PRODUCT. PROCESS,
AND SCHEDULE
DESIGN

2.1 INTRODUCTION

Based on the presentation given in Chapter 1, the facilities planning process for
manufacturing and assembly facilities can be listed as follows:

1. Define the products to be manufactured and/or assembled.

} 2. Specify the required manufacturing and/or assembly processes and related
! activities.

Determine the interrelationships among all activities.
Determine the space requirements for all activities.
Generate alternative facilities plans.

Evaluate the alternative facilities plans,

Select the preferred facilities plan. '

Implement the facilities plan.

peli R BN

Maintain and adapt the facilities plan. i

10, Update the products to be manufactured and/or assembled and redefine the
objective of the facility.

‘The facilities planning process will be greatly impacted by the business
strategic plan and the concepts, techniques, and technologies to be considered in
the manufacturing and assembly strategy.

Before the 1980s, most Ametican companies were not considering small lot pur-
chasing and production, multiple receiving docks, deliveries to the points of use,
decentralized storage, areas, cellular manufacturing, flat organizational structures,
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“pull” approaches with kanbans, team decision making, electronic data interchange,
process quality, self-rework, multifunctional “associates,” and many other concepts
that are drastically changing the facilities planning process and the final facilities plan,

Among the questions to be answered before alternative facility plans can be
generated are the following:

What is to be produced?

How are the products to be produced?

When are the products to be produced?

How much of each product will be produced?
For how long will the products be produced?
Where are the products to be produced?

SV R e

The answers to the first five questions are obtained from product design, process
design, and schedule design, respectively, The sixth question might be answered
by facilities location determinaton or it might be answered by schedule design
when production is to be allocated among several existing facilities.

Answering the sixth question has become much more complicated in recent
years. Currently, many firms have global production strategies and utilize combina-
tions of contract manufacturing and contract assemnbly. The textile industry, for
example, has undergone tremendous change, with global sourcing occurring for
yarn and textile production as well as for garment assembly. Few domestic sewing
operations continue to exist in the United States.

The automobile is another example of global sourcing, resulting in the final
product being called a world car; engines, powertrains, bodies, electronic assemn-
blies, seating, and tires may well be manufactured in different countries. Similar
conditions exist for the production of home appliances, computers, and televisions,
with subassemblies and components being produced around the world,

Product designers specify what the end product is to be in terms of dimensions,
material composition, and perhaps, packaging. The process planner determines how
the product will be produced. The production planner specifies the production quan-
tities and schedules the production equipment. The facilities planner is dependent on
timely and accurate input from produet, process, and schedule designers to carry out
his task effectively.

In this chapter we focus on the product, process, and schedule (PP&S) design
functions as they relate to facilities planning. The success of a firm is dependent on
having an efficient production system. Hence, it is essential that product designs,
process selections, production schedules, and facilities plans be muwally supportive,
Figure 2.1 illustrates the need for close coordination among the four functions.

Frequently, organizations create teams with product, process, scheculing, and
facilities design planners and with personnel from marketing, purchasing, and account-
ing to address the design process in an integrated, simultaneous, or concurrent way,
Customer and supplier representatives are often involved in this process. These teams
are referred to as concurrent or simulianeous engineering teams and reduce the
design cycle time, improve the design process, and eliminare engineering changes.
Companies implementing this integrated approach have reported impressive results in
cost, quality, productivity, sales, customer satisfaction, delivery time, ifventories, space
and handling requirements, and building size, among others [14],
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Product
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Facilities
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Process
design

Figure 2.1 Relationship between product, process, ancl schedule (PP&S) design and facilities
planning.

Product, process, schedule, and facilities design decisions are not made inde-
pendently and sequentially. A clear vision is needed of what to do and how to do it
(including concepts, techniques, and technologies to consider). For example, man-
agement commitment (O the use of multiple receiving docks, smaller lot sizes, decen-
tralized storage areas, open offices, decentralized cafeterias, self-managing teams, and
focused factories will guide the design team in the generation of the best alternatives
to satisfy business objectives and goals and make the organization more competitive.

in the case of an existing facility with ongoing production operations, a
change in the design of a product, the introduction of a new product, changes in
the processing of products, and modifications to the production schedule can occur
without influencing the location or design of the facility.

In many cases, however, changes in product, process, and schedule design of
current manufacturing facilities will require layout, handling, and/or storage modi-
fications {especially if the design change requires more or less inventories, space,
people, offices, and machines).

In this chapter, we 4re concerned with the interactions between facilities
planning and PP&S design. Hence, we assume either a new facility or a major
expansion/modification (o an existing facility is being planned.

The seven management and planning iools methodology presented in Sec-
tion 2.5 iltustrates the integration of the facilities design process for a given scenatio.

2.2 PRODUCT DESIGN

Product design involves both the determination of which products are to be produced
andt the detailed design of indivicual products, Decisions regarding the products to he
produced are generally made by top management based on input from marketing,
manufacauring, and finance concerning projected economic performance. In other
instances, as illustrated in Chapter 1, the lead times to plan and build facilities, in the
face of a dynamic product environment, might create a situation in which it is not pos-
sible 1o accurately specify the products to be produced in a given facility.
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The facilities planner must be aware of the degree of uncertainty that exists
concerning the mission of the facility being planned, the specific activities to be per-
formed and the direction of those activities. As an illustration, a major electronics
firm initially designed a facility for semiconductor manufacture. Before the facility
was occupied, changes occurred in space requirements and another division of the
company was assigned to the facility; the new occupant of the site used the space
for manufacturing and assembling consumer electronic products. As the division
grew in size, many of the manufaciuring and assembly operations were off-loaded
to newly developed sites and the original facility was converted to predominantly
an administrative and engineering site. )

Depending on the type of products being produced, the business philosophy
concerning facilities, and such external factors as the economy, labor availability
and attitudes, and competition, the occupants of a facility might change frequently
or never change at all. Decisions must be made very early in the facilities planning
process regarding the assumptions concerning the objectives of the facility.

If it is decided that the facility is to be designed to accommodate changes in
occupants and mission, then a highly flexible design is required and very general
space will be planned. On the other hand, if it is determined that the products to
be produced can be stated with a high degree of confidence, then the facility can
be designed to optimize the production of those particular products.*

The design of a product is influenced by aesthetics, function, materials, and
manufacturing considerations. Marketing, purchasing, industrial engineering, manu-
facturing engineering, product engineering, and quality control, among others, will
influence the design of the product. In the final analysis, the product must meet the
needs of the customer.

This challenge can be accomplished through the use of Quality Function
Deployment (QFD) [1). QFD is an organized planning approach to identify cus-
tomer needs and to translate the needs to product characteristics, process design,
and tolerances required.

Benchmarking can also be used to identify what the competition is doing to sat-
isfy the needs of your customer or 10 exceed the expectations of your customer [8]. It
can also be used to identify best practices and the best of the best organizations.

Through QFD and benchmarking, product designers can focus their work on
customer needs being met marginafly or not at all (compared to the competition
and to the best organizations).

Detailed operational specifications, pictorial representations, and prototypes
of the product are important inputs for the facilities planner. Exploded assembly
drawings, such as that given in Figure 2.2, are quite useful in designing the layout
and handling system. These drawings generally omit specifications and dimensions,
although they are drawn to scale,

As an alternative to the exploded assembly drawing, a photograph can be
used (o show the parts properly oriented. Such a photograph is given in Figure 2.3.
Photographs and drawings allow the planner to visualize how the product is assem-
bled, provide a reference for part numbers, and promote clearer communications
during oral presentations.

'Minor changes in product design and the addition of similar products to the produet family would be
included in this scenario.
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. Bo0c21
1 - Part no, BODO11
2 - Part no, BOOO31
3 - Part no. A02001
4 — Part no. ADAC41
5 - Part no, BOO101
& - Part no, BOOD41
7 - Part no. A14061
8 -~ Part no. AG4071
g ~ Part no. A240561

10 ~ Part no. BOO111

11 - Part no. AD4091

Figure 2.2 Exploded assembly drawing.

Detailed component past drawings are needed for each component part. The
drawings should provide part specifications and dimensions in sufficient detail to
allow part fabrication. Examples of component part drawings are given in Figures

| 2.4 and 2.5. 'The combination of exploded assembly drawings and component part
drawings fully documents the design of the products.
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Figure 2.3 Exploded parts photograph,
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Figure 2.4  Component part drawing of a plunger.

The drawings can be prepared and analyzed with computer aided design
(CAD) systems. CAD is the creation and manipulation of design prototypes on a
computer to assist the design process of the product. A CAD system consists of g
collection of many application modules under a common database and graphics
editor. The blending of computers and the human ability to make decisions enable
us to use CAD systems in design, analysis, and manufacturing [9].

During the facilities design process, the computer’s graphics capability and com-

puting power allow the planner to visualize and test ideas in a flexible manner. The
CAD system also can be used for area measurement, building and interior design, lay-
out of furniture and equipment, relationship diagramming, generation of block and
detailed layouts, and interference checks for process oriented plants (2],

In addition to CAD, concurrent engineering (CE) can be used to improve the
relationship between the function of a component or product and its cost. Concurrent
‘ engineering provides a simultaneous consideration in the design phase of life cvcle

factors such as product, function, design, materials, manufacturing processes,
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Figure 2.5 Component part drawing of a seat,
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testability, serviceability, quality, and reliability. As a result of this analysis, a less
expensive but functionally equivalent product design might be identified. Concurrent
engineeting is important because it is at the design stage that many of the costs of
a product are specified. It has been estimated that more than 70% of a product’s
manufactuting cost is dictated by design decisions [14].

Tn addition to the design tools we have described, many other tools can be
used to help the product-process designer in the evaluation and selection of the
best product and process design combination [10, 21, 23].

2.3 PROCESS DESIGN

The process designer Or process planner is responsible for determining how the
product is to be produced. As a part of that determination, the process planner
addresses who should do the processing; namely, should a particular product, sub-
assembly, or part be produced in-house or subcontracted to an outside supplier or
contractor? The “make-or-buy” decision is part of the process planning function.

In addition 1o determining whether 2 part will be purchased or produced,
the process designer must determine how the part will be produced, which equip-
ment will be used, and how long it will take to perform the operation. The final
process design is quite dependent on input from both the product and schedule
designs.

Identifying Required Processcs

Determining the scope of a facility is a basic decision and must be made early in the
facilities planning process. For a hospital whose objective is 1o serve the health needs
of a community, it may be necessary to limit the scope of the facility by not includ-
ing in the facility a burn-care clinic, specific types of diagnostic equipment, and/or a
psychiatric ward. The excluded services, although needed by the community, may not
he feasible for a particular hospital. Patients requiring care provided elsewhere would
e referred to other hospitals. Similarly, the scope of 2 manufacturing facility must be
established by determining the processes that are to he included within the facility.
The extremes for a manufacturing facility may range from a vertically integrated firm
that purchases raw materials and proceeds through a multitude of refining, process-
ing, and assembly steps to obtain a finished product, to another firm that purchases
components and assembles finished products. Therefore, it is obvigus that the scope
anct magnitude of activities within a manufacturing facility are dependent on the deci-
sions concerning the level of vertical integration. Such decisions are often referred to
as “make-or-buy” decisions or “sourcing” decisions.

Large corporations have downsized large facilities and broken them into small
business units that keep only processes that are economically feasible. Small business
units operate with low overhead, Jow management levels, and frequently with self-
managing operator teams, Buildings for this type of crganization are smaller and man-
agement functions and offices are usually decentralized.

et A B




37
2 PRODUCT, PROCESS, AND SCHEDULE DESIGN

Make-or-buy decisions are typically managerial decisions requiring input from
finance, industrial engineering, marketing, process engineering, purchasing, and
?

perhaps hw
questions lea
facilities

man resources, among others. A brief overview of the succession of
ding to make-or-buy decisions is given in Figure 2.6. The input to the
planner is a listing of the items to be made and the items to be purchased.

The listing often takes the form of a parts list or a bill of materials.
The parts list provides a listing of the component parts of a product, In addi-
tion to make-or-buy decisions, a parts list includes at least the following:

1,  Part numbers
2. Part name
Secondary Questions Primary Questions Decisions
1. Is the item available?
2, Will our union allow us o purchase
the item? Can
3. Is the quality satisfactory? theb';em MAKE
4, Are the available sources reliable? purchased?
1. Is the manufacturing of this item
consistent with our firm’s objectives?
2, Do we possess the technical
expertise?
3. Is the labor and manufacturing Can
capacity available? we make - BUY
4. Is the manufacturing of this item the item?
required to utilize existing labor and
production capacities?
1. What are the alternative methods of
manufacturing this item?
2, What quantities of this item will be
demanded in the future? Is it
3. What are the fixed, variable, and cheaper
investment costs of the alternative fo&:ieto BUY
methods and of purchasing the than
item? to uy?
4. What are the product liability issues
which impact the purchase or
manufacture of this item?
L. What are the other opportunities for Is the
the utitization of our capital? capital
2, What are the future investment avaliable BUY
implications if this item is allowing
us to
manufactured? make?
3. What are the costs of receiving
external financing? MAKE

Figure 2.6 The make-or-buy decision process,
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PARTS LIST ~

Company T, W, Inc. Preparecd by _J. A

Product Air Flow Regulator Date

Part Drwg. Quant./ Make

No. Pari Name No. Unit Material Size or Buy

1050 Pipe plug 4006 1 Steel 50" % 1.00 Buy

2200 Body 1003 1 Aluminum 275" % 2.50" Make

w0 150"

3250 Seat ring 1005 1 Stainless steel 297" X 87" Make

3251 O-ring — 1 Rubber 75" dia. Buy

3252 Plunger 1007 1 Brass 812" % 715" Make

3253 Spring — 1 Steel 1407 % 225" Buy

3254 Plunger 1009 1 Aluminum 1.60" % 225" Make
housing

3255 O-ring — 1 Rubber 925" dia. Buy

4150 Plunger 1011 1 Aluminum 42" X 1207 Make
retainer

4250 Lock nut 4007 1 Aluminum 21" X 1.00" Buy

Figure 2.7 Pants list for an air flow regulator.

3, Number of parts per product
4. Drawing references

A typical paits list is given in Figure 2.7.

A Dbill of materials is often referred to as a structured patts list, as it contains
the same information as a parts list plus information on the structure of the prod-
uct, Typically, the product structure is a hierarchy referring to the level of product
assembly. Level 0 usually indicates the final product; level 1 applies to subassem-
blies and components that feed directly into the final product; level 2 refers to the
subassemblies and components that feed directly into the first level, and so on. A
bill of materials is given in Figure 2.8 and is illustrated in Figure 2.9 for the product
described in the parts list in Figure 2.7.

Selecting the Required Processes

Once a determination has been made concerning the products 1O be made
sinhouse,” decisions are needed as o how the products will be made. Such deci-
sions are based on previous experiences, related requirements, available equip-
ment, production rates, and future expectations. Therefore, it is not uncommon for
different processes to be selected in different facilities to perform identical opera-
vions. However, the selection procedure used should be the same, In Figure 2.10,
the procedure for process selection is given.
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BILL OF MATERIALS
Prepared by J. A,

company _T. ¥, Inc.

Product Air Flow Regulalor Date
Part Drwg. Quant./ Make or
Level No. Part Name No. Unit Buy Comments
0 0021 Air flow regulator 0999 1 Make
1 1050 Pipe plug 4006 1 Buy
1 6023 Main assembly — 1 Make
7 4250 Lock mut 4007 1 Buy
2 6022 Body assembtly — 1 Make
3 2200 Body 1003 1 Make
3 6021 Plunger assembly — 1 Make
4 3250 Seat ring 1605 1 Make
4 3251 O-ring — 1 Buy
4 3252 Plunger 1007 1 Make
4 3253 Spring — 1 Buy
4 3254 Plunger housing 1009 1 Make
4 3255 O-ring — 1 Buy
4 4150 Plunger retainer 1011 1 Make
Figure 2.8 Bill of materials for an air flow regulator.
Arflow | 5o Level 0
regulator
|1
Main Pipe
assembly A2 plug 1050 Level 1
[1
Lock Body
nut 4250 assembly A-l Level 2
1 |1
Plunger
Body 2200 assembly SA-1 Level 3
E [1 1 [1 1 |1 B!
Seat . . Plunger . Plunger
‘ ting ro-rlng } Spring housing O-ing retainer Level 4
32560 3255 3252 3263 3254 3251 4180
Figure 2.9 Bill of materials for an air flow regulator,
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PROCESS IDENTIFICATION
Define elemental operations Step 1
Identify alternative process for each operation Step 2
Analyze alternative processes Step 3
Standardize processes Step 4
Evaluale alternative processes Step 5
Select processes Step 6

Figure 2.10 Process selection procedure.

Input into the process selection procedure is called process identification.
Process identification consists of a description of what is to be accomplished. For a
manufactured product, process identification consists of a parts list indicating what
is to be manufactured, component part drawings describing each component, and
the quantities to be produced.

Compuiler aided process planning (CAPP) can be used to automate the manual
planning process, There are two types of CAPP Systems: variant and generative. In
a variant CAPP, standard process plans for each part family are stored within the
computer and called up whenever required. In generative process planning, process
plans are generated automatically for new components without requiring the exist-
ing plans. Selection of these systems basically depends on product structure and cost
considerations. Typically, variant process planning is less expensive and easier to
implement.

Since process planning is a critical bridge between design and manufactur-
ing, CAPP systems can be used to test the different alternative routes and interact
with the facility design process. The input of a CAPP system is commmonly a three
dimensional mode! from a CAD database including information related to toler-
ances and special features, Based on these inputs, manufacturing leadtime and
resource requirements can also be determined [2}.

The facilities planner will not typically perform process selection, However, an
understanding of the overall procedure provides the foundation for the facilities plan.
Step 1 of the procedure involves the determination of the operations required o pro-
duce each component, In order to make this determination, alternative forms of raw
matetials and types of elemental operations must be considered. Step 2 involves the
identification of various equipment types capable of performing elemental operations.
Manual, mechanized, and automated alternatives should be considered. Step 3 includes
the determination of unit production times and equipment utilizations for varicus ele-
mental operations and alternative equipment types. The utilizations are inputs into step
4 of the procedure. Step 5 involves an economic evaluation of alternative equipment
types. The resulis of the economic evaluation along with intangible factors such as flex-
ibility, versatility, reliability, maintainability, and safety serve as the basis for step 6.

Computer programs that perform time and cost evaluations of different process
combinations have also been developed to aid process planners [10, 211,

The outputs from the process selection procedure are the processes, equip-
ment, and raw materials required for the in-house production of products. Output
is generally given in the form of a route sheet. A route sheet should contain at
least the data given in Table 2.1, Figure 2,11 is a route sheet for the production
given in part in Table 2.1.
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N\
\

Route Sheet Data Reqiiireinents

Data Production Example
. Composnent name and number Plunger hlousing—3254

Operation description and number Shape, d.l‘lll, and cut of‘f~0104 ‘

Equipment requirements Autom.atlc screw machine and appropriate
tooling

Unit times Setup time—>5 hr operation time—.0057 hr per
component

Raw material requirements 1 in. dia. X 12 ft. aluminum bar per 80
components

Sequencing the Required Processes

The only process selection information not yet documented is the method of
assembling the product. An assembly chart, given in Figure 2.12, provides such
documentation. The easiest method of constructing an assembly chart is to begin
with the completed product and to trace the product disassembly back to its basic
components. For example, the assembly chart given in Figure 2.12 would be con-
structed by beginning in the lower right-hand corner of the chart with a finished
air flow regulator, The first disassembly operation would be to unpackage the air
flow regulator (operation A-4). The operation that precedes packaging is the
inspection of the air flow regulator. Circles denote assembly operation; inspec-
tions are indicated on assembly charts as squares. Therefore, in Figure 2.12, a
square labeled I-1 immediately precedes operation A-4. The first component to be
disassembled from the air flow regulator is part number 1050, the pipe plug, indi-
cated by operation A-3. The lock nut is then disassembled, followed by the
disassembly of the body assembly (the subassembly made during subassembly
operation SA-1) and the body. The only remaining steps required to complete the
assembly chart are the labeling of the circles and lines of the seven components
flowing into SA-1.

Although route sheets provide information on production methods and assem-
bly charts indicate how components are combined, neither provides an overall
understanding of the flow within the facility, However, by superimposing the route
sheets on the assembly chart, a chart results that does give an overview of the flow
within the facility. This chart is an operation process chart. An example of an
operation process chart is given in Figure 2,13,

To construct an operation process chart, begin at the upper right sice of the chart
with the components included in the first assembly operation. If the components are
purchased, they should be shown as feeding horizontally into the appropriate assem-
bly operation. If the components are manufactured, the production metheds should
be extracted from the route sheets and shown as feeding vertically into the appropri-
ate assembly operation. The operation process chart may be completed by continuing
in this manner through all required steps until the product is ready for release to the
warehouse,

The operation process chart can also include materials needed for the fabricared
components. This information can be placed below the name of the component,
Additionally, operation times can be included in this chart and placed (o the left of



ROUTE SHEET

mpany ARC, Inc Part Name Plunger Housing Prepared by J. Al
oduce Air Flow Regulator Part No. 3254 Date
Materials
per. Operation Machine Set-up Operation or Parts
No. Description Type Tooling Dept. Time (hr.) Time (hr) Description
104 Shape, drill, Automatic 30 in. dia. coller, feed fingers, cir. 5 0057 Alurninum
cut off SCrew form tool, 45 in. dia. center 1.0 in, dia.
machine drill, .129 in. twist drili, finish > 12 .
spiral drill, cut off blade
204 Machine slot Chucker 045 in. slot saw, turret slot 2.25 0067
and thread attach. 3/8-32 thread chaser
304 Drill 8 holes Auto. dr. unit 078 in. dia. twist drill 1.25 .0038
(chucker)
404 Deburr and Drill press Deburring ool with pilot 5 0031
blow out
Al Enclose Dennison None 25 010G
subassembly hyd. press

Figure 2.

Route sheet for one component of the air flow regulator.
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2200 )20

Piunger

Plunger
retainer

4250 Lock nut /A‘-E
@ Pipe plug A3

Packaging materials
Q — -

Figure 2.12  Assembly chart for an air flow regulator.

operations and inspections, A summary of the number of operations and inspections
and operation times can be provided below the chart.

The operation process chart can be complemented with transportations, stor-
ages, and delays (including distances and times) when the information is available.
Such a chart is referred to as a flow process chart by some and a process chart
by others [3].

Assembly charts and operation process charts may be viewed as analog mod-
els of the assembly process and the overall production process, respectively, As
noted previously, circles and squares represent time and horizontal connections
represent sequential steps in the assembly of the product.

Notice in the assembly chart that components have been identified with a four-
digit code starting with 1, 2, 3, and 4. Furthermore, subassemblies (SA) and assem-
blies (A) have been identified with letters and numbers. The same identification
approach has been used in the operation process chart. Additionally, fabrication
operations have been represented with a four-digit code starting with 0.
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OPERATION PROCESS CHART
A.R.C., Inc. A

Company ————— o ————— Prepared by — —— ————————
ir Flow Regulator
Product war Flow Regula Date
Plunger Plunger Plunget
retainer Seal ring Plunger housing hausing
4150 3250 32562
° Shape, drill, s Shape, Mill, ape, Cut to
0105 Jtap inside dill, shapa, dill, length lengih
thread. hook cut off, cut oft, sut off
outside thread, inspect inspect Machine )
inspect slat and {arind to

Drill (4} holes,
tap, ream,
countarsink

Deburr and
blowout
inspect

orill, tap, rall
ream. countersink

Remove burrs on
inside and inspect
inner and outar
surfaces

Spring

Locknut
4250

C-fing, 32585
3565

Pipe plug
1050

Packaging

vigure 2,13  Operation process chart for the air flow regulator.

A second viewpoint (from graph and petwork theory) is to interpret the charts
as network 1'ep1‘esentations, ar mote accuraiely, tree representations of a produc—
tion process. A variation of the network viewpoint is to treat the assembly chart and
the operation process chart as special cases of a more general graphical model, the
precedence diagram. The precedence diagram is @ directed network and is used
in project planning; critical path diagrams and PERT charts are examples of prece-
dence diagrams.

A precedence diagram for the air flow regulator is given in Figure 2.14. The
precedence diagram shows part numbers on the arcs and denotes operations and
inspections by circles and squares, respectively. 4 procurement operation, 0100, is
used in Figure 2.14 to initiate the process.

Notice in the precedence diagram that purchased parts and materials that do
not require modifications are placed on the top and bottom part of the diagram so
that they can be inserted in the center part of the diagram when needed (packag-
ing matesials, pipe plug, lock nut, spring, and O-rings). The center patt of the dia-
gram is then used to include purchased materials and/or components that require
some work before being assembled (body, plunger housing, plunger, seat 1ng, and
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Packaging

1050
4250

Figure 2.14  Precedence diagram for the air flow regulator,

plunger retainer). Fabrication and assembly operations are placed in the center part
of the diagram.

The precedence diagram representation of the operations and inspections
involved in a process can be of significant benefit to the facilities planner. 1t estab-
lishes the precedence relationships that must be maintained in manufacturing and
assembling a product. No additional constraints are implicitty imposed; no assump-
tions are made concerning which parts move to which parts; no material handling
or layout decisions are implicit in the way the precedence diagram is constructed.
Unfortunately, the same claims cannot be made for the assembly chart and opera-
tion process chart,

Recall the instructions we gave for constructing the assembly chart: “The eas-
fest method of constructing an assembly chart is to begin with the completed prod-
uct and to trace the product disassembly back to its basic components.” Implicit in
such an instruction is that the sequence used to disassemble the product showld be
reversed to obtain the sequence to be used to assemble the product, Just as there are
alternative disassembly sequences that can be used, there are also alternative
assembly sequences. The assembly chart and the operation process chart depict a

single sequence. The particular sequence used can have a major impact on space
and handling system requirements.
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Notice operaiions 0101, 0201, 0301, 0401, 0501, 0601, and 0701 are not shown
in series in Figure 2,14, even though they were so represented on the operation
process chart. Hence, there exists some latitude in how the product is assembled.

Unfortunately, there doesn’t exist a mechanism t0 show the possibility of
alternative processing sequences on the operation process chart.

In order to motivate further our concerns regarding the misuse of the opera-
tion process chast in layout planning, consider the processes involved in manufac-
tuting an axle for an over-the-road tractor. Using the advice typically provided in
rexts that describe the construction of operation process charts, the axle itself should
be shown at the extreme right side of the chart. Subassemblies, components, and
purchased parts would be shown sequentially feeding into the axle until a finished
assembly was produced.

By cbserving the operation process chart one might be tempied to develop
an assembly line for the axle (assuming sufficient quantities are to be produced).
The axle would be moved along the assembly line and subassemblies, components,
and purchased parts would be attached to it. Using such an approach, space and
bandling equipment requivements for the line would be based on the largest com-
ponent part in the assembly.

As an alternative, after performing the last processing operation on the axle it
could remain stationary and all subassemblies could flow to it. No further movement
of the axle would have to occur.

Because of the limitations of the assembly chart and the operation process
chart, we recommend a precedence diagram be constructed first. Based on the
precedence diagram, aliernative assembly charts and operation process charts should
then be constructed.

Other techniques to generate and evaluate assembly sequences have been
explored. These techniques consider the assembly according to the relationship
among parts instead of the order in which parts will be assembled, With these
approaches, liaison sequences are generated instead of assembly sequences.

The original Liaison Sequence Analysis (LSA) method for assembly sequencing
was proposed by Bourjault [4). Bourjault's method is an algorithmic approach that
uses the relationships between paris to generate all possible assembly sequences.

The second LSA method is a modification of Bourjault's technique developed
by Whitney and DeFazio [22]. It reduces the number of questions while keeping the
algorithmic nature of the original approach.

Improvements to LSA are currently being addressed. For example, Silva [20]
developed the assembly sequences generator sysiem (ASGS) to produce all the
ohysically possible assembly sequences for a given functional product design. ASGS
also considers the factors affecting the decision-making process (0 select the best
assembly sequence.

Group technology is having an impact on product and process design. Group
technology refers o the grouping of parts into families and then making design
decisions based on family characteristics. Groupings are typically based on pait
shapes, part sizes, material types, and processing requirements, In those cases
where (here are thousands of individual parts, the number of families might be less
than 100. Group technology is an aggregation process that has been found to be
quite useful in achieving standardized part numbers, standard specifications of pur-
chased parts, for example, fasteners and standardized process selection.
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The importance of the process design or process plan in developing the facil-
ities plan cannot be overemphasized, Furthermore, it is necessary that the process
planner understands the impact of process design decisions on the facilities plan,
Our experience indicates that process planning decisions are frequently made with-
out such an understanding. As an example, it is often the case that alternatives exist
in both the selection of the processes to be used and their sequence of usage, The
final choice should be based on interaction between schedule design and facilities
planning. Unfortunately, the choice is often based on “We've always done it this
way” or “The computer indicated this was the best way.”

In many companies the process selection procedure has become sufficiently
routine that CAPP systems have been developed. The resulting standardization of
process selection has yielded considerable labor savings and reductions in produc-
tion lead times. At the same time, standardization in process selection might create
disadvantages for schedule and facility design. If such a situation occurs, a inecha-
nism should exist to allow exceptions.

The facilities planner must take the initiative and participate in the process
selection decision process to ensure that “route decisions” are not unduly con-
straining the faciliies plan, Many of the degrees of freedom available to the facili-
ties planner can be affected by process selection decisions,

2.4 SCHEDULE DESIGN

Schedule design decisions provide answers to questions involving how much to pro-
duce and when to produce, Production quantity decisions are referred to as lot size
decisions; determining when to produce is referred to as production scheduling. In
addition to how much and when, it is important to know how long production will
continue; such a determination is obtained from market forecasts,

Schedule design decisicns impact machine selection, number of machines,
number of shifts, number of employees, space requirements, storage equipment,
material handling equipment, personnel requirements, storage policies, unit load
design, building size, and so on. Consequently, schedule planners need to interface
continuously with marketing and sales personnel and with the largest customers to
provide the best information possible to facilities design planners.

To plan a facility, information is needed concerning production volumes,
trends, and the predictability of future demands for the products to be produced,
The less specificity provided regarding product, process, and schedule designs, the
more general purpose will be the facility plan. The more specific the inputs from
product, process, and schedule designs, the greater the likelihood of optimizing the
facility and meeting the needs of manufacturing.

Marketing Information

A facility that produces 10,000 television sets per month should differ from 2 facil-
ity that produces 1000 television sets per month. Likewise, a facility that produces
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Table 2.2 Mintmitm Market Information Required for Facilities Planning

Product or First Year Second Year Fifth Year Tenth Year
Service Volume Volume Volume Volume
A 5000 5000 8000 10,000
B 000 7500 3000 0
C 3500 3500 3500 4,000
D 0 2000 3000 8,000

10,000 television sets for the first month and increases production 10% per month
thereafier should not be considered the same as a facility that produces 10,000
television sets per month for the foreseeable future, Lastly, consider a facility that
produces 10,000 television sets pet month for the next 10 years versus one that
produces 10,000 television sets pet month for 3 months and is unable to predict
what product or volume will he produced thereafter; they 00 should differ.

As 2 minimum, the market information given in Table 2.2 is needed. Preferably,
information regarding the dynamic value of demands to be placed on the facility is
desired, Ideally, information of the type shown in Table 2.3 would be provided. If
such information is available, a facilities plan can be developed for each demand
state and a facility designed with sufficient flexibility to meet the yearly fluctuations
in product mix. By developing facilities plans annually and noting the alterations i0
the plan, a facilities master plan may be established [16]. Unforiunately, information
of the type given in Table 2.3 is generally unavailable. Therefore, facilities typicaily
are planned using deterministic data. The assumptions of deterministic data and
known demands must be dealt with when evaluating alternative facilities plans.

Inn addition to the volume, trend, and predictability of future demands for var-
ious products, the qualitative information listed in Table 2.4 should be obtained.
Additionally, the facilities planner should solicit input from marketing as to why
market trends are occuring. Such information may provide valuable insight to the
facilities planner.

An Italian econornist, Pareto, observed that 85% of the wealth of the world is
held by 15% of the people. Surprisingly, his observations apply to several aspects
of facilities planning. For example, Pareto’s law often applies to the product mix of
a facility, That is, 85% of the production volume is attributed to 15% of the product
line. Such a situation is depicted by the volume-variety chart or Pareto chart
given in Figure 2.15. This chast suggests that the facilities plan should consist of a
mass production area for the 15% of high-volume items and a job shop arrange-
ment for the remaining 85% of the product mix. By knowing this ai the outset,
development of the facilities plan may be significantly simplified.

This volume-varicty information is very important in determining the layout
type o use. As described in Chapter 3, identifying the layout type will impact
among others the type of material handling alternatives, storage policies, unit loads,
building configuration, aad the location of receiving/shipping docks.

pareto's law may not always describe the product mix of a facility. Figure 2.16
represents the product mix for a facility where 15% of the product line represents
approximately 25% of the production volume; Pateto’s law clearly does not apply.
However, knowing that Pareic’s law does not apply is valuable information; because
if no product dominates the production flow, a general job shop facility is suggested.
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Tuble 2.4 Valuable Information that Sbould Be Obtained from Marketing and Used by a

Facilities Planner

Information to Be Obtained
from Marketing

Facilities Planning Issues Impacted
by the Information

Who are the consumers of the product?

Where are the consumers located?

Why will the consumer purchase the product?

Where will the consumer purchase the product?

What percentage of the market does the product

attract and who is the competition?

What is the trend in product changes?

. Packaging
. Susceptibility to product changes
. Suscepiibility to changes in

marketing strategies

. Facilities location

. Method of shipping

. Warehousing systems design
. Seascnability

. Variability in sales

. Packaging

. Unit load sizes

. Order processing

. Packaging

. Future trends

. Growth potential

. Need for flexibility

. Space allocations

, Materials handling methods
. Need for flexibility

Process Requirements

Process design determines the specific equipment types required to produce the
product. Schedule design determines the number of each equipment type required
to meet the production schedule.

Volume
|

[TIT T IITTTI LT

Variety

Figure 2.15  Volume-vatiety chart for 2 facility where Pareto’s law is applicable.
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e
| T T_T_‘T—"‘W—‘_

Volume
i

Varlety
Figure 2.16  Volume-variety chart for a facility where Pareto’s law is not applicable.

Specification of process requirements typically occurs in three phases. The first
phase determines the quantity of components that must be produced, including
scrap allowance, in order to meet the market estimate. The second phase determines
the equipment requitements for each operation, and the third phase combines the
operation requirements to obtain overall equipment requirements.

Scrap Estimates

The market estimate specifies the annual volume to be produced for each product.
To produce the required amount of product, the number of units scheduled through
production must equal the market estimate plus a scrap estimate. Hence, production
capacity must be planned for the production of scrap. Otherwise, when scrap is pro-
duced the market estimate will not be met. Scrap is the material waste generated in
the manufacturing process due to geometric or quality considerations. For example,
scrap due to geometty is generated when a rectangular steel plate is used to create
circular components or when rolls of fabric are used to make shirts. Scrap due to bad
quality might be caused by mistakes in machining or assembly operations. Ideally, a
company should strive for continuous improvement to achieve zero scrap. An esti-
mate of the percentage of scrap to be incurred from each operation must be made.
This may be based on historical data or estimated from similar operations. In gener-
al, the more automated a process, the less scrap is procduced; the looser the part tol-
erance, the less scrap is produced; the bigger the number of certified suppliers, the
less scrap is generated; the more quality at the source and prevention techniques are
applied, the less scrap is generated; and the higher the grade of material, the less
scrap is produced.

Let P, represent the percentage of scrap produced on the #" operaticn, O, the
desired output of nendefective product from operation k, and 7, the production
input to operation k. It follows that, on the average

O, =L — Pl 2.0
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or
3 Op = L, — P
: Hence,
O,
I = 2.2
=17 22

Thus, the expected number of units to start into production for a part having n
operations i

OFI

..., SN
L (1— P)(1— P) (1 =P

(2.3)

where in this case O, is the market estimate.

Example 2.1

A product has a market estimate cf 97,000 components and requires three processing steps
{urning, milling, and drilling) having scrap estimates of P, = 0.04, A, = 0.01, and P, = 0.03.
The market estimate is the output required from step 3. Therefore,

97,000

= = 100,000
5=1 7003 0

Assuming no damage between operations 2 and 3 and an inspection operation Lo remove all
rejects, the oufput of good componenis from operation 2 (02} may be equated to the input
1o operation 3 (%), Therefore, the number of components 10 start into operation 2 (I is

100,000
L=—7"—"="

= 1__001=:101900

Likewise, for operation 1:

101,010

| §o=—
P 0,04

= 105,219

The calculations are identical to:

97,000

R 2/ R Ty
= o - senG —oeh

‘The amout of raw material and processing on operation 1 is not to be based on the market
estimate of 97,000 components, but on 105,219 components, as summarized in Table 2.5.

Table 2.5 Summary of Production Requiremenis for Example 2.1

Production Quantity Expected Number of
Cperation Scheduled (units) Good Units Produced
Turning 105,219 101,010
Milling 101,010 100,000

Drilling 100,000 07,000
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Reject Allowance Problem

As suggested by the previous analysis, random events influence the number of
acceptable units produced. The calculations performed using Equations 2.1 through
2.5 are reasonable when high-volume production is occurring. However, when pro-
ducting small batches the use of average values is less appropriate. As an example,
consider a foundry that produces small numbers of custom-designed castings, If
conditions are such that the foundry has only one chance to produce the number
of castings required, then the probability of a casting being good should be con-
sidered when determining the batch size to be produced,

In determining how many castings to produce, the following questions come
to mind:

1. How much does it cost to produce a good casting? How much for a bad
casting?

2. How much revenue is generated from a good casting? How much from a bad
casting?

3. What is the probability distribution for the number of good castings resulting
from a production lot?

If answers are available for these questions, then a determination can be made
regarding the number of castings to schedule in order to, say, maximize the expect-
ed profit or achieve a desired confidence leve] of not producing fewer good cast-
ings than are needed, Determining the number of additional units to aliow when
scheduling low-volume production where rejects randomly occur is called the reject
allowance problem [22),

To facilitate a formulation of the reject allowance problem, let

X = random variable representing the number of good units produced
P = probability of producing exactly & good units

Q = quantity of units 1o produce

C(Q, %) = cost of producing Q units, of which exactly x are good units

R(Q, %) = revenue from producing Q units, of which exactly x are good units
P(Q, x) = profit from producing G units, of which exacily x are good units

I

RQ, %) - C(Q,
EP(Q)] = expected profit from producing O units

Qo
= > PQ % plx)
x=0

The expected profit from producing Q units can be determined as follows:

Q
AP = RO, % — <(Q 0} plx)

=0
If it is desired to maximize expected profit, the value of Q that maximizes Equ-
ation 2.4 can be determined by enumerating over various values of Q. For most cost
and revenue formulations, Equation 2.4 is a concave function; therefore, unimadal
search routines can be used. See [22] for necessary and sufficient conditions for Q
to be the optimum production quantity when X is binomially distributed,
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‘[abie 2.6 Probability Distributions Jor the Number of Good

Castings (x) Out of O

# Good
Castings Number of Castings Produced (Q)
X 20 21 22 23 24 25 26 27 28 29 30
12 0.05 000 000 000 0.00 0,00 000 000 0.00 000 000
13 005 005 000 000 000 000 000 000 0.00 000 000
14 0.05 003 005 000 0.00 000 GO0 000 0.00 000 000
| 15 005 005 005 005 000 000 000 000 0.00 000 000
| 16 010 0035 005 085 0.05 000 000 000 000 Q.00 000
| 17 010 010 005 005 0.05 005 000 000 0.00 000 0.00
‘ 18 015 010 010 005 0.05 005 005 000 0.00 000 000
! 19 020 015 010 Q10 005 005 005 005 000 000 0.00
20 025 020 015 010 0.10 005 005 005 0.05 000 000
21 000 025 020 015 010 010 009 005 0.05 005 000
22 000 000 025 020 015 010 010 005 0.05 005 005
23 000 ©00 000 023 020 015 010 010 005 005 005
24 pOo0 000 000 000 025 020 015 010 010 005 005
25 0.00 000 0.00 000 000 025 020 015 0,10 010 005
26 000 000 000 000 000 000 025 020 0.15 010 010
27 000 000 000 000 000 000 000 025 020 015 010
23 000 000 000 000 0.00 0.0 000 000 025 020 015
29 0.00 000 000 000 000 000 000 000 000 025 020
30 0.00 000 0.00 000 0.00 000 000 000 0.00 0.00 025
Example 2.2

A foundry produces castings 10 order. An order for 20 custom-designed castings has been
received. The casting process costs 81,100 per unit scheduled. If a casting is not sold, it
has a recycle value of $200. The customer has indicatedt a willingness to pay $2,500 per

casting for 20 acceptable castings—no more, no less! Based on historical records, the
probability distributions given in Table 2.6 have been estimated. How many castings

should be scheduled for production t© maximize expecied profit? What is the probability

of losing money at this production level?
The revenue and cost functions can be given as follows:

KO = {$zoog x< 20
Q) = \g2,500020) + $200(Q ~ 20) 20 = x=Q
c(Q, x) = §1,1000 0=x=0Q
{-3900Q x < 20
P 0 = {546,000 ~ $7000 0= x=Q

Therefore, the expected profit can be given as follows:

19

0
Fip(Q)] = — 29000 pla) + 2, (46,600 — 700Q) Pl

a=i x=30

The expected profit expression can he shown to reduce to

o
Ep(O)) = (46,000 + 200Q) px) — 900Q

am 20
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The profits resulting from various combinations of O and x are shown in Table 2.7. (Zero
profit values are shown for infeasible combinations of Qand x to simplify the calculation
of expecied profit using Excel’s SUMPRODUCT function.) The vector products of columns
from Tables 2.6 and 2.7 are obtained using the SUMPRODUCT functicn and vield the
expected profit values in Table 2.8. The maximum expected profit ($26,400) results from
scheduling 28 caslings to be produced. From Table 2.6, when 28 castings are produced
there is a zero probability of losing money; the penalty for not producing at least 20 good
units Is so severe that the minimum number of units having a zero probability of
producing less than 20 good units is optimum.

Equipment Fractions

The quantity of equipment required for an operation is referred to as the equip-
ment fraction. The equipmeni fraction may be determined for an operation by
dividing the total time required to perform the operation by the time available to
complete the operation. The total time required to perform an operation is the
product of the standard time for the operation and the number of times the oper-
ation is to be performed. For example, if it takes 2 hr to duplicate a paper and if
six papers are to be duplicated in 2 hr, it clearly follows that 1.5 duplicating
machines are needed to complete the operation. Whether or not 1.5 duplicating
machines are actually adequate to duplicate the required papers depends on the
following questions.

1. Are the papers actually being duplicated according to the ¥2 hr per paper
standard?

Is the duplicating machine available when needed during the 2-hr period?

3. Are the standard time, the number of papers, and the time the equipment is
actually available known with certainty and fixed over time?

The first question may be handled by dividing the standard time by the his-
torical efficiency of performing the operation. The second question may be handled
by multiplying the time the equipment is available to complete an operation by the
historical reliability factor for the equipmeni. The reliability factor is the percentage
of time the equipment is actually producing and is not down because of malfunc-
ticning or pianned maintenance.

The third question dealing with the uncertainty and time-varying nature of
machine fraction variables can be an important factor in determining process require-
ments, Tf considerable uncertainty and variation over time exists, it may be useful to
consicer using probability distributions, instead of point estimates for the parameters,
and uiilize a probabilistic machine fraction model. Typically, such models are not
utilized and the approach taken is to use a determjnistic model and plan the facility
to provide sufficient flexibility to handle changes in machine [raction variables.

Table 2.8  Hxpected Profft from Producing Q Castings
Number of Castings Scheduled (Q)
20 21 22 23 24 25 26 27 28 29 30
—45,500 $3,600 $10,440 $14,720 $19,040 $20,850 $22,680 $24,530 $26,400 $25,700 $25,000
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The following deterministic model can be used to estimate the equipment
fraction required:

F= Eif?f{’— {2.5)

where

F = number of machines required per shift

§ = standard time (minutes) per unit produced

Q = number of units to be produced per shift

£ = actual performance, expressed as a percentage of standard time
H = amount of time (minutes) avajlable per machine

R = reliability of machine, expressed as percent “uptime”

Additionally, equipment requirements are a function of the following factors:

. Number of shifts (the same machine can work in more than one shift).

*  Setup times (if machines are not dedicated, the longer the setup, the more
machines needed).

*  Degree of flexibility (customers may require small lot sizes of different prod-

ucts delivered frequently—exira machine capacity will be required to handle
these requests).

*  layout type (dedicating manufacturing cells or focused factories to the pro-
duction of product families may require more machines).

*  Total productive maintenznce (will increase machine up time and improve
quality, thus fewer machines will be needed).

Example 2.3

A machined part has a standard machinery time of 2.8 min per part on a milllng machine,
During an 8-hr shift 200 units are 1o be produced. Of the 480 min available for production,
the milling machine will be operational 80% of the time. During the time the machine is
operational, parts are produced at a rate equal 1© 95% of the standard rate, How many
milling machines are tequired?

For the example, § = 2.8 min per part, O = 200 units per shift, 7 = 480 min per
shift, & = 0.95, and g = 0.80. Thus,

2.8
= 635(4;)2)——%5)— = 1.535 machines per ghifi

Specifying Total Fquipment Reguirements

The next step in determining process requirements is to combine the equipment
fractions for identical cquipment types. Such a determination is not necessarily
straightforward. Even if only one operation is to pe performed on a particular
equipment type, overtime anc subcontracting must be considered. If more than one

operation is to be run on 2 particular equipment type, several alternatives must he
considered.
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Table 2.9 Total Equipment Requirement Specification Example

Next Highest Whole

Operation Number Equipment Fraction Number
109 1.1 2
206 2.3 3
274 0.6 1

Example 2.4

The machine fractions for an ABC drill press are given in Tabie 2.9. No drill press operator,
overtime, or subcontracting is available for any operation on the ABC drill press. It may be
seen that a minimum o four and a maximum of six machines are required. How many
should be purchased? The answer is either four, five, or six. With no further information, a
specific recommendation cannot be made. Informaticn on the cost of the equipment, the
length of machine setups, the cost of in-process inventories, the cost and feasibility of
over-time, production, and/or setups, the expected future growth of demand, and several
other qualitative factors must be analyzed to reach a decision.

Machine Assignment Problem

Chapter 4 addresses facility requirements for personnel, including employee park-
ing, locker rooms, restrooms, food services, and so forth. It is assumed that a deter-
mination of the number of people to be employed in the facility already has been
made, Typically, such decisions are not a past of the facilities planning process.
However, the combination of product, process, and schedule design decisions sig-
nificantly influences the number of employees involved in producing the product.
In this seciion, we consider how decisons regarding the assignment of machines to
operators can affect the number of employecs. Specifically, we consider a situation
involving the assignment of operators to semiautomatic production equipment. For
purposes of this discussion, it is assumed the machines are identical, In contrast to
the reject allowance problem, it is assumed that the times required to load and
unload each machine are constant, the automatic machining time is constant, and
the “independent” time required for the operator 1o travel between machines, pre-
pare parts for maching, and inspect and pack parts are constant.

To illustrate the situation under consideration, see Figure 217, which depicts
the activities of an operator and three machines. The chart is called a human-
machine chart or a multiple activity chart, since it shows the activities of one or
more poeple and one or more machines. Such charts can be used to analyze multiple
activity relationships when nonidentical machines are being tended by one or more
operatiors. The multiple activity chart can prove useful in analyzing the activities or
each operator and each machine during “transient” and “steady-state” conditions.

Example 2.5

For the situation illustrated in Figure 2.17, it takes 0.5 minute 1o travel between machines,
1.0 minute to load 2 machine, 1.0 minute to unload a machine, 6 minutes of automatic
machine Hime, and 0.5 minute to inspect and pack a finished part. As shown, the analysis
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Figure 2.17  Multiple Activity Chart for Example 2.,5.

begins with each machine empty and the operator standing in front of Machine 1 (M-1).
The operator loads M-1, walks to M-2, loads M-2, walks to M-3, loads M-3, walks to M-1,
unloads M-1, loads M-1, inspects and packs the part removed from M-1, travels 1o M-2, and
so forth. As shown in Figure 2.18, it takes 12 minutes for the operator and 3 machines o
achieve a steady-state condition; thereafter, a repeating cycle of 9 minutes in duration
oceurs, (In other words, if nothing interrupts the activities of the operator and the three
machines, the 9-minute cycle will repeat indefinitely.)

Under conditions similar to those depicted by Figure 2,17, a deterministic model can
the eptimum number of machines to assign 1o an individual

be developed to determine
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Figure 2.18 Assignment of three machines to one Operaiof. (Reprinted with permission
from (231

operator, To facilitate the development of the model, let

4 = concurrent activity time (e.g., loading and unloading a machine}

b = independent operatot activity time (e.g., walking, inspecting, packing)
¢ = independent machine activity time (e.g,, automatic machining time)
7 = ideal number of identical machines to assign an operator

m = number of identical machines assigned an operator

7. = repeating cycle time

1, = idle operator ime during a repeating cycle

I, = idle time for each machine during a repeating cyele

Exchuding idle time, each machine cycle requires @ + I minutes o complete a cycle.
Likewise, the operator devotes @ + & minutes 10 each machine during & cycle, Hence, an
ideal assignment is

wWo={(a+ dHlath (2.6}

For the example, a equals 2 minutes, b equals 1 minute, and fequals 6 minutes. Therefore,
#' equals 2.67 machines. Since a fractional number of machines cannot be assigned to an
operator, consider what will happen if some integer number of machines, m, is assigned.
The work content for the operator will total m(a + ), while a machine cycle will be (a -+ D
in duration. The repeating cycle will be the larger of the twe and the difference in the two
will be iclle time. If m > #, then the repeating cycle will be m{a + 8 in duration; if m < #,
then the repeating cycle will be (a + £ in duration. Therefore,

_lat B m=n'

T oma t+ B m> @n
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m=n
;=Y .o 2.8)
w 7’;_ - {a+ H M= n
7. - mla+ b m=n
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For the example, with m =3 and n' = 2.67, the repeating cycle is 3(2 + 1), or 9 minutes
as observed in Figure 2.17. The idle time for each machine during a repeating cycle equals
9 — (2 + 0), or 1 minute, again as observed in Figure 2.17. As shown in Figure 2.18, the
work cell must be designed carefully to provide adequate access for incoming and
outgoing material, machine maintenance, and operator movement.

If we wish to determine the cost per unit produced by an s machine assignment,
the following notzation will be helpful

c, = cost per operator-hour

Cn = cost per machine-hour

€ = Clu/ C

TC(m) = cost per unit produced based on an assignment of # machines per

operator

The cost per hour of a combination of # machines and an operator totals ¢, + mC,y,
Assuming cach machine procluces one unit during a repezting cycle, the cost per unit
produced during a repeating cycle can be determined as follows:

TCCm) = (G+mC)at dim m=n @2.10)
(G, + mC)a+ b m>n
To minimize 7C(m) when m < #', m should be made a large as possible; to minimize
7¢(m) when m > n', m should be made as small as possible, If ' is integer valued, #'
will minimize TC(). U #' is not integer valued then either 2 or # + 1 will minimize
T¢(m) where n is defined to be the integer portion of #',

To facilitate the determination, let @ represent the ratio of TC(n) to TC(# + 1),
Hence, frem Equation 2,10,

¢

i

TC)/TC(n + 1)
(C,+ nC)(a+ b
CwlGt (n+ DG+ b @11

fir

which reduces to

e+ n
O = —
e+ nd

(2.12)

SNEY

If @ < 1, then TC(#) < TC(n + 1) and 1 machines should be assigned; if ® > 1, then
TC(n + 1) < 7C{n) and # + 1 machines should be assigned; if ® = 1, then either 7 or
# + 1 machines should be assigned,

For the example, suppose ¢, equals $15 per hour and C,, equals $50 per hour,
Therefore, € equals 0.30 and ® equals 0.929. Since ¢ < 1, then 2 machines should be
assigned to an operator. The problems at the end of the chapter explore various aspects of
the machine assignment problem, such as assigning machines to operators if, say, a total of
11 machines are required to meet the daily production schedule or there is uncertainty
regarding the value of C,.



