     
                     In normal operations, the process and transfer batch lot
                        sizes would remain consistent. In exceptional situations, lot splitting could be
                        used as an ad hoc tool to resolve problems. If the process batch and the transfer
                        batch for an operation are the same size, lot splitting could create a temporary
                        transfer batch. Alternately, if there is already a standard transfer batch, a
                        smaller-than-normal (or larger-than-normal) transfer batch would also be considered
                        lot splitting. The purpose is to meet capacity utilization (e.g., to take advantage
                        of a window of capacity at a later work center) or order timing objectives (e.g.,
                        to
                        compress a schedule for a rush order). Lot splitting could reduce efficiency and
                        increase costs, since the standard process batch and transfer batch sizes were
                        calculated as the most efficient sizes in normal situations.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Actual Capacity Status

                  
                  
                  
                  
                     
                     
                     Routings can be disrupted when work center
                        actual capacities do not match their planned capacities. Therefore, it is important
                        to review equipment and labor status by work center and make adjustments given
                        equipment downtime or labor shortages. Equipment and labor capacity issues can be
                        expected or unexpected. Things like preventive maintenance and vacation schedules
                        are expected and should be incorporated in the current plans by reducing the
                        capacity of the given work center for that period. This could be automatically
                        accounted for in some systems or could require a manual override. The impact on the
                        plan of unexpected equipment downtime or labor shortages requires the ability to
                        make reactive adjustments that are both wise and timely, meaning that they minimize
                        the impact on the overall schedule.

                     
                     

                  
                  

               
               
               
               
                  
                  
                  Alternate Routings

                  
                  
                  
                  
                     
                     
                     Alternate routings produce an identical result
                        but are not the preferred routing. This could include routings to alternate work
                        centers such as an older, less-efficient piece of equipment or a contractual
                        agreement with a third party to maintain overflow capacity. In other cases, the
                        order of operations might be shifted, such as performing some later operations
                        earlier than is desired when the sequence is discretionary rather than mandatory.
                        Changes to routings that are discretionary will be feasible to accomplish but may
                        increase risk such as the risk of rework or scrap. A mandatory order of operations
                        cannot use an alternate routing (but could use an alternate work center). The
                        mandatory order can be based on logic or regulatory requirements. The production
                        activity control manager needs to make the decision whether and when to use a
                        feasible alternate routing by assessing the tradeoffs involved. There could be
                        significant setup time. Labor availability needs to be determined. These costs and
                        constraints are assessed against the alternatives, which could include rescheduling
                        or delaying the order or allowing queue sizes to increase.

                     
                     

                  
                  

               
               

            
            
            
            
               
               
               Managing the Size of Queues

               
               
               
               
                  
                  
                  Queue sizes at each
                     work center need to be carefully monitored against their target or threshold levels
                     for exception review. Queue time is important because queue is often the largest
                     element of lead time and can become a systemic problem that impacts the on-time
                     status of all orders. The tools for managing the size of queues include analysis and
                     review of input/output control, capacity, information on load from the schedule, and
                     the status of open orders.

                  
                  
                  
                  Input/output
                     control measures the variances between planned and actual inputs
                     and planned and actual outputs. Analysis of these variances provides
                     information on the size of queues accumulating at specific work
                     centers.

                  
                  
                  
                  Given a
                     queue size that is undesired, the production activity control manager
                     can find ways to increase capacity at the affected work centers
                     such as by reallocating staff, approving overtime, or using alternate
                     routings or alternate work centers. If capacity change is not feasible
                     or is not allowed due to its cost impact, it will be necessary to determine
                     which orders have higher priority than others so that the impact
                     of the longer lead times is minimized for later operations or for
                     priority customers. Reprioritization may involve determining and
                     implementing different prioritization rules. There may be one set
                     of prioritization rules for when queues are within a normal range
                     and a different set for when queues are too long. A best practice
                     is to design rules for exceptional situations in advance so they
                     can be well thought out and communicated, including by providing
                     necessary training.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Scheduling
               Incoming Materials

            
            
            
            
               
               
                Exhibit 7-76 shows
                  how purchasing is the other major part of plan implementation and control.
                  This can be done for finished goods that will be resold as well
                  as raw materials needed in production. The focus here is on raw
                  materials scheduling.

               
               
               
               
                  Exhibit 7-76: Manufacturing Planning and Control[image: A flowchart depicting the relationship between Priority Planning and Capacity Planning in production. Go to long description for more details.]
               
                  Go to long description.
                  

               
               
               
               
               In
                  a material requirements planning (MRP)-based system, MRP-scheduled
                  items are often purchased using specific purchase orders (POs) that
                  have one or many delivery dates and quantities. This assumes that
                  the items have already been sourced. (A supplier has previously
                  been vetted and selected.) The MRP planner provides purchasing or
                  a buyer with a purchase requisition specifying these dates and quantities.
                  Alternately, a planner/buyer role determines and places the POs.

               
               
               
               Other types of purchases
                  use blanket POs. These purchases will generate supplier authorizations
                  to ship required quantities and items based on the blanket PO. Blanket POs
                  may have specific schedules, or they may be for a total quantity
                  over time and require blanket releases by a planner and buyer team
                  or a combination planner/buyer. The authorization to ship may be
                  in the form of a PO, by kanban, or by a less formal type of message.

               
               
               
               While a blanket PO
                  helps the supplier by enabling smoothing of demand (to some degree)
                  due to a predictable source of demand, one issue with blanket POs
                  for the supplier is its scrap factor. If the supplier creates standard-size
                  items such as steel pipes and then customizes them for the order,
                  such as by cutting them shorter, the odd-size materials left over
                  may represent too much scrap, and the blanket PO may not be profitable.
                  The supplier in such cases may instead charge for the full-size
                  item as part of the contract.

               
               
               
               Interdivisional or
                  interplant transfers of materials could be scheduled by an MRP planner
                  at the receiving location by communicating with the MRP planner
                  at the sending location. Alternatively, this could be performed
                  by a planner/buyer role as well.

               
               
               
               One benefit of lean
                  material scheduling is that an organization’s trusted, long-term suppliers
                  experience stable demand for their materials. Deliveries of materials
                  will be synchronized, and quantities will be standardized to some
                  degree. The level load in the buyer’s facility becomes a level load
                  in the supplier’s facility. In addition to promoting long-term benefits
                  to both parties, such relationships can also create opportunities
                  for sustainability, such as suppliers delivering parts in reusable
                  bins (i.e., a kanban to be replenished) and picking up empty bins
                  as part of the delivery.

               
               

            
            
            
            
               
               
               Need for Two-Way Communication

               
               
               
               
                  
                  
                  It should be clear that
                     the process of scheduling incoming materials needs robust and timely
                     two-way communication.

                  
                  
                  
                  The supplier likely
                     has other customers who are also submitting orders, so if there
                     are changes in material requirements or priorities due to changes
                     in PAC scheduling, this needs to be communicated as soon as possible.
                     In many cases, the customer’s and the supplier’s manufacturing planning
                     and control systems automatically exchange information on orders
                     and order changes, including continually updated priority information.
                     If not, this information is often provided in the form of a weekly
                     report or a website indicating requirements. These reports or sites
                     can also be used to provide updated engineering documents for configuration
                     control and are good sources of information on historical item use
                     for both supplier and customer planning.

                  
                  
                  
                  Transportation in particular needs close
                     coordination. Many organizations have very limited storage space
                     and/or dock space for receiving shipments. This leads to needing
                     to schedule deliveries within a narrow window. Lead times for incoming materials
                     must take into account transit times and the time for unloading,
                     receiving, inspection (if required), and materials handling.

                  
                  
                  
                  Regardless of the
                     method used, clear and effective communication of current materials
                     requirements status tends to reduce lead times and overhead costs
                     and enable greater supplier responsiveness. However, there will
                     be limits on the levels of changes that the supplier will accommodate—as
                     specified in contracts. This plus shipping lead time needs to be
                     taken into account when considering the feasibility of changing
                     plans due to exceptions or variances from schedule when required
                     materials are not already on site.

                  
                  
                  
                  Note that incoming material scheduling
                     can be outsourced. When it is outsourced to a supplier, it is called
                     vendor-managed inventory.

                  
                  

               
               

            
            
            
            
               
               
               Vendor-Managed Inventory

               
               
               
               
                  
                  
                  For
                     inventory that is subject to greater demand uncertainty, the organization
                     can authorize vendor-managed inventory (VMI) with key suppliers.
                     VMI helps reduce risks and tends to reduce overall inventory and
                     supply chain costs and thus enables reducing prices to consumers.
                     This will be true when the goal of VMI is overall supply chain optimization
                     (rather than individual partner optimization), but this requires that
                     the parties share information that would otherwise not necessarily
                     be shared. Secure automated systems will enable the best visibility.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Monitoring Backflush/Inventory Transactions and Closing
               Manufacturing Orders

            
            
            
            
               
               
               As manufacturing orders are completed and put in inventory or shipped to customers
                  and as service work orders are completed, the orders are monitored for their status
                  against the plan including whether quantity and due date promises were kept. The
                  order is kept open as needed if the order was only partially completed, and the
                  quantity filled/remaining quantity needed is noted. Any variances from quantity or
                  due date promising are added to the metrics for the products and related processes.
                  Once an order is complete, production activity control professionals formerly close
                  the manufacturing order to document its completion status in the system. This
                  involves ensuring all quantities issued, received, and scrapped have been posted,
                  labor and overhead have been properly charged, and all data for measuring variances
                  is input to enable this analysis. A manufacturing order can only be completed if it
                  has no open transactions, which includes any unposted backflush transactions or
                  receipts. 

               
               
               
               Therefore an important management step at this point is to monitor backflush and
                  inventory transactions to ensure they are correctly reported to cost accounting,
                  reporting, and payment functional areas. This involves ensuring all WIP from the
                  order is cleared from the WIP accounts and is accounted for as finished goods and/or
                  scrap. Failure to close manufacturing orders will result in inaccurate WIP levels
                  and can result in both capacity reporting and cost accumulation metrics becoming
                  inaccurate.

               
               
               
               Monitoring inventory transactions for accuracy on an ongoing basis can extend to
                  these types of checks:

               
               
               
               
                  
                  
                  	
                     
                     
                     Material issues versus receipts

                     
                     

                  
                  
                  
                  	
                     
                     
                     Scrap and rework levels versus standard levels

                     
                     

                  
                  
                  
                  	
                     
                     
                     Byproducts and coproduct quantities versus standard levels

                     
                     

                  
                  
                  
                  	
                     
                     
                     After all backflushing or other inventory transactions are accounted for,
                        system inventory levels versus levels counted using cycle counting or spot
                        counting 

                     
                     

                  
                  

               
               
               
               Backflushing is used in lean manufacturing and systems that use some lean concepts.
                  Backflushing accounts for raw materials and components that should have been used
                  to
                  transform the product per its bill of materials, assuming a standard routing (manual
                  processes are required if the routing is customized). Since this process requires
                  a
                  high degree of data integrity, it is important that production activity control
                  managers spot check the results of these systems to detect errors or red flags
                  (e.g., inventory of a particular raw material reaches zero unexpectedly) and correct
                  the related bills of material as quickly as possible. 

               
               
               
               Backflushing will occur at specific deduct points. A deduct point is the point where
                  the backflushing occurs, and it may occur earlier than at the finished goods stage,
                  such as occurring at the component or module stage. Often a system will use deduct
                  points to enable continuing to use MRP-based planning below a given level of detail,
                  and a common system improvement is to further advance into lean to the point where
                  fewer deduct points are needed. This can further reduce the amount of production
                  reporting that is needed. Production activity control managers can help review the
                  need for these points. 

               
               

            
            

         
         
         
         
            
            
            Exception Management
               Process

            
            
            
            
               
               
               Exceptions can be caused
                  by supply issues (e.g., equipment breakdowns, labor issues, or quality
                  problems) or by demand issues (e.g., canceled orders or acceptance
                  of expedited or special orders).

               
               
               
               An exception management
                  process needs to be able to

               
               
               
               
                  
                  
                  	
                     
                     
                     Detect exceptions
                        to plans as soon as possible

                     
                     

                  
                  
                  
                  	
                     
                     
                     Determine
                        the root cause of the issue

                     
                     

                  
                  
                  
                  	
                     
                     
                     Evaluate
                        the lateral and downstream operations impact to schedules and the costs/benefits
                        of potential solutions

                     
                     

                  
                  
                  
                  	
                     
                     
                     Evaluate
                        feasibility in terms of theoretical versus demonstrated capacity, performance
                        process stability, and process capability

                     
                     

                  
                  
                  
                  	
                     
                     
                     Make
                        and implement a decision that helps maintain valid plans

                     
                     

                  
                  
                  
                  	
                     
                     
                     Assess
                        prior responses and improve future decision making.

                     
                     

                  
                  

               
               
               
               Ideally this process
                  should consume as little time as possible, because unnecessary delays
                  will exacerbate scheduling issues and reduce the effectiveness of
                  responses. Production activity control (PAC) managers should be
                  empowered to make numerous minor changes in real time to enable
                  continuous and timely corrections. For changes that would have larger
                  impact, there may be a need for the process to have a method of
                  ensuring that various resources with the most experience and expertise
                  are consulted and/or a higher-level manager may need to provide
                  authorization for expensive or disruptive changes.

               
               
               
               It can be difficult
                  to get timely information on location, material status, and equipment status
                  from an enterprise resources planning system. Many organizations
                  instead use specialized or custom-developed software to collect
                  shop floor data and generate real-time information on exceptions.
                  Even when this software exists, it may still be necessary to determine
                  the impact of a potential response using manual analysis. In other
                  cases, the tools have simulation capabilities to determine the impact
                  of a change.

               
               

            
            
            
            
               
               
               Basic Responses

               
               
               
               
                  
                  
                  The process of managing
                     exceptions and variations from standard performance in PAC needs
                     to be somewhat reactive, because the nature of an exception is that
                     it is not a normal situation. However, PAC managers can create some
                     contingency plans for common scenarios so that when an exception
                     is detected, a solution can be executed quickly. At the very least,
                     the responsible parties and communications paths should be clearly
                     identified.

                  
                  
                  
                  The
                     basic responses to exceptions that should be considered include
                     doing nothing, making adjustments to get back on schedule, and rescheduling.
                     Options may include the following:

                  
                  
                  
                  
                     
                     
                     	
                        
                        
                        Expedite (also called pull in). “1) To rush or chase production or purchase orders that are needed in less than the
                              normal lead time in order to move in the delivery date. 2) To take extraordinary action
                              because of an increase in relative priority. Syn.: stockchase.” (ASCM Supply Chain Dictionary)

                        
                        

                     
                     
                     
                     	
                        
                        
                        De-expedite (also called push out). “The reprioritizing of jobs to a lower level
                              of activity. All extraordinary actions involving these jobs stop.” (ASCM Supply Chain Dictionary)

                        
                        

                     
                     
                     
                     	
                        
                        
                        Change
                           quantities or split lots.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Notify
                           planning or customer service of a late order or potential backorder.

                        
                        

                     
                     
                     
                     	
                        
                        
                        Alter
                           or override PAC priority rules.

                        
                        

                     
                     

                  
                  
                  
                  Transportation
                     is a common area for expediting. If a delivery is projected to be
                     late or requirements have been pulled forward in time, buyers/planners
                     may need to expedite transportation by requesting earlier ship dates
                     from the supplier, changing to a faster mode of transportation (e.g.,
                     air), prioritizing dock appointments, or prioritizing inspection
                     and materials-handling tasks.

                  
                  
                  
                  A longer-term response to exceptions is
                     to improve the process so that exceptions are rare. A Pareto analysis
                     can help determine which exceptions are the most significant to
                     address, and a root cause analysis can provide valuable input to
                     an improvement project.

                  
                  

               
               

            
            

         
         
         
         
            
            
            Capacity Planning
               Metrics and Indicators

            
            
            
            
               
               
               The
                  success an organization has in executing and controlling operations
                  stems from how well the strategy execution process is performing.
                  A successful strategy execution process includes accurate and timely
                  information about daily operations. This information is essential
                  if managers are to gauge how well the strategy execution process
                  is proceeding. The information should cover several areas:

               
               
               
               
                  
                  
                  	
                     
                     
                     Customer data

                     
                     

                  
                  
                  
                  	
                     
                     
                     Operations
                        data

                     
                     

                  
                  
                  
                  	
                     
                     
                     Employee
                        data

                     
                     

                  
                  
                  
                  	
                     
                     
                     Supplier/strategic
                        partner data

                     
                     

                  
                  
                  
                  	
                     
                     
                     Financial
                        performance data

                     
                     

                  
                  

               
               
               
               Managing the control
                  process is accomplished by establishing and enforcing standards
                  and procedures in support of the organization’s goals and bottom
                  line, including the use of relevant and measurable performance measures.

               
               
               
               The goal of capacity
                  planning is to support on-time performance by balancing workload
                  with available capacity. Traditionally, capacity planning has been
                  measured in terms of attaining high capacity availability and utilization
                  rates. Other indicators related to operations’ performance objectives
                  have emerged over time. These indicators measure the effect of capacity
                  planning on quality levels, employee relations, capital investments
                  in equipment, and customer service.

               
               
               
               Measuring operations’
                  ability to plan capacity may involve the following indicators:

               
               
               
               
                  
                  
                  	
                     
                     
                     Performance to schedule. Deviations
                        from schedule due to poor planning can affect the operations’ performance
                        objectives. For example, having too little buffer inventory may
                        leave a work center idle. Having too much will increase work-in-process
                        and affect cost objectives.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Customer
                           service ratings. Managing order priorities effectively can affect customer
                        service objectives. If more-valuable customers have to wait, this
                        can affect the entire business’s financial performance. If low-value
                        orders are given higher priority, this can waste operational resources.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Unbudgeted increases in labor or
                           shipping costs. This may indicate excessive use of overtime
                        and temporary work to manage load imbalances or the need to resort
                        to expedited delivery.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Number of orders declined due
                        to lack of capacity.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Quality problems indicated
                        by high levels of scrap or rework. This could be due to overworked
                        employees or equipment worked at its limits without routine maintenance.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Stockouts of key products at
                        peak demand times.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Inventory metrics such as days
                        of supply, inventory on hand, or inventory turns. These may indicate
                        the costly accumulation of inventory.

                     
                     

                  
                  
                  
                  	
                     
                     
                     Indications of excessive levels
                           of utilization. High employee turnover rates and accidents and
                        frequent equipment failure could signal that capacity is being overscheduled
                        to balance loads.

                     
                     

                  
                  

               
               
               

            
            
            
            
               
               
               Measuring Service Capacity Planning

               
               
               
               
                  
                  
                  An article in APICS CPIM Detailed Scheduling
                        and Planning Reprints, “Measuring Performance in Services,”
                     underscores the importance of understanding the connection between
                     costs and capacity and measuring the appropriate actions. The authors
                     describe the customer support function of a cable company. Calls
                     are received by help desk operators. If the help desk operator cannot
                     resolve the problem, the operator creates a service ticket for a
                     technician, who makes a site visit.

                  
                  
                  
                  The company first decided to measure its
                     performance by the help desk throughput—the number and length of
                     help desk calls. This inadvertently encouraged help desk operators
                     to turn more challenging issues over to field technicians quickly rather
                     than trying to resolve them at the help desk stage. Call time went
                     down, but service costs increased and customer satisfaction decreased.
                     The cost of a service technician was much higher than that of an
                     operator, and their capacity was less, given travel time. Customers
                     were irritated that it took longer to solve their problems.

                  
                  
                  
                  Increasing capacity
                     at the help desk was a better solution for this business. Capacity could
                     be increased by decreasing the number of calls per day operators
                     were expected to handle and by providing more training so that the
                     operators could identify and resolve a wider range of issues.

                  
                  
                  

               
               

            
            

         
         
   
      
         
         
         Long Description Appendix

         
         
            
            This appendix provides more detailed descriptions for some of the images found in
               the text. Return to the image location in the text by clicking the link at the end
               of each description.

            
            
            
               
               Exhibit 7-1: Manufacturing Planning and Control
[image: This diagram represents the integration of demand-side activities, strategic and business planning, priority planning, supply-side activities, and production activity control in a manufacturing environment. Go to long description for more details.]
                  
                  
                  The flowchart includes:

                  
                  
                  
                  
                     
                     	
                        
                        Demand-Side Activities: Forecasting, Demand Management, and
                           Distribution Requirements Planning (DRP)

                        

                     
                     
                     	
                        
                        Strategic and Business Planning

                        

                     
                     
                     	
                        
                        Priority Planning: Sales and Operations Planning (S&OP) -
                           Production Plan; Master Scheduling (MS) - Master Production Schedule
                           (MPS); Material Requirements Planning (MRP) - Materials Requirements
                           Plan

                        

                     
                     
                     	
                        
                        Supply-Side Activities: Capacity Planning includes Resource
                           Planning (RP), Rough-Cut Capacity Planning (RCCP), and Capacity
                           Requirements Planning (CRP)

                        

                     
                     
                     	
                        
                        Purchasing

                        

                     
                     
                     	
                        
                        Production Activity Control (PAC): Scheduling, Implementation,
                           and Capacity Control

                        

                     

                  
                  
                  
                  The flow of information between these sections is depicted by arrows, showing
                     how data moves from one planning stage to another, ensuring synchronization
                     across the entire manufacturing process. The chart captures the complexity
                     and interconnectedness of manufacturing planning activities, emphasizing the
                     need for coordinated efforts across various functions to meet production
                     goals effectively.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-57: Processor-Dominated Schedule
[image: A two-part diagram illustrating the processor schedule and inventory levels for products A, B, and C in a single-stage process train over ten days. Go to long description for more details.]
                  
                  
                  Top Part: Processor Schedule

                  
                  
                  
                  
                     
                     	
                        
                        
                        Days 1-3: Product A

                        
                        

                     
                     
                     	
                        
                        
                        Days 4-5: Product B

                        
                        

                     
                     
                     	
                        
                        
                        Days 6: Product C

                        
                        

                     
                     
                     	
                        
                        
                        Days 7-8: Product B

                        
                        

                     
                     
                     	
                        
                        
                        Days 9-10: Product A

                        
                        

                     

                  
                  
                  
                  Bottom Part: Inventory Graph for Product A

                  
                  
                  
                  
                     
                     	
                        
                        
                        Y-axis: Inventory level

                        
                        

                     
                     
                     	
                        
                        
                        X-axis: Days 1 to 10

                        
                        

                     
                     
                     	
                        
                        
                        The graph shows a fluctuating inventory level of Product A with:

                        
                        
                        
                        
                           
                           	
                              
                              
                              A maximum inventory level indicated by a dashed red line at
                                 the top.

                              
                              

                           
                           
                           	
                              
                              
                              A minimum inventory level indicated by a dashed gray line at
                                 the bottom.

                              
                              

                           
                           
                           	
                              
                              
                              An orange line representing the actual inventory level of
                                 Product A, showing a rise in inventory on days 1-2, a peak
                                 on day 3, a decline through days 4-8, and a rise again on
                                 days 9-10.

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-58: Material-Dominated Schedule
[image: A diagram showing a material schedule and a processor schedule for Product A over a 10-day period, indicating that the material schedule needs adjustment. Read long description below.]
                  
                  
                  The top part of the diagram shows the material schedule for Product A over 10
                     days. The table lists daily requirements (100 units each day), production
                     (200 units on specific days), and inventory levels (ranging from 500 to 800
                     units). The inventory decreases steadily as requirements are met daily, but
                     production only happens on certain days, indicating the need for
                     adjustment.

                  
                  
                  
                  The bottom part of the diagram shows the processor schedule, illustrating
                     which product is processed each day over the 10-day period. It includes
                     Product A being processed on days 1, 2, 3, 9, and 10, Product B on days 4,
                     5, 8, and 9, and Product C on day 3, suggesting the need for alignment with
                     the material schedule.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-60: Reverse-Flow Scheduling of Process Train
[image: A flowchart depicting the reverse-flow scheduling process from forecasting to production scheduling, with steps to revise schedules if inventories are not okay. Read long description below.]
                  
                  
                  
                     
                     	
                        
                        
                        Forecast: Input for the scheduling process.

                        
                        
                        
                        
                           
                           	
                              
                              
                              Arrows indicate potential changes affecting the forecast and
                                 vice versa.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Finite Forward Schedule P3:​

                        
                        
                        
                        
                           
                           	
                              
                              
                              Decision Diamond: “Are finished inventories I3​ OK?”

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    No: Revise schedules and loop back to
                                       scheduling process P3​.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Yes: Proceed to the next scheduling
                                       process.

                                    
                                    

                                 

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Finite Forward Schedule P2:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Decision Diamond: “Are intermediate inventories I2 OK?”

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    No: Revise schedules and loop back to
                                       scheduling process P2​.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Yes: Proceed to the next scheduling
                                       process.

                                    
                                    

                                 

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Finite Forward Schedule P1:.

                        
                        
                        
                        
                           
                           	
                              
                              
                              Decision Diamond: “Are I1 and I0 inventories OK?”

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    No: Revise schedules and loop back to
                                       scheduling process P1.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Yes: Proceed to the production schedule.

                                    
                                    

                                 

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-61: Mixed-Flow Scheduling of Process Train
[image: A detailed flowchart depicting the mixed-flow scheduling process with multiple decision points for verifying requirements, capacity, and inventories at different stages. Go to long description for more details.]
                  
                  
                  
                     
                     	
                        
                        
                        Stage 1: Forecast I2​ Requirements:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Arrows indicate potential changes affecting the forecast and
                                 vice versa.

                              
                              

                           
                           
                           	
                              
                              
                              Finite Forward Schedule P2​

                              
                              

                           
                           
                           	
                              
                              
                              Proceed to calculate I2​ requirements.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Stage 2: Forecast I3​ Requirements:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Arrows indicate potential changes affecting the forecast and
                                 vice versa.

                              
                              

                           
                           
                           	
                              
                              
                              Determine I3​ Material Requirements

                              
                              

                           
                           
                           	
                              
                              
                              Decision Diamond: “Is I3​ capacity OK?”

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    No: Loop back to adjust I3 requirements.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Yes: Proceed to calculate I2​
                                       requirements.

                                    
                                    

                                 

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Stage 3: Calculate I2​ Requirements:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Decision Diamond: “Are I2​ inventories OK?”

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    No: Loop back to adjust schedules and material
                                       requirements​.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Yes: Proceed to determine I1​ material
                                       requirements.

                                    
                                    

                                 

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Determine I1​ Material Requirements:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Decision Diamond: “Is P1​ capacity OK?”

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    No: Loop back to adjust schedules and material
                                       requirements.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Yes: Proceed to verify initial inventory.

                                    
                                    

                                 

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Stage 4: Verify Initial Inventory I0​:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Decision Diamond: “Are I0​ inventories OK?”

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    No: Loop back to adjust schedules and material
                                       requirements.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Yes: Proceed to the production schedule.

                                    
                                    

                                 

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-65: Capacity Required (Load) Versus Capacity Available
[image: The image depicts a funnel representing a manufacturing or production process. Read long description below.]
                  
                  
                  At the top, labeled “Load,” multiple orange spheres
                     accumulate, symbolizing work or tasks waiting to be processed. As the
                     spheres move down the funnel, they encounter a bottleneck, representing
                     “Capacity Available (rate),” where the funnel narrows, limiting the flow of
                     spheres through the process. Below the bottleneck, spheres exit the funnel
                     one by one, labeled “Output per Time Period,” indicating the rate at which
                     the process can produce finished work. An inset close-up highlights the
                     bottleneck area, further illustrating the limitation of capacity and how it
                     determines the rate of output. The image visually explains the concept of
                     balancing load and capacity to optimize production efficiency.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-62: Detailed Capacity Planning in the MPC Process
[image: This diagram represents the integration of demand-side activities, strategic and business planning, priority planning, supply-side activities, and production activity control in a manufacturing environment. Read long description below.]
                  
                  
                  The flowchart includes:

                  
                  
                  
                  
                     
                     	
                        
                        Demand-Side Activities: Forecasting, Demand Management, and
                           Distribution Requirements Planning (DRP)

                        

                     
                     
                     	
                        
                        Strategic and Business Planning

                        

                     
                     
                     	
                        
                        Priority Planning: Sales and Operations Planning (S&OP) -
                           Production Plan; Master Scheduling (MS) - Master Production Schedule
                           (MPS); Material Requirements Planning (MRP) - Materials Requirements
                           Plan

                        

                     
                     
                     	
                        
                        Supply-Side Activities: Capacity Planning includes Resource
                           Planning (RP), Rough-Cut Capacity Planning (RCCP), and Capacity
                           Requirements Planning (CRP)

                        

                     
                     
                     	
                        
                        Purchasing

                        

                     
                     
                     	
                        
                        Production Activity Control (PAC): Scheduling,
                           Implementation, and Capacity Control

                        

                     

                  
                  
                  
                  The flow of information between these sections is depicted by arrows,
                     showing how data moves from one planning stage to another, ensuring
                     synchronization across the entire manufacturing process. The chart
                     captures the complexity and interconnectedness of manufacturing planning
                     activities, emphasizing the need for coordinated efforts across various
                     functions to meet production goals effectively.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-64: Unplanned and Planned Capacity and Load
[image: Two line graphs compare load and capacity over planning periods. Go to long description for more details.]
                  
                  
                  In both graphs, the y-axis represents quantity of output
                     (filled orders) and the x-axis represents time. In the top graphic, the load
                     line often exceeds the capacity line. In the bottom graphic, the capacity
                     line closely follows the pattern of the load line, indicating a continuous
                     balance between the two.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-68: Routing for Door, Family A
[image: A table titled “Routing for Door, Family A.” Go to long description for more details.]
                  
                  
                  This table lists the operations required to manufacture Part Number 202,
                     a door from Family A. It includes columns for the operation number, work
                     center, setup time in standard hours, run time per unit in standard
                     hours, and a description of the operation. The operations listed
                     are:

                  
                  
                  
                  
                     
                     	
                        
                        Operation 10 at Work Center 13: Setup time 0.15 hrs, run time 0.07
                           hrs, for spot welding the top, center, and bottom to side 1.

                        

                     
                     
                     	
                        
                        Operation 20 at Work Center 16: Setup time 0.25 hrs, run time 0.11
                           hrs, for installing glass, molding, caulk, and side 2.

                        

                     
                     
                     	
                        
                        Operation 30 at Work Center 14: Setup time 0.15 hrs, run time 0.06
                           hrs, for spot welding side 2.

                        

                     
                     
                     	
                        
                        Operation 50 at Work Center 11: Setup time 0.05 hrs, run time 0.05
                           hrs, for grinding.

                        

                     
                     
                     	
                        
                        Operation 60 at Stores: Inventory operation.

                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-69: Calculations of Operation Time Based on Route Sheet
[image: A table titled “Calculations of Operation Time Based on Route Sheet.” Read long description below.]
                  
                  
                  This table outlines the details for Order Number 808, including the setup
                     and run times for each operation, the work center, and the total hours
                     needed. It lists the operation number, work center, setup time in
                     standard hours, quantity, run time per unit in standard hours, total
                     hours, and the equivalent 8-hour workdays needed, rounded up. The
                     operations listed are:

                  
                  
                  
                  
                     
                     	
                        
                        Operation 10 at Work Center 13: Setup time 0.15 hrs, 200 units with
                           a run time of 0.07 hrs per unit, totaling 14.2 hrs (rounded to 2
                           days).

                        

                     
                     
                     	
                        
                        Operation 20 at Work Center 16: Setup time 0.25 hrs, 200 units with
                           a run time of 0.11 hrs per unit, totaling 22.3 hrs (rounded to 3
                           days).

                        

                     
                     
                     	
                        
                        Operation 30 at Work Center 14: Setup time 0.15 hrs, 200 units with
                           a run time of 0.06 hrs per unit, totaling 12.2 hrs (rounded to 2
                           days).

                        

                     
                     
                     	
                        
                        Operation 50 at Work Center 11: Setup time 0.15 hrs, 200 units with
                           a run time of 0.05 hrs per unit, totaling 10.2 hrs (rounded to 2
                           days).

                        

                     
                     
                     	
                        
                        Operation 60 at Stores: No setup or run time listed.

                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-70: Queue, Wait, and Move from Work Center Files
[image: This table displays the queue, wait, and move times in days for various work centers. Read long description below.]
                  
                  
                  Work Center 13: Queue time is 2 days, wait time is 1 day,
                     and move time is 1 day. Work Center 16: Queue time is 1 day, wait time is 1
                     day, and move time is 1 day. Work Center 14: Queue time is 1 day, wait time
                     is 1 day, and move time is 1 day. Work Center 11: Queue time is 1 day, wait
                     time is 1 day, and move time is 1 day.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-71: Simulated Backschedule, Partially Complete
[image: A table titled “Simulated Backschedule, Partially Complete.” Go to long description for more details.]
                  
                  
                  This table outlines the partially completed operation schedule for Order
                     Number 808 across various work centers, detailing the start and finish
                     dates, as well as the queue, operation, wait, and move times in
                     days:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Operation No. 10: Work Center 13, Start Date: (a.m.): n/a,
                           Queue: 2 days, Operation: 2 days, Finish Date: (p.m.): n/a,
                           Wait: 1 day, Move: 1 day

                        
                        

                     
                     
                     	
                        
                        
                        Operation No. 20: Work Center: 16, Start Date: (a.m.):
                           n/a, Queue: 1 day, Operation: 3 days, Finish Date: (p.m.): n/a,
                           Wait: 1 day, Move: 1 day

                        
                        

                     
                     
                     	
                        
                        
                        Operation No. 30: Work Center: 14, Start Date: (a.m.):
                           n/a, Queue: 1 day, Operation: 2 days, Finish Date: (p.m.): n/a,
                           Wait: 1 day, Move: 1 day

                        
                        

                     
                     
                     	
                        
                        
                        Operation No. 50: Work Center: 11, Start Date: (a.m.):
                           n/a, Queue: 1 day, Operation: 2 days, Finish Date: (p.m.): n/a,
                           Wait: 1 day, Move: 1 day

                        
                        

                     
                     
                     	
                        
                        
                        Operation No. 60: Work Center: Stores, Start Date: (a.m.):
                           day 54

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-72: Simulated Backschedule, Completed
[image: A table titled “Simulated Backschedule, Completed.” Go to long description for more details.]
                  
                  
                  This table outlines the completed operation schedule for Order Number 808
                     across various work centers, detailing the start and finish dates, as
                     well as the queue, operation, wait, and move times in days:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Operation No. 10: Work Center 13, Start Date: (a.m.): day
                           32, Queue: 2 days, Operation: 2 days, Finish Date: (p.m.): day
                           36, Wait: 1 day, Move: 1 day

                        
                        

                     
                     
                     	
                        
                        
                        Operation No. 20: Work Center: 16, Start Date: (a.m.): day
                           38, Queue: 1 day, Operation: 3 days, Finish Date: (p.m.): day
                           42, Wait: 1 day, Move: 1 day

                        
                        

                     
                     
                     	
                        
                        
                        Operation No. 30: Work Center: 14, Start Date: (a.m.): day
                           44, Queue: 1 day, Operation: 2 days, Finish Date: (p.m.): day
                           47, Wait: 1 day, Move: 1 day

                        
                        

                     
                     
                     	
                        
                        
                        Operation No. 50: Work Center: 11, Start Date: (a.m.): day
                           49, Queue: 1 day, Operation: 2 days, Finish Date: (p.m.): day
                           52, Wait: 1 day, Move: 1 day

                        
                        

                     
                     
                     	
                        
                        
                        Operation No. 60: Work Center: Stores, Start Date: (a.m.):
                           day 54

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-73: Load Profile for Work Center 13 in Table Format
[image: A table titled “Load Profile for Work Center 13 in Table Format.” Go to long description for more details.]
                  
                  
                  This table illustrates the weekly load profile for Work Center 13,
                     showing released and planned load in standard hours, total load, rated
                     capacity, and the over/under capacity for each of 13 weeks.

                  
                  
                  
                  For example, in Week 1, the released load is 114 standard hours, planned
                     load is 0 standard hours, resulting in a total load of 114 standard hours,
                     which matches the rated capacity of 114 standard hours, leading to an
                     over/under capacity of 0 standard hours. Week 2 has a released load of 141
                     standard hours, no planned load, resulting in a total load of 141 standard
                     hours. 

                  
                  
                  
                  Weeks 4, 5, and 8 indicate overcapacity. For example, in Week 4, the
                     released load is 45 standard hours, and the planned load is 120 standard
                     hours, leading to a total load of 165 standard hours. The rated capacity
                     for the week is 143 standard hours, resulting in an over/under capacity
                     of (22) standard hours, indicating an overcapacity situation.

                  
                  
                  
                  Summing up the period from January 1 to March 31, the released load is
                     405 standard hours, the planned load is 1,367 standard hours, and the
                     total load is 1,772 standard hours. The rated capacity for this period
                     is also 1,772 standard hours, resulting in an overall over/under
                     capacity of 0 standard hours.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-74: Load Profile for Work Center 13 as Stacked Bar Chart
[image: The bar chart depicts the standard hours of released load and planned load across 13 weeks, with the vertical axis representing standard hours and the horizontal axis representing weeks. Go to long description for more details.]
                  
                  
                  Horizontal lines indicate the rated capacity for each
                     week. The chart highlights instances where the load exceeds or falls below
                     the rated capacity, demonstrating potential capacity issues in weeks 4, 5,
                     and 8, where planned load significantly exceeds the rated capacity. This
                     visual comparison helps identify periods of over- and under-utilization of
                     capacity.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-66: Routing for Door, Family A
[image: A table titled “Routing for Door, Family A.” Go to long description for more details.]
                  
                  
                  The table lists details about operations required for manufacturing "Part
                     Number: 202, Drawing Number: D202X, Description: Door, Family A.” It
                     includes columns for the operation number, work center, setup time in
                     standard hours, run time per unit in standard hours, and a description
                     of the operation. The operations listed are:

                  
                  
                  
                  
                     
                     	
                        
                        Operation 10 at work center 13: Setup time 0.15 hrs, run time 0.07
                           hrs, for spot welding top, center, and bottom to side 1.

                        

                     
                     
                     	
                        
                        Operation 20 at work center 16: Setup time 0.25 hrs, run time 0.11
                           hrs, for installing glass, molding, caulk, and side 2.

                        

                     
                     
                     	
                        
                        Operation 30 at work center 14: Setup time 0.15 hrs, run time 0.06
                           hrs, for spot welding side 2.

                        

                     
                     
                     	
                        
                        Operation 50 at work center 11: Setup time 0.05 hrs, run time 0.05
                           hrs, for grinding.

                        

                     
                     
                     	
                        
                        Operation 60 at Stores: For inventory.

                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-75: Load Profile for Work Center 13 in Table Format
[image: A table titled “Load Profile for Work Center 13 in Table Format.” Go to long description for more details.]
                  
                  
                  This table illustrates the weekly load profile for Work Center 13, showing
                     released and planned load in standard hours, total load, rated capacity, and
                     the over/under capacity for each of 13 weeks.

                  
                  
                  
                  For example, in Week 1, the released load is 114 standard hours, planned load
                     is 0 standard hours, resulting in a total load of 114 standard hours, which
                     matches the rated capacity of 114 standard hours, leading to an over/under
                     capacity of 0 standard hours. Week 2 has a released load of 141 standard
                     hours, no planned load, resulting in a total load of 141 standard hours.

                  
                  
                  
                  Weeks 4, 5, and 8 indicate overcapacity. For example, in Week 4, the released
                     load is 45 standard hours, and the planned load is 120 standard hours,
                     leading to a total load of 165 standard hours. The rated capacity for the
                     week is 143 standard hours, resulting in an over/under capacity of (22)
                     standard hours, indicating an overcapacity situation.

                  
                  
                  
                  Summing up the period from January 1 to March 31, the released load is 405
                     standard hours, the planned load is 1,367 standard hours, and the total load
                     is 1,772 standard hours. The rated capacity for this period is also 1,772
                     standard hours, resulting in an overall over/under capacity of 0 standard
                     hours.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-46: Production Leveling with Heijunka Example
[image: A table showing the option configurations and possible mixed production schedules for four hammer models with details on materials, annual forecast units, and daily/hourly batch master production schedules. Go to long description for more details.]
                  
                  
                  The table is divided into three main sections: a header row, an “Option
                     configurations” section, and a “Possible mixed production schedules”
                     section.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Header Row: This row spans the width of the table and lists
                           the four hammer models: Model A, Model B, Model C, and Model D.

                        
                        

                     
                     
                     	
                        
                        
                        Option Configurations: This section includes the following
                           rows:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Handle: Specifies the material of the handle for each
                                 model. Model A and Model B have wood handles, while Model C
                                 and Model D have steel handles.

                              
                              

                           
                           
                           	
                              
                              
                              Head: Indicates the material of the head for each
                                 model. Model A and Model C have brass heads, and Model B and
                                 Model D have alloy steel heads.

                              
                              

                           
                           
                           	
                              
                              
                              Annual forecast (units): Lists the projected annual
                                 production units for each model: 100,000 for Model A, 1,250
                                 for Model B, 12,500 for Model C, and 50,000 for Model D.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Possible Mixed Production Schedules: This section
                           includes:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Daily batch MPS: Shows the number of units scheduled
                                 for daily production. Model A has a daily batch of 400,
                                 Model B has 5, Model C has 50, and Model D has 200.

                              
                              

                           
                           
                           	
                              
                              
                              Hourly batch MPS: Indicates the number of units
                                 scheduled for hourly production. Model A has an hourly batch
                                 of 50, Model B has 0.625, Model C has 6.25, and Model D has
                                 25.

                              
                              

                           

                        
                        

                     

                  
                  
                  
                  Below the main table, additional information is provided in a note:

                  
                  
                  
                  
                     
                     	
                        
                        
                        The note states that MPS stands for master production schedule and
                           that the calculations assume a 250-day work year and an 8-hour
                           workday.

                        
                        

                     
                     
                     	
                        
                        
                        It summarizes the total annual forecast of hammers as 163,750 units
                           and the total daily batch quantity as 655 units.

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-76: Manufacturing Planning and Control
[image: A flowchart depicting the relationship between Priority Planning and Capacity Planning in production. Go to long description for more details.]
                  
                  
                  The flowchart illustrates the relationship between Priority Planning and
                     Capacity Planning within the production process.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Priority Planning:

                        
                        
                        
                        
                           
                           	
                              
                              Sales and Operations Planning (S&OP): Production
                                    Plan

                              
                              
                              
                                 
                                 	
                                    
                                    This feeds into and receives feedback from Resource
                                       Planning (RP) in Capacity Planning.

                                    

                                 

                              

                           
                           
                           	
                              
                              Master Scheduling (MS): Master Production Schedule
                                    (MPS)

                              
                              
                              
                                 
                                 	
                                    
                                    Interacts bidirectionally with Rough-Cut Capacity
                                       Planning (RCCP) in Capacity Planning.

                                    

                                 

                              

                           
                           
                           	
                              
                              Material Requirements Planning (MRP): Materials Requirements
                                    Plan

                              
                              
                              
                                 
                                 	
                                    
                                    Interacts bidirectionally with Capacity Requirements
                                       Planning (CRP) in Capacity Planning.

                                    

                                 

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Capacity Planning:

                        
                        
                        
                        
                           
                           	
                              
                              Resource Planning (RP)

                              
                              
                              
                                 
                                 	
                                    
                                    Interacts bidirectionally with S&OP in Priority
                                       Planning.

                                    

                                 

                              

                           
                           
                           	
                              
                              Rough-Cut Capacity Planning (RCCP)

                              
                              
                              
                                 
                                 	
                                    
                                    Interacts bidirectionally with MS in Priority
                                       Planning.

                                    

                                 

                              

                           
                           
                           	
                              
                              Capacity Requirements Planning (CRP)

                              
                              
                              
                                 
                                 	
                                    
                                    Interacts bidirectionally with MRP in Priority
                                       Planning.

                                    

                                 

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        At the bottom, Priority Planning leads to Purchasing and
                           Production Activity Control (PAC) (loop of Scheduling,
                           Implementation, and Capacity Control)

                        
                        

                     

                  
                  
                  
                  The chart shows a flow from Planning (top) to Implementation/Control
                     (bottom), indicating the structured approach to managing production
                     priorities and capacity.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-41: Setting Target Performance
[image: A line chart showing delivery performance over time. Go to long description for more details.]
                  
                  
                  The vertical axis represents delivery performance as a
                     percentage, ranging from 50% to 100%. Key benchmarks are labeled on the
                     right: 100% (Absolute perfection), 93% (Strategic goal), 85% (Actual
                     performance), 80% (Competitor performance), and 60% (Last year’s average).
                     The line graph starts at 55%, fluctuates slightly, and then rises steadily
                     to 85% by the end of the period, indicating an improvement in delivery
                     performance over time.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-38: Input/Output Control
[image: A funnel diagram illustrating the concept of input and output control in a production process. Read long description below.]
                  
                  
                  The diagram features a series of balls entering a funnel
                     labeled “Input Control” at the top. Inside the funnel, the balls represent
                     “Load (Queue, WIP Inventory).” The narrow neck of the funnel is labeled
                     “Capacity Available (rate),” indicating the rate at which the process can
                     handle the load. Below the funnel, the balls exit at a controlled rate
                     labeled “Output per Time Period.” An inset on the left shows a close-up of
                     the funnel neck with labels “Output Control” and “Capacity Required
                     (rate).”

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-39: Input/Output Report for Work Center 13 for One Week
[image: A table titled "Input/Output Report for Work Center 13 for One Week.” Go to long description for more details.]
                  
                  
                  The table provides data for Work Center 13 with a capacity
                     of 16 hours per day and shows various inputs and outputs in standard hours
                     over manufacturing calendar days 48 to 52. It includes sections for Planned
                     Input, Actual Input, and their Cumulative Variance, indicating how the
                     actual input compares to planned input. The table also shows Planned Output,
                     Actual Output, and their Cumulative Variance, indicating how the actual
                     output compares to planned output. Additionally, it includes Planned Backlog
                     and Actual Backlog, showing the comparison between expected and actual
                     backlog for each day. The totals for each category are summed in the last
                     column.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-40: Sequencing Rules
[image: A flowchart depicting the process flow from raw materials to finished goods through various work centers labeled A to F. Go to long description for more details.]
                  
                  
                  The chart shows different stages of
                     production including masking/removal (A), powder
                     coating (B), painting (C), high-temp baking (D),
                     low-temp baking (E), and buffing and polishing (F).
                     Each stage includes a queue and sequencing. The
                     flowchart illustrates how materials move through
                     these stages, with arrows indicating the direction
                     of flow. Finished goods are the end result of this
                     process. Work centers are depicted as circles,
                     queues as triangles, and sequencing as squares.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-22: Overlapping
[image: A visual comparison of an original schedule versus an overlapping schedule for operations. Read long description below.]
                  
                  
                  The chart illustrates two scheduling approaches for operations 10 and 20
                     over a span of 50 working days:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Original Schedule:

                        
                        
                        
                        
                           
                           	
                              
                              Operation 10 includes queue time (solid beige), setup time
                                 (dotted gray), run time (white), and wait time (striped
                                 orange).

                              

                           
                           
                           	
                              
                              There is move time (black) indicated after Operation 10 is
                                 complete.

                              

                           
                           
                           	
                              
                              After Operation 10 and move time are complete, Operation 20
                                 starts and includes similar time components and ending with
                                 Move time.

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        With Overlapping:

                        
                        
                        
                        
                           
                           	
                              
                              Operation 10 includes queue time (solid beige), setup time
                                 (dotted gray), run time (white), and wait time (striped
                                 orange).

                              

                           
                           
                           	
                              
                              Operation 20 starts overlapping with the run time of
                                 Operation 10, including queue time, setup time, run time,
                                 wait time, and move time.

                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-23: Lot Splitting
[image: A visual comparison of an original schedule versus a schedule with lot splitting for operations. Read long description below.]
                  
                  
                  The chart illustrates two scheduling approaches for operations 10 and 20
                     over a span of 50 working days:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Original Schedule:

                        
                        
                        
                        
                           
                           	
                              
                              Operation 10 includes queue time (solid beige), setup time
                                 (dotted gray), run time (white), and wait time (striped
                                 orange).

                              

                           
                           
                           	
                              
                              There is move time (black) indicated after Operation 10 is
                                 complete.

                              

                           
                           
                           	
                              
                              After Operation 10 and move time are complete, Operation 20
                                 starts and includes similar time components and ending with
                                 Move time.

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        With Lot Splitting at Operation 20:

                        
                        
                        
                        
                           
                           	
                              
                              Operation 10 includes queue time (solid beige), setup time
                                 (dotted gray), run time (white), and wait time (striped
                                 orange).

                              

                           
                           
                           	
                              
                              There is move time (black) indicated after Operation 10 is
                                 complete.

                              

                           
                           
                           	
                              
                              After Operation 10 and move time are complete, Operation 20
                                 is split into two overlapping lots, each with setup time,
                                 run time, and wait time. Move time is also indicated at the
                                 end of each lot.

                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-16: Dispatch List
[image: A table titled “Dispatch List.” Go to long description for more details.]
                  
                  
                  The table titled “Dispatch List” for Work Center 13, which
                     describes a Spot Welding Station, details the current and upcoming
                     workloads. It operates with 16 available hours per day, utilizing two arc
                     welders. The table lists current orders with their respective order numbers,
                     part numbers, order quantities, setup times, run times, total times,
                     quantities completed, remaining loads, and operation start and finish dates.
                     It shows three current orders, with total available load hours adding up to
                     26.76. Below this, it lists “Jobs Coming,” indicating future work with
                     details on setup, run, and total times, along with planned operation start
                     and finish dates, totaling 22.50 future load hours.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-17: Comparison of Dispatching Rules
[image: A table titled “Comparison of Dispatching Rules.” Go to long description for more details.]
                  
                  
                  The table provides data related to Work Center 13 with
                     units in days except for CR (Critical Ratio). Today’s Date is listed as 48.
                     It lists four orders (A, B, C, D) along with their process times, operation
                     due dates, arrival dates, due dates, lead times left, and CR values. The
                     table also details sequencing rules and corresponding sequences: FCFS (First
                     Come, First Served) sequence is B, A, C, D based on order arrival dates; EDD
                     (Earliest Due Date) sequence is A, C, D, B based on order due dates; ODD
                     (Operation Due Date) sequence is A, D, B, C based on operation due dates;
                     SPT (Shortest Processing Time) sequence is D, A, C, B based on process
                     times; and CR (Critical Ratio) sequence is A, C, B, D based on CR
                     values.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-11: Planning Levels
[image: A flowchart depicting the relationship between Priority Planning and Capacity Planning in production. Go to long description for more details.]
                  
                  
                  The flowchart illustrates the relationship between Priority Planning and
                     Capacity Planning within the production process.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Priority Planning:

                        
                        
                        
                        
                           
                           	
                              
                              Sales and Operations Planning (S&OP): Production
                                    Plan

                              
                              
                              
                                 
                                 	
                                    
                                    This feeds into and receives feedback from Resource
                                       Planning (RP) in Capacity Planning.

                                    

                                 

                              

                           
                           
                           	
                              
                              Master Scheduling (MS): Master Production Schedule
                                    (MPS)

                              
                              
                              
                                 
                                 	
                                    
                                    Interacts bidirectionally with Rough-Cut Capacity
                                       Planning (RCCP) in Capacity Planning.

                                    

                                 

                              

                           
                           
                           	
                              
                              Material Requirements Planning (MRP): Materials Requirements
                                    Plan

                              
                              
                              
                                 
                                 	
                                    
                                    Interacts bidirectionally with Capacity Requirements
                                       Planning (CRP) in Capacity Planning.

                                    

                                 

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Capacity Planning:

                        
                        
                        
                        
                           
                           	
                              
                              Resource Planning (RP)

                              
                              
                              
                                 
                                 	
                                    
                                    Interacts bidirectionally with S&OP in Priority
                                       Planning.

                                    

                                 

                              

                           
                           
                           	
                              
                              Rough-Cut Capacity Planning (RCCP)

                              
                              
                              
                                 
                                 	
                                    
                                    Interacts bidirectionally with MS in Priority
                                       Planning.

                                    

                                 

                              

                           
                           
                           	
                              
                              Capacity Requirements Planning (CRP)

                              
                              
                              
                                 
                                 	
                                    
                                    Interacts bidirectionally with MRP in Priority
                                       Planning.

                                    

                                 

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        At the bottom, Priority Planning leads to Purchasing and
                           Production Activity Control (PAC) (loop of Scheduling,
                           Implementation, and Capacity Control)

                        
                        

                     

                  
                  
                  
                  The chart shows a flow from Planning (top) to Implementation/Control
                     (bottom), indicating the structured approach to managing production
                     priorities and capacity.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-13: Production Activity Control Components
[image: Flowchart showing the cyclic process of production activity control involving Scheduling, Implementation, Manufacturing, and Capacity Control. Read long description below.]
                  
                  
                  The flowchart illustrates the cyclic process of production activity control,
                     involving four key steps: Scheduling, Implementation, Capacity Control, and
                     Manufacturing. Each step is connected by arrows indicating the flow from one
                     step to the next, forming a continuous cycle.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Scheduling:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Responsibilities:

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Plan and replan schedules.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Ensure that resources are ready when needed.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Schedule start and completion times.

                                    
                                    

                                 

                              
                              

                           
                           
                           	
                              
                              
                              Flow:

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    An arrow leads from Scheduling to Implementation.

                                    
                                    

                                 

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Implementation:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Responsibilities:

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Gather information and prepare the shop packet.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Release orders to the shop floor as authorized by
                                       material requirements planning.

                                    
                                    

                                 

                              
                              

                           
                           
                           	
                              
                              
                              Flow:

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    An arrow labeled “Release” leads from Implementation
                                       to Manufacturing.

                                    
                                    

                                 

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Manufacturing:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Flow:

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    An arrow labeled "Feedback” leads from Manufacturing
                                       to Capacity Control.

                                    
                                    

                                 

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Capacity Control:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Responsibilities:

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Dispatching: Establish and maintain order
                                       priority.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Monitor and control work in process, lead time, and
                                       queues.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Track and report production.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Report work center performance.

                                    
                                    

                                 

                              
                              

                           
                           
                           	
                              
                              
                              Flow:

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    An arrow labeled “Dispatching” leads from Capacity
                                       Control back to Manufacturing.

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    An arrow also points back to “Scheduling.”

                                    
                                    

                                 

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-18: Backward, Forward, and Central Point Scheduling
[image: Chart displaying three scheduling methods: forward, central point, and backward, for operations A, B, and C over time. Go to long description for more details.]
                  
                  
                  The chart illustrates three different methods for scheduling operations A, B,
                     and C over time: forward scheduling, central point scheduling, and backward
                     scheduling.

                  
                  
                  
                  
                     
                     	
                        
                        
                        Forward Scheduling:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Operations are scheduled from the earliest start date
                                 forward.

                              
                              

                           
                           
                           	
                              
                              
                              Operation A starts first, followed by operation B, then
                                 operation C.

                              
                              

                           
                           
                           	
                              
                              
                              The timeline begins with the earliest start date and
                                 progresses forward through the operations.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Central Point Scheduling:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Operations are scheduled around a central point date.

                              
                              

                           
                           
                           	
                              
                              
                              Operation B is started on the central point date, with
                                 operation A scheduled before it and operation C scheduled
                                 after it.

                              
                              

                           
                           
                           	
                              
                              
                              The central point date is indicated by a vertical dashed
                                 line.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Backward Scheduling:

                        
                        
                        
                        
                           
                           	
                              
                              
                              Operations are scheduled from the latest completion date
                                 backward.

                              
                              

                           
                           
                           	
                              
                              
                              Operation C is scheduled first, followed by operation B, then
                                 operation A.

                              
                              

                           
                           
                           	
                              
                              
                              The timeline ends with the latest completion date.

                              
                              

                           

                        
                        

                     

                  
                  
                  
                  Each method shows the sequence and overlap of operations A, B, and C along
                     the time axis, illustrating different scheduling strategies to achieve
                     optimal workflow.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-20: Backward and Forward Scheduling, Infinite Versus Finite
[image: A scheduling chart comparing backward and forward scheduling using infinite and finite loading. Read long description below.]
                  
                  
                  
                  The chart displays four scheduling methods:

                  
                  
                  
                     
                     	
                        
                        Backward schedule with infinite loading

                        

                     
                     
                     	
                        
                        Forward schedule with infinite loading

                        

                     
                     
                     	
                        
                        Backward schedule with finite loading

                        

                     
                     
                     	
                        
                        Forward schedule with finite loading

                        

                     

                  
                  
                  
                  Timeline: Week numbers 23 through 31, ending at the due date
                     on day 31.

                  
                  
                  
                  Order numbers shown: 153 and 923.

                  
                  
                  
                  Backward schedule with infinite loading:

                  
                  
                  
                     
                     	
                        
                        
                        Order 153: “Materials Ordered” appears before operations;
                           Op1, Op2, and Op3 are placed on the days immediately before
                           the due date.

                        
                        

                     
                     
                     	
                        
                        
                        Order 923: Same pattern as 153; operations placed just before
                           due date.

                        
                        

                     

                  
                  
                  
                  Forward schedule with infinite loading:

                  
                  
                  
                     
                     	
                        
                        
                        Order 153: Begins on day 23 with “Materials Ordered,”
                           followed sequentially by Op1, Op2, and Op3.

                        
                        

                     
                     
                     	
                        
                        
                        Order 923: Begins similarly on day 23, with operations
                           flowing forward in order.

                        
                        

                     

                  
                  
                  
                  Backward schedule with finite loading:

                  
                  
                  
                     
                     	
                        
                        
                        Order 153: Same sequence as infinite loading, but spacing
                           reflects limited capacity.

                        
                        

                     
                     
                     	
                        
                        
                        Order 923: “Materials Ordered” shifts earlier; Op1, Op2, and
                           Op3 scheduled later to avoid conflicts.

                        
                        

                     

                  
                  
                  
                  Forward schedule with finite loading:

                  
                  
                  
                     
                     	
                        
                        
                        Order 153: “Materials Ordered” starts early, followed by Op1,
                           Op2, and Op3 adjusted for capacity limits.

                        
                        

                     
                     
                     	
                        
                        
                        Order 923: Begins with “Materials Ordered,” operations start
                           later to avoid overlaps with order 153.

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-21: Load Profile for Work Center 1 (Op 1), Infinite Versus Finite
[image: Load profile chart comparing infinite vs. finite loading at Work Center 1, Operation 1. Infinite profile shows orders 923 then 153 stacked in week 29; finite profile spreads 923 into week 28 and 153 into week 29. Go to long description for details.]
                  
                  
                  The figure contains two horizontal charts labeled
                     “Infinite Load Profile: Work Center 1 (Operation 1)” and “Finite Load
                     Profile: Work Center 1 (Operation 1).”

                  
                  
                  
                  Both charts display weeks 26 through 31 on the x-axis and a single “Capacity”
                     line.

                  
                  
                  
                  Infinite load profile:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Order 923 and order 153 are both shown in week 29.

                        
                        

                     
                     
                     	
                        
                        
                        The boxes for 923 and 153 are stacked vertically, indicating demand
                           exceeds available capacity in that week.

                        
                        

                     

                  
                  
                  
                  Finite load profile:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Order 923 is scheduled in week 28.

                        
                        

                     
                     
                     	
                        
                        
                        Order 153 is scheduled in week 29.

                        
                        

                     
                     
                     	
                        
                        
                        The boxes are placed side-by-side across weeks, demonstrating
                           capacity-constrained rescheduling to avoid overload.

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-53: Simplified Drum-Buffer-Rope
[image: A diagram illustrating a Drum-Buffer-Rope (DBR) system in a manufacturing process. Read long description below.]
                  
                  
                  The process flow includes five work centers (A, B, C, D, E), with their
                     respective processing rates per hour:

                  
                  
                  
                  
                     
                     	
                        
                        
                        Work Center A: 150/hr

                        
                        

                     
                     
                     	
                        
                        
                        Work Center B: 110/hr

                        
                        

                     
                     
                     	
                        
                        
                        Work Center C: 80/hr

                        
                        

                     
                     
                     	
                        
                        
                        Work Center D: 140/hr

                        
                        

                     
                     
                     	
                        
                        
                        Work Center E: 210/hr (the drum)

                        
                        

                     

                  
                  
                  
                  Raw materials enter the process and pass through these work centers in
                     sequence. The rope synchronizes the release of raw materials into the
                     system. There is a shipping buffer with an eight-hour lead time before the
                     final shipping stage. The market demand is 20 units per hour. Buffer
                     inventories, represented by grey cubes, are placed at strategic points
                     before critical stages.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-54: Theory of Constraints Steps
[image: A flowchart outlining the theory of constraints (TOC). Go to long description for more details.]
                  
                  
                  The steps are as follows. Step 1: create a network diagram
                     by combining the bill-of-material file and the routing file. Step 2: form a
                     product network by combining the network diagram data with the master
                     production schedule due date and customer orders. Step 3: assess capacity
                     utilization by work center. Step 4: schedule work center. Step 5a: schedule
                     bottleneck resources. Step 5b: schedule non-bottleneck resources. Reports
                     are generated from both scheduling steps.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-6: Product Structure
[image: A flowchart illustrating cumulative lead time and manufacturing lead time in weeks for a product manufacturing process. Go to long description for more details.]
                  
                  
                  
                     
                     	
                        
                        At the top, the diagram shows a cumulative lead time of 9 weeks and
                           a manufacturing lead time of 7 weeks.

                        

                     
                     
                     	
                        
                        The diagram consists of a sequence of steps with lead times labeled
                           for each part of the process.

                        

                     
                     
                     	
                        
                        Starting from the left, there are two raw materials (RM1 and RM2)
                           each with a lead time of 2 weeks.

                        

                     
                     
                     	
                        
                        RM1 leads to E, which has a lead time of 3 weeks.

                        

                     
                     
                     	
                        
                        RM2 leads to D, which also has a lead time of 3 weeks.

                        

                     
                     
                     	
                        
                        E and D then combine and lead to C with a lead time of 3 weeks.

                        

                     
                     
                     	
                        
                        B has a lead time of 2 weeks, and runs concurrently with the last 2
                           weeks of C. Both lead to A, which has a lead time of 1 week.

                        

                     
                     
                     	
                        
                        The timeline at the bottom spans 9 weeks, consistent with the
                           cumulative lead time.

                        

                     

                  
                  
                  
                  This flowchart visually represents the sequence and time required for
                     each step in the manufacturing process, indicating how the lead times
                     accumulate.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-9: Operation Setback Chart
[image: This diagram visually represents the sequence and overlapping of work center loads, showing how conflicts in work center capacity can arise during the manufacturing process. Go to long description for more details.]
                  
                  
                  The chart shows the time phasing of load on work centers (WC) 200 through
                     WC 207 for parts D and E:

                  
                  
                  
                  
                     
                     	
                        
                        Raw Materials (RM) 1 leads to Part D:

                        
                        
                        
                           
                           	
                              
                              WC 200 continues to WC 201, and then WC 202.

                              

                           

                        

                     
                     
                     	
                        
                        RM 2 leads to Part E:

                        
                        
                        
                           
                           	
                              
                              WC 200 continues to WC 205, WC 206, and then WC 207.

                              

                           

                        

                     
                     
                     	
                        
                        Parts D and E then flow to Part C, which continues to part A in week
                           9.

                        

                     
                     
                     	
                        
                        Part B starts in week 7 and also continues to part A in week 9.

                        

                     
                     
                     	
                        
                        The timeline at the bottom shows weeks from 1 to 9, indicating the
                           cumulative process time for manufacturing.

                        

                     

                  
                  
                  
                  The chart highlights a conflict between parts D and E in weeks 3 and 4
                     for capacity at WC 200. Both parts are scheduled to be in WC 200 at the
                     same time, with the setup and run lead time for E overlapping with the
                     run lead time for D on day 5 of week 3 and on day 1 of week 4. Queue
                     times are not included in this conflict.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-15: Infinite versus Finite Loading
[image: Two bar graphs showing the load profiles for work center 200 (including all products) comparing infinite load capacity profile (CRP) and finite load capacity profile. Go to long description for more details.]
                  
                  
                  
                     
                     	
                        
                        
                        Top Graph: Infinite Load Capacity Profile (CRP):

                        
                        
                        
                        
                           
                           	
                              
                              
                              Y-axis labeled “Hours” with a range from 0 to 100.

                              
                              

                           
                           
                           	
                              
                              
                              X-axis labeled “Weeks” with weeks 1 to 5.

                              
                              

                           
                           
                           	
                              
                              
                              Bars represent the load in hours for released orders for each week, unless
                                 otherwise noted:

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Week 1: 45 hours

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Week 2: 40 hours (with a shaded part indicating additional 20 hours for
                                       planned orders)

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Week 3: 80 hours

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Week 4: 90 hours

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Week 5: 60 hours (with a shaded part indicating additional 25 hours for
                                       planned orders)

                                    
                                    

                                 

                              
                              

                           
                           
                           	
                              
                              
                              A horizontal line across the bars at 60 hours indicating the capacity
                                 limit.

                              
                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Bottom Graph: Finite Load Capacity Profile

                        
                        
                        
                        
                           
                           	
                              
                              
                              Y-axis labeled “Hours” with a range from 0 to 60.

                              
                              

                           
                           
                           	
                              
                              
                              X-axis labeled “Weeks” with weeks 1 to 5.

                              
                              

                           
                           
                           	
                              
                              
                              Bars represent the load in hours for released orders for each week, unless
                                 otherwise noted:

                              
                              
                              
                              
                                 
                                 	
                                    
                                    
                                    Week 1: 50 hours

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Week 2: 45 hours (with a shaded part indicating additional 15 hours for
                                       planned orders)

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Week 3: 60 hours

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Week 4: 60 hours

                                    
                                    

                                 
                                 
                                 	
                                    
                                    
                                    Week 5: 60 hours

                                    
                                    

                                 

                              
                              

                           
                           
                           	
                              
                              
                              A horizontal line across the bars at 60 hours indicating the capacity
                                 limit.

                              
                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-34: Authorizing Production
[image: A flowchart outlining the process for order review and release. Go to long description for more details.]
                  
                  
                  
                     
                     	
                        
                        
                        Review Order:

                        
                        
                        
                        
                           
                           	
                              
                              The initial step in the process.

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Verify Materials and Tooling Available:

                        
                        
                        
                        
                           
                           	
                              
                              This step checks if the necessary materials and tooling are
                                 available.

                              

                           
                           
                           	
                              
                              Connected to a decision point labeled “OK?”.

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Decision Point: OK?

                        
                        
                        
                        
                           
                           	
                              
                              If “Yes”:

                              
                              
                              
                                 
                                 	
                                    
                                    Proceed to “Verify capacity requirements and work center
                                       availability”.

                                    

                                 

                              

                           
                           
                           	
                              
                              If “No”:

                              
                              
                              
                                 
                                 	
                                    
                                    Proceed to “Resolve”.

                                    

                                 

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Resolve:

                        
                        
                        
                        
                           
                           	
                              
                              This step resolves any issues with materials and tooling
                                 availability.

                              

                           
                           
                           	
                              
                              After resolving, it loops back to “Verify materials and tooling
                                 available”.

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Verify Capacity Requirements and Work Center Availability:

                        
                        
                        
                        
                           
                           	
                              
                              Checks if the capacity requirements and work center availability
                                 are met.

                              

                           
                           
                           	
                              
                              Connected to a decision point labeled “OK?”.

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Decision Point: OK?

                        
                        
                        
                        
                           
                           	
                              
                              If “Yes”:

                              
                              
                              
                                 
                                 	
                                    
                                    Proceed to “Release order”.

                                    

                                 

                              

                           
                           
                           	
                              
                              If “No”:

                              
                              
                              
                                 
                                 	
                                    
                                    Proceed to “Adjust capacity or reschedule”.

                                    

                                 

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Adjust Capacity or Reschedule:

                        
                        
                        
                        
                           
                           	
                              
                              This step adjusts the capacity or reschedules the order.

                              

                           
                           
                           	
                              
                              After adjusting, it loops back to “Verify capacity requirements
                                 and work center availability”.

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Release Order:

                        
                        
                        
                        
                           
                           	
                              
                              The final step in the process where the order is released.

                              

                           

                        
                        

                     

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-36: MRP-Based Scheduling is Part of PAC
[image: This diagram represents the integration of demand-side activities, strategic and business planning, priority planning, supply-side activities, and production activity control in a manufacturing environment. Go to long description for more details.]
                  
                  
                  
                     
                     	
                        
                        
                        Demand-Side Activities:

                        
                        
                        
                        
                           
                           	
                              
                              Distribution Requirements Planning (DRP): Positioned at
                                 the bottom, showing the flow of orders from distribution centers
                                 (DCs) upwards.

                              

                           
                           
                           	
                              
                              Demand Management: Situated above DRP, managing the
                                 balance between customer demand and supply.

                              

                           
                           
                           	
                              
                              Forecasting: At the top, predicting future customer
                                 demand.

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Strategic and Business Planning:

                        
                        
                        
                        
                           
                           	
                              
                              Central block in the diagram, indicating the high-level planning
                                 that guides the organization’s overall direction.

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Priority Planning:

                        
                        
                        
                        
                           
                           	
                              
                              Sales and Operations Planning (S&OP): First block
                                 under priority planning, showing the creation of the production
                                 plan at an aggregate level (family).

                              

                           
                           
                           	
                              
                              Master Scheduling (MS): Middle block, detailing the
                                 development of the master production schedule (MPS) at a unit
                                 level.

                              

                           
                           
                           	
                              
                              Material Requirements Planning (MRP): Final block,
                                 planning the specific materials needed for production.

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Supply-Side Activities:

                        
                        
                        
                        
                           
                           	
                              
                              Resource Planning (RP): First block under capacity
                                 planning, allocating overall resources.

                              

                           
                           
                           	
                              
                              Rough-Cut Capacity Planning (RCCP): Middle block,
                                 ensuring that capacity aligns with the master production
                                 schedule.

                              

                           
                           
                           	
                              
                              Capacity Requirements Planning (CRP): Final block,
                                 confirming that capacity meets the needs outlined in the
                                 material requirements plan.

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Production Activity Control (PAC):

                        
                        
                        
                        
                           
                           	
                              
                              Positioned at the bottom of the diagram.

                              

                           
                           
                           	
                              
                              Scheduling: Plans the detailed production
                                 activities.

                              

                           
                           
                           	
                              
                              Implementation: Executes the production schedule.

                              

                           
                           
                           	
                              
                              Capacity Control: Monitors and adjusts production
                                 capacity as needed.

                              

                           

                        
                        

                     
                     
                     	
                        
                        
                        Purchasing:

                        
                        
                        
                        
                           
                           	
                              
                              Shown at the bottom center, this block is responsible for
                                 acquiring the materials and services required for
                                 production.

                              

                           

                        
                        

                     

                  
                  
                  
                  Arrows indicate the flow of information and orders between these various
                     components, illustrating how they interconnect and contribute to the overall
                     manufacturing process. The left side of the diagram primarily deals with
                     demand forecasting and management, the center with strategic and operational
                     planning, and the right side with capacity planning and control
                     activities.

                  
                  
               
               Go to image in text.

               
            
            
            
               
               Exhibit 7-37: MRP and CRP Interfaces
[image: A flowchart showing the relationship between detailed capacity planning, detailed material planning, and the execution of material plans. Read long description below.]
                  
                  
                  
                     
                     	
                        
                        
                        Box labeled “Material requirements planning (MRP)” with arrows
                           pointing to and from “Detailed material and capacity plans.”

                        
                        

                     
                     
                     	
                        
                        
                        Box labeled “Capacity requirements planning (CRP)” with arrows
                           pointing to and from “Detailed material and capacity plans.”

                        
                        

                     
                     
                     	
                        
                        
                        Box labeled “Detailed material and capacity plans” with arrows
                           pointing towards “Purchasing” and “Production activity control
                           order release.”

                        
                        

                     
                     
                     	
                        
                        
                        On the right: Box labeled “Purchasing” with a downward arrow to
                           “Vendor scheduling.”

                        
                        

                     
                     
                     	
                        
                        
                        On the left: Box labeled “Production activity control order
                           release” with a downward arrow to “Shop floor scheduling and
                           control.”

                        
                        

                     
                     
                     	
                        
                        
                        The boxes labeled “Shop flooor scheduling and control” and
                           “Vendor scheduling” appear within a shaded area labeled
                           “Execution of material plans.” Both of these feed back into
                           “Detailed material and capacity plans.”

                        
                        

                     

                  
                  
               
               Go to image in text.
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