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AN ECONOMIC EQUIPMENT REPLACEMENT MODEL 
FOR 

FLEXIBLE MANUFACTURING SYSTEMS 

by 

Lawrence C. Leung 

ABSTRACT 

This dissertation develops an economic equipment replacement model 

suitable· for Flexible Manufacturing Systems (FMSs). An FMS represents 

an integrated machining system which produces multiple products and 

utilizes multiple inputs including avital materials handling system. 

The system's interactive nature defies traditional replacement works 

which are confied to one-for-one as well as like-for-like situations. 

The model developed in this work addresses the issue of multiple machine 

replacement. Considerations incorporated include layout, 

transportation, materials handling capacity, flexibility, capacity 

expansion/contraction, obsolescence and deterioration, inputs 

substitution, and equipment depreciation. This model is demand driven. 

The optimality criterion is the' maximization of the after-tax future 

worth of the system at the end of a specified planning horizon. The 

1983 ACRS rules are used. Illustrative examples are provided 

throughout. 



ACKNOWLEDGEMENT 

I wish to thank all members of my advisory committee for their 

invaluable guidance and suggestions. Firstly, my thanks to Dr. Ernest 

Bentley for his perspective and particularly for his thorough 

examination of the manuscript; and to Dr. Richard Wysk who had provided 

the physical aspect to this work. Special thanks are due to Drs. Marvin 

H. Agee and Robert P. Davis both of whom, besides contributing to this 

research, had advised me on a variety of other matters during my 

graduate studies here at Virginia Tech; for these I am most grateful. 

I extend my thanks to 

time to type the manuscript. To 

Program Subroutine. 

who was provided with little 

•; thanks for the Linear 

It is difficult to describe my appreciation for my major advisor, 

my teacher, Dr. Jose M. A. Tanchoco who had advised me throughout my 

entire graduate studies and whose scholarly approaches have enlightened 

even this student. To Dr. Joe, I express my deepest graditude and the 

hope that he will continue to advise me in the years ahead. 

iii 



TABLE OF CONTENTS 

PAGE 

CHAPTER I INTRODUCTION 1 

I.1 DEFINITION OF FLEXIBLE MANUFACTURING 1 
SYSTEM (FMS) 

I.2 ADVANTAGES OF AN FMS 2 

I.3 HIERARCHICAL CONTROL OF FMS 3 

I.4 PERFORMANCE EVALUATION OF FMS 5 

I. 5 TYPES OF FMS 5 

I.6 MATERIAL HANDLING DEVICES FOR DIFFERENT 8 
TYPES OF FMS 

I. 7 NEEDS OF FMS REPLACEMENT ANALYSIS 10 

I.8 RESEARCH OBJECTIVES 12 

CHAPTER II GENERAL REPLACEMENT TOPICS 15 

II.1 DEFINITION OF REPLACEMENT 15 

II.2 REASONS FOR REPLACEMENT 16 

II.3 TYPES OF REPLACEMENT SITUATIONS 18 

II.4 PERFORMANCE MEASURES OF REPLACEMENT 19 

II.5 DISCUSSION 20 

CHAPTER III MAJOR CONSIDERATIONS IN REPLACEMENT STUDIES 21 

III.I CHOICE OF CRITERION 21 

III.2 CONSIDERATIONS FOR CAPACITY EXPANSION 22 
OR CONTRACTION 

III.3 SELECTION OF PRODUCTION TECHNOLOGY 23 

III.4 SELECTION OF A PLANNING HORIZON 24 

iv 



III.5 

III.6 

III.7 

III.8 

~/ CHAPTER IV 

IV .1 

IV .2 

IV.3 

IV.4 

[/CHAPTER V 

v .1 

v.2 

V.4 

VI. l 

VI.2 

VI.3 

VI.4 

VI.5. 

VI.6 

CAPITAL BUDGETING CONSIDERATIONS 

RATE OF DETERIORATION AND RATE OF OBSOLENSCENCE 

TAX CONSIDERATIONS 

PROBLEMS WITH INFORMATION GATHERING 

SURVEY OF LITERATURE ON REPLACEMENT 

CONCEPTUAL DEVELOPMENT 

ECONOMIC INTERPRETATIONS 

MATHEMATICAL PROGRAMMING MODELS 

DISCUSSION 

THE FMS REPLACEMENT ENVIRONMENT 

INTRODUCTION 

ASSIGNMENT OF MACHINING PARTS 

REPLACEMENT POSSIBILITIES 

SUMMARY 

PRELIMINARY MODEL FORMULATION 

INTRODUCTION 

DETERMINATI~N OF OPTIMAL OPERATING PROFIT 
WHEN POOLING IS NOT ALLOWED 

DETERMINATION OF OPTIMAL OPERATING PROFIT 
WHEN POOLING IS ALLOWED 

DETERMINATION OF OPTIMAL CONFIGURATION SEQUENCE 

PROBLEM SIZE 

SUMMARY 

v 

PAGE 

24 

25 

26 

26 

28 

28 

30 

32 

34 

35 

35 

35 

41 

47 

49 

49 

51 

53 

61 

66 

67 



CHAPTER VII ASSIGNMENT OF MACHINE PARTS WITHOUT 
REPLACEMENT -- SINGLE YEAR MODEL 

VII. l INTRODUCTION 

VII.2 PROBLEM STRUCTURE 

VII.3 AN ILLUSTRATIVE EXAMPLE 

VII.4 SUMMARY 

CHAPTER VIII MACHINING PARTS ASSIGNMENT IN A REPLACEMENT 
ENVIRONMENT -- A SINGLE-YEAR ANALYSIS 

VIII. I 

VIII.2 

VIII. 3 

VIII.4 

VIII.5 

VcHAPTER rx 

IX. I 

IX.2 

IX.3 

IX.4 

IX.5 

IX.6 

IX.7 

VcHAPTER x 

INTRODUCTION 

ONE-FOR-ONE REPLACEMENT SITUATION 

ONE-FOR-TWO REPLACEMENT SITUATIONS -
REPLACEMENT WITH CONTRACTION 

A TWO-FOR-TWO REPLACEMENT SITUATION 

SUMMARY 

THE OPTIMAL FM REPLACEMENT SEQUENCE -
MULTI-YEAR MODEL 

INTRODUCTION 

PROBLEM STRUCTURE AND SOLUTION PROCEDURE 

AN ILLUSTRATIVE EXAMPLE 

PROBLEM SET-UP AND PROBLEM SIZE 

RESULTS AND DISCUSSION 

SOME PARAMETRIC ANALYSIS 

SUMMARY 

SUMMARY AND RECOMMENDATIONS 

vi 

PAGE 

69 

69 

69 

75 

96 

101 

101 

101 

112 

120 

123 

126 

I26 

I26 

I3I 

I36 

139 

156 

I 71 

174 



LIST OF TABLES 

TABLE 

I.l General Relationship Between Several Types of 
Manufacturing Systems and Production 
Requirements for Each Part 

I.2 Characteristics of Materials Handling Equipment 
for Delivering Parts in Typical FMS Layout 

V.l An Example of Possible FMS Configurations 

V.2 Possible FMS Configurations for Different (n,d) 
Combinations 

VII.! The Distance Matrix for the FMS 

VII.2 Respective Input Consumption Rates by Machine, 
and Unit Costs of Inputs 

VII. 3 Machine Timers per Operation Per Part Type Per 
Machine (in Minutes) 

VII.4 Upper Limits of Resources 

VII.5 Parts Assignments for the Example Problem 

VII.6 Breakdown of Costs and Revenues by Part Type 

VII.7 The Optimal Dual Variables for the Allocation 
Constraints 

VII.8 Respective % Consumption of Available Resources 

VII. 9 -.:lie Optimal Dual Variables for the Allocation 
Constraints (When AGV Capacity is 2,000,000 
ft. per yr.) 

VII.10 The Optimal Parts Assignment when AGV Capacity 
is 2,000,000 

VII.11 The Optimal Parts Assignment when Machine 
Capacities are all at 360,000 

VII.12 Optimal Assignment with Different Demand Profile 

vii 

PAGE 

6 

9 

44 

48 

77 

79 

80 

81 

84 

87 

89 

93 

94 

95 

97 

99 



TABLE 

VIII.l Operation Times Per Part Type for Challengers 
X and Y 

VIII.2 Respective Input Consumption Rates by the 
Challengers X and Y 

VIII. 3 Optimal Parts Assignment for FMS Configuration 
(6,3,4,5) 

VIII.4 Optimal Parts Assignment for FMS Configuration 
(7,3,4,5) 

VIII.5 Optimal Parts Assignment for FMS Configuration 
(2,6,4,5) 

VIII.6 Optimal Parts Assignment for FMS Configuration 
(2,7,4,5) 

VIII.7 Optimal Parts Assignment for FMS Configuration 
(6,4,5) 

VIII.8 Optimal Parts Assignment for FMS Configuration 
(6,4,5) When M/C 6 is Placed in Cell No. Two 

VIII. 9 Configuration (7 ,4 ,5) - Incapable of Performing 
Operations 7 and 9 of Part Type Three 

VIII.10 Optimal Parts Assignment for FMS Configuration 
(6,7,4,5) 

IX.l Machine Values over the Entire Planning Horizon 
(All beginning-of-year values) 

IX.2 Demand Profile for Years 2, 3 and 4 

IX.3 Yearly Deterioration and Obsolescence Ratios 
for Respective Machines 

IX.4 Total Number of Configurations Per Year and 
Their Representations // 

IX.5 Maximum Operating Profit Per Configuration 

IX.6 The Optimal Return Values CF-values) for all 
Configurations 

viii 

PAGE 

102 

103 

105 

108 

110 

113 

115 

117 

119 

121 

135 

137 

140 

143 

144 



IX.7 

IX.8 

IX.9 

IX.10 

IX.11 

IX.12 

IX.13 

IX.14 

IX.15 

IX.16 

IX.17 

IX.18 

Optimal Parts Assignment for FMS Configfuration 
(2,7,4,5) - in one year 

Optimal Parts Assignment for FMS Configuration 
(2,7,4,5) - in year two 

Optimal Parts Assignment for FMS Configuration 
(7,10,4,5) - in year three 

Optimal Parts Assignment for FMS Configuration 
(7,10,4,5) - in year four 

Effects of Time-Value-of-Money on Replacement 
Policy 

5% Deterioration Rate for Defender A, Challenger 
X and Challenger 

A 10% Obsolescence Rate for the Entire Planning 
Horizon 

A 10% Annual Increase in Selling Price for All 
Part Types 

16% Annual Increase in Unit Indirect Labor Cost 

18% Annual Increase in Unit Direct Labor Cost 

Machine Capacity of 360,000 for the Entire 
Planning Horizon 

A Summary of the Price Volume Combinations for 
Different Parameters 

ix 

PAGE 

148 

150 

152 

154 

158 

160 

163 

165 

166 

167 

169 

170 



FIGURE 

I.1 

v .1 

VI.1 

VI.2 

VII.1 

VII.2 

VII.3 

. VII.4 

VII.5 

VII.6 

VII. 7 

VIII.1 

IX. l 

IX.2 

IX.3 

IX.4 

IX.5 

IX.6 

LIST OF FIGURES 

Hierachical Control of FMS 

Sequence of FMS Configuration 

A Price-Volume Relationship for a Given Part 
with Three Different Price Breaks 

FMS Configurations Selection in a Multistage 
Sequential Decision. Framework 

A Representation of the Flow Problem 

A Representation of the Flow Problem Showing 
Infeasible Price Combinations 

The FMS Layout 

Price-volume Relationship 

Some Revenue-Cost Relationships 

A New Demand Profile 

Summary of Results 

Summary of Parts Assignment Results with 
Replacement Activities 

A "Replacement Tree" for Single Machine 
Replacement and One Challenger 

An Arbitrary FMS Replacement Tree 

A General Logic Flow of the Solution Procedure 

A Sample of the Replacement Tree Showing Certain 
Configurations and Their Precedence Relationships 

Plot of Optimal Future Worth Against Time-Value-
of-Money also Showing Regions of Optimal 
Replacement Sequence 

Some Elements of System Flexibility 

x 

PAGE 

4 

45 

54 

63 

72 

74 

76 

83 

90 

98 

100 

124 

129 

130 

132 

141 

159 

176 



CHAPTER I 

INTRODUCTION 

The objective of this research is to develop an equipment 

replacement model suitable for Flexible Manufacturing Systems (FMS). 

FMSs have received considerable attention in the manufacturing sector in 

the past few years. They have been highly acclaimed for their potential 

to improve productivity for medium volume production. However, a formal 

economic replacement evaluation for an FMS has never been published. 

Existing equipment replacement models fail to capture the 

characteristics of an FMS. This research addresses specific issues 

related to the complex nature of these systems. 

The remainder of this chapter is organized as follows: the physi-

cal characteristics of an FMS are described first. Then, the needs for 

replacement analysis in·the context of an FMS are discussed. The final 

section outlines the specific objectives for the proposed research. 

I.l DEFINITION OF FLEXIBLE MANUFACTURING SYSTEM (FMS) 

As suggested by the Charles Stark Draper Laboratory [l], a Flexible 

Manufacturing System can be defined as: 

"A computer-controlled configuration consisting of semi-

independent work stations and a material handling system 

designed to manufacture more than one part number at low to 

medium volumes." 

The benefits of automation in continuous, high-volume production 

has been well documented. For low to medium volume production, however, 

1 
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an FMS is an alternative to traditional systems where the potential for 

dramatic increases in productivity may be achieved. An FMS aims to 

automate production of families of parts in a batch manufacturing 

environment. It utilizes computer-controlled material handling systems 

to forge a link between machine centers. The essential components of an 

FMS are: 

(a) potentially independent numerical control machines, 

(b) a material handling system to handle parts between machine 

centers, and to-and-from load stations, and 

(c) a system control design which co-ordinates the machine tools, 

the conveyance system and the work pieces. 

Additionally, work-in-process and tooling requirements can be 

satisfied by interfacing an automated storage and retrieval system with 

the other segments of the manufacturing operations. 

I.2 ADVANTAGES OF AN FMS 

It has been suggested that an FMS allows the efficiency of 

automation without sacrificing flexibility; this assessment is 

particularly valid for medium level production. That is, the flexible 

nature of the system allows both production of a variety of parts and a 

quick response to varying production requirements. The fixed cost of 

the system is spread over many more part types. The system can easily 

adapt to fluctuating demand, new product designs, engineering changes, 

etc. 

Other benefits attributed to automated operation include: 

(a) parts of high and uniformly consistent quality, 
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(b) dramatic labor reduction, 

(c) reduced inventory level, 

(d) shorter manufacturing cycle times, and 

(e) better machine utilization. 

I.3 HIERARCHICAL CONTROL OF FMS 

An FMS typically consists of four levels of decisions (see Figure 

I.l): 

Level 1 - batching strategy, 

Level 2 - part and tool allocation, 

Level 3 - operator control, and 

Level 4 - computer control. 

At the top level, the production requirement for the FMS over some 

period of time is specified. Part batching strategies are determined at 

this level in order to satisfy such constraints as tool capacity and due 

date requirements. At the next level, detailed assignment of parts and 

tools to machines are made for each batch. Here, allocation constraints 

would include in-process inventory, workload on FMS, machine failure, 

fixture constraints, tool capacity and tool costs. At level three, the 

operator interfaces with the computer-based control system. He is given 

a number of controls to coordinate the system performance. In general, 

these control parameters include (a) the total number of pallets in the 

system, (b) the total number for each pallet type, and (c) the 

specification of part priorities. The fourth level deals with the 

numerous decisions which are normally under computer control. These 



Level 1 

Level 2 

Level 3 

Level 4 

4 

Decisions 

Batching Strategy 

-Which parts to produce during which time period. 

Part and Tool Allocation 

-Assignments of parts to machine. 

-Assignments of tools to machine. 

Operator Control 

-Total number of each pallet type in system. 

-Part priorities and other control parameters. 

Computer Control 

-Part input sequence. 

-Next machine to process a part. 

-Next cart to transport a part. 

-Routing of part between machine. 

Figure I.l. 

Hierarchical Control of FMS 
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decisions include control of the material handling system, routes of 

parts to the proper machines, etc. 

I.4 PERFORMANCE EVALUATION OF FMS 

The operational performance of an FMS can be measured relative to 

the following objectives: 

(i) to meet due date, 

(ii) minimization of time required to process all parts, 

(iii) maximization of machine utilization, 

(iv) minimization of in-process inventory, and 

(v) minimization of material handling system usage. 

The list is in no way complete nor are these objectives necessarily 

compatible. In fact, it is common to find decisions which place high 

priority on one objective at the expense of another. Obviously, the 

analysis would be much simpler if these objectives could be measured in 

comparable monetary values. 

I.5 TYPES OF FMS 

The effectiveness of an FMS depends on many factors including part 

characteristics, material, size, accuracy,·and processing requirements. 

Table I.I shows a general relationship between several types of 

manufacturing systems and production requirements for each part. 

Transfer lines represent the most efficient method for high volume 

sequential operation, particularly for the production of a very small 

variety of parts. However, its versatility is limited because of the 

tooling and setup required. Independent numerically controlled 
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Table I. l 

General Relationship Between Several Types of Manufacturing Systems 
and Production Requirements for Each Part (2] • 

Type of Manufacturing 
System and Degree 
of Flexibility 

LOW 

Transfer Line 

MEDIUM 

Dedicated FMS 

Sequential or 
Random FMS 

Manufacturing Cell 

HIGH 

Stand-Alone 

NC Machine 

Number of Parts 
in Family 

1 - 2 

3 - 10 

4 - 10 

30 - 500 

200 and up 

Average Quantity 
per batch 

7,000 and up 

1,000 - 10,000 

50 - 2,000 

20 - 500 

1 - 50 

.. 



7 

machines, on the other hand, are more suitable for the production of a 

variety of parts because of greater versatility for part change. Their 

efficiency, however, is relatively low. An FMS can be effective in the 

midrange production levels where three to a few hundred part types are 

produced in batches of under 100 units. 

There are several ways of configuring an FMS, each resulting in 

various degrees of flexibility: 

(i) manufacturing cells, 

(ii) random or sequential systems, and 

(iii) dedicated systems. 

I.5.1 Manufacturing Cells 

Typically, manufacturing cells consist of clusters of numerically 

controlled machines served by a robot. It is also possible to integrate 

a sequence of clusters into multi-cluster systems. 

I.5.2 Random Operation and Sequential Operation 

A sequential system follows a sequential flow pattern to produce 

one batch of parts after another; this system is characterized by quick 

tool-change capability to accommodate a family of parts. In random 

systems, several different parts may be worked on simultaneously by 

versatile machines. The layout configuration becomes important for 

routing parts to selected machines. 
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I.5.3 Dedicated Systems 

Dedicated systems often include specialized machines, dedicated to 

a narrow range of heavy bulky parts. 

I.6 MATERIAL HANDLING DEVICES FOR DIFFERENT TYPES OF FMS 

Effective operation of an FMS requires that the material handling 

devices and machining operations b.e coordinated, under a hierarchical 

control system monitored by a computer. With respect to the handling 

method, there are two categories of parts handled: (a) parts of 

rotation such as cylinders, gears, etc., and (b) prismatic parts. 

Rotational parts, 

they are usually within 

transferred by robots. 

in general, require turning operations. Since 

the weight limit of robots, they are often 

They can be carried, in multiples, as a unit 

load on special delivery pallets which are designed for pickup by 

robots. 

handle. 

Prismatic parts, however, are often too heavy for robots to 

They are normally clamped to fixtures on metal machining 

pallets which are designed to fit on the bed of the machine tool. 

Various kinds of mechanisms are used to transfer these pallets. Typical 

material handling equipment used for delivering parts in typical FMS 

layouts is listed in Table I.2. 

I.6.1 In Manufacturing Cells 

Robots are utilized to handle individual parts. Coordination of 

robot moves according to the changing requirements of the machines are 

commonly performed by microprocessors. Also, buffer storage required to 

maintain continuous machining operations needs to be considered. In 

many FMSs, buffer storage is provided at the machine on conveyor spurs 
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Table 2 

Characteristics of Materials Handling Equipment 
for Deliverying Parts in Typical FMS Layout [3]. 
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or in pallet exhange transfer mechanisms. In other systems, storage is 

provided by conveyor systems between machines, or at a parts set-up area 

before or after palletizing. 

I.6.2 In Sequential or Random FMS 

The transfer capability is often decentralized at the machine tool 

level. That is, at each machining station, pallet transfer mechanisms 

move machine pallets between the delivery equipment and the beds of 

machine tools. 

I.6.3 In Dedicated FMS 

Centralized transfer capability is commonly found within the 

delivery system. For example, on-board powered transfers are provided 

on self-powered carts that ride on rails and carry heavy loads between 

machine tools. 

I. 7 NEEDS OF FMS REPLACEMENT ANALYSIS 

As presented in the preceding sections, an FMS represent a 

manufacturing system which has great potential to improve productivity 

through the integration of computers, material hantiling systems, and 

production equipmenc:. In the past ten years, a few such systems FMS 

have been installed (see Appendix I). In the very near future, the 

productivity of FMSs needs to be assessed with respect to their 

continual deterioration and the changing external environment brought 

about by newer, and technologically superior machines. Their courses of 

action include upgrading the FMS components, replacing or adding FMS 
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components, or even replacing the entire FMS. The need for an FMS 

replacement strategy is apparent. However, the problem of "replacement" 

in an FMS environment has not received much attention. 

Theoretical work on equipment replacement decision has its origin 

in the works of Taylor [4] and Hotelling [5] in the 1920's. Many works 

have since been published, notably the contributions made by Terborgh 

[6,7,8]. While these earlier works enlightened our understanding of the 

economic nature of replacement decision, they lack depth in 

characterizing the production environment against which such decisions 

are currently made. The MAPI formula [6,7,8], for example, represents 

the most popular evaluation procedure to date. Its effectiveness, 

however, remains questionable. As recent as September 1981, the 

SME--Manufacturing Engineering Education Foundation voiced the following 

skepticism: 

"It is a major concern that manufacturing productivity has 

been blunted by the machine justification procedures (MAPI 

formula) used in most American companies [9] ... 

The ineffectiveness of using existing replacement models to analyze 

an FMS can be attributed to the many simplistic 

Frequently encountered are 

assumptions underlying . 

these models. such assumptions as 

like-for-like, infinite horizon, single machines, etc., all of which are 

inadequate for the complex FMS production environment. From a 

production planning standpoint, an FMS possesses 

characteristics: 

(i) multiple machine stations, 

(ii) multiple products, 

the following 
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(iii) interrelated activities, and 

(iv) initial inputs, and intermediate and final products. 

Should a decision maker be faced with the problem of replacing the whole 

FMS, then it seems appropriate to view the entire unit as a single 

machine and the analysis could proceed as such. Under this scenario, 

existing models for single machine replacement could possibly be 

applied. However, if the problem involves replacement of a particular 

machine station within the FMS, then one could envision the inadequacy 

of the single machine model; for the replacement of one machine affects 

the operation of the entire system. That is, it raises regarding the 

input/output requirement of other machine stations, sequencing of 

production activities, machine utilization, machine capacity, and most 

importantly, the flexibility of the entire FMS. 

The foregoing discussion outlines both the need for FMS replacement 

analysis and the need to develop a more comprehensive replacement model 

suitable for the FMS environment. The section to follow outlines the 

objectives of the research proposed for the dissertation. 

I.8 RESEARCH OBJECTIVES 

The ability of a system to accommodate different levels of capital 

intensiveness is directly proportional to the system's ability to expand 

or contract, to economically utiliz.e inputs, and to produce new 

products. It is the intention of this research to capture these 

elements in a multi-machine, multi-product setting, as in an FMS system. 

Specifically, this research will attempt to develop a replacement model 
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suitable for an FMS. 

considerations: 

Special attention will be given to the following 

(i) input substitution, 

(ii) machine utilization, 

(iii) interrelated activities, and 

(iv) capacity expansion/contraction. 

The economic criterion will be the maximization of terminal worth 

of the system at the end of a specified planning horizon. 

considerations will include labor, and material. 

Allocation 

In summary, the general characteristics of Flexible Manufacturing 

Systems have been described. The purpose is to identify the general 

characteristics and structure of an FMS. Also, the objectives of the 

proposed research has been stated. In Chapter II, the relevant topics 

of equipment replacement are discussed. It is intended to .introduce the 

fundamentals of replacement problems. Chapter III provides a detailed 

discussion of the factors considered in replacement studies. The many 

considerations vital to replacement analysis are highlighted in this 

chapter. 

Chapter IV surveys the literature on replacement economics 

beginning from its origin in the 1920's to the present period. Relevant 

issues related to the research are discussed. Chapter V places an FMS 

in the context of a replacement analysis. Many significant 

considerations are identified. Chapter VI provides the model 

formulation. Here, a multi-year replacement model is developed; the 

formulation is one of dynamic programming. Chapter VII examines the 
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parts assignment problem which is a sub-problem within the multi-year 

replacement model. Chapter VIII extends the parts assignment problem to 

a replacement content. 

model is illustrated. 

And in Chapter IX, the multi-year replacement 

Throughout Chapters VII, VIII and IX, the same 

example is used to illustrate and highlight the relevant concepts. 

Chapter X summarizes this research. 



CHAPTER II 

GENERAL REPLACEMENT TOPICS 

This chapter outlines the general nature of replacement economics. 

The discussions include the definition of replacement, reasons for 

replacement, types of replacement, and performance measures used in 

replacement studies. The relevance of these topics to the FMS 

replacement problem is assessed. 

II.I DEFINITION OF REPLACEMENT 

There are numerous ways of defining equipment replacement. Ray 

gives the following definition: 

"In general, and in the most liberal interpretation it means 

that a system, be it an entire process, a machine or component, 

has been displaced from service. There is no implication of 

functional demise, nor of the dissolution of ownership, but 

merely the fact that the system has been displaced from its 

past position of rendering service for economic or utility 

reasons [10] ... 

Terborgh, perhaps the most significant contributor in this area, refers 

to the nature of replacement studies in the following quote: 

"It follows that replacement policy is much broader than 

acquisition policy. Its task is not simply the procurement of 

new facilities which can economically take over the functions 

of existing equipment, it is the assignment of existing equip-

ment itself to secure the highest service at the lowest cost. 

15 
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Replacement policy should insure that all facilities in 

service are able to defend their function against economical 

displacement by any challenger whether inside or outside the 

same ownership [6]." 

In simplistic terms, equipment replacement policy principally addresses 

two issues: when to replace and with what. 

II.2 REASONS FOR REPLACEMENT 

Reasons for replacement are many. In a manufacturing environment 

such as FMS, there are five major reasons: 

(a) Physical Impairment 

(b) Obsolescence 

(c) Capacity Expansion/Contraction 

(d) Input Allocation 

(e) Product Substitution 

II. 2 .1 Physical Impairment 

Physical impairment refers to changes in the physical condition of 

the asset. Machines deteriorate as they age over time, operate less 

efficiently, and require increased demand for maintenance. 

II.2.2 Obsolescence 

Obsolescence describes the effects of changes in exogenous factors 

as a result of continuous technological improvement of the production 

equipment. New and improved machine designs may render an 
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existing piece of equipment both technologically and economically 

obsolete. Often, the rate of such improvement is so great that 

replacing a physical asset in good operating condition with an improved 

unit could result in attractive savings. 

II.2.3 Capacity Expansion/Contraction 

Increased demand for existing products may render a present machine 

inadequate to meet a desired production output. Hence, an equipment 

item with higher capacity may be desired. Conversely, the demand for 

machine activity may have declined to a point where it becomes more 

advantageous to replace it with a piece of equipment of lower capacity. 

II.2.4 Input Allocation 

The cost of a production system depends upon the value of inputs and 

the level of consumption of these inputs. Thus, an alternative 

production system could prove to be economically superior if it could 

better utilize inputs of lower cost. An obvious case is the 

substitution of a labor intensive production system by a capital 

intensive one or vice versa. As more and· more automated systems become 

available, the consideration of capital-labor substitution can no longer 

be ignored. 

II.2.5 Product Substitution 

The survival of a firm largely depends on the environment within 

which the system operates. Due to rapid technological changes and 

fierce market competition, many firms need to change or modify their 
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products. As a result, the production system might need modifications 

to adjust to new product changes. 

II.3 TYPES OF REPLACEMENT SITUATIONS 

In general, replacement problems can be classified into three 

categories: 

(a) items that physically fail suddenly, 

(b) items that lose their value suddenly due to instant 

obsolescence, and 

(c) items which deteriorate and become obsolete with time. 

II.3.1 Items that Fail Suddenly 

This problem has led to the development of the study area of 

reliability. Reliability deals with the development of policies and 

procedures to determine the tradeoffs between equipment and installation 

costs, and the cost of lost service. 

II.3.2 Items Subject to Instant Obsolescence 

Here, the concern is with instant obsolescence (Military aircraft 

normally experience this type of replacement). Electronic computers in 

the business world would be a close analogy to military aircraiL in 

national defense. The idea is that once the unit has become obsolete it 

has lost its value. 

terminated. 

Thus, production or acquisition of the item is 
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II.3.3 Items Which Deteriorate and Become Obsolete With Time 

This is perhaps the most common replacement situation and the one 

which has the greatest effect on the productivity of most production 

systems. The continual deterioration of the existing machine coupled 

with advances in the state-of-art of equipment design warrants the 

replacement of the old equipment. 

A special case of this situation is when equipment is replaced by an 

identical unit, i.e. like-for-like replacement. Like-for-like 

replacement is practically nonexistent and its main use is, at best, a 

philosophical one. 

II.4 PERFORMANCE MEASURES OF REPLACEMENT 

Past studies on replacement have originated from such diverse groups 

as mathematicians, engineers, operation researchers, business 

administrators, economists, etc. Although their approaches and emphases 

have been diversified, their objectives were often the same: to 

determine the optimal replacement policy -- when to replace and what to 

replace by. 

The determination of an optimal equipment replacement policy 

involves both economic and non-economic factors. Historically, the 

primary economic criterion is the minimization of capitalized and 

maintenance costs. Obsolescence and deterioration are incorporated into 

the machine cost function. Discounted cash flow methods (e.g. present 

worth, rate of return, etc.) have been widely applied as the measure of 

economic performance of a replacement policy. 
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However, minimization of costs as an objective implicitly assumes 

that the revenue component is constant. That is, the revenue effect 

which can be attributed to the production system will not be altered in 

anyway by the new system. If replacements alter the revenue structure 

within the planning horizon, then the maximization of prof it is 

necessary. 

Alternatively, or in conjunction with economic criteria, 

non-economic performance measures are also applied. Depending on the 

emphasis of the institution involved, such measures could range from the 

system's ability to kill as in the military to its ability to save as in 

the hospital. In an FMS environment, commonly encountered measures 

include machine utilization, reliability, scheduling performance, 

in-process inventory, etc. Although not expressed in terms of actual 

dollars, these utility measures could indeed be economically motivated. 

II.5 DISCUSSION 

In this chapter, the conceptual nature of economic replacement has 

been outlined. An FMS, like many other manufacturing systems, is 

subject to deterioration and obsolescence. Its replacement policy lies 

with the system's ability to expand or contract, to adjust to changes in 

product design and product mix, and to efficiently allocate inputs. The 

next chapter will discuss the major considerations involved in 

replacement analysis. 



CHAPTER III 

MAJOR CONSIDERATIONS IN REPLACEMENT STUDIES 

The preceding chapter introduced the conceptual aspect of 

replacement. For an FMS decision maker to select a good replacement 

policy, he/she has to incorporate all the major considerations relevant 

to the system's environment. Considerations such as choice of 

criterion, product price-volume relationship, selection of production 

technology, selection of a planning horizon, capital budgeting, tax, and 

information gathering are all vital elements of the replacement process. 

This chapter will highlight these elements individually. It is intended 

to focus on their impact upon the FMS replacement decision. 

III.I CHOICE OF CRITERION 

As discussed previously, performance measures can either be economic 

or non-economic. The present work will solely address the economic 

performance of a replacement policy. There are two commonly employed 

criteria: cost minimization and profit maximization. Cost minimization 

involves the minimization of aggregated discounted value of the initial 

investment, salvage value and operating costs of the machine. The 

profit maximization criterion includes the revenue component. The two 

criteria are unique but could be equivalent under certain conditions. 

In general, if the revenue effect is constant with respect to quantity 

produced, then cost minimization is in effect identical to profit 

maximization. Analytical models whose output level is fixed fall under 

21 
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this category. This implicitly assumes no expansion. The validity of 

applying either criterion depends largely upon the price-volume 

relationship of the product's economic market place. Thus, if the 

revenue effect can be assumed to remain constant for all replacement 

alternatives, then the replacement decision can only be influenced by 

the relevant cost considerations. 

would not be sufficient. 

Otherwise, cost consideration alone 

It should also be identified that there exist different forms of 

cost minimization and profit maximization as well. Namely, minimization 

of unit cost, minimization of total cost and maximization of unit 

profit, maximization of total profit. Their expositions and 

implications can be found in Leung [II] and is omitted here. 

III.2 CONSIDERATIONS FOR CAPACITY EXPANSION OR CONTRACTION 

When a replacement activity does not correspond to a change in 

output level as in the case of like-for-like replacement, it can be 

viewed as replacement without expansion/contraction. It follows then 

that when an increase/decrease in the output level is brought about by 

virtue of replacement, such can be viewed as replacement with 

expansion/contraction. In fact, a p:::imary motivation for replacing an 

existing machine may be to realize an increase in profit by decreasing 

product selling price which could in turn increase the product demand, 

which in turn warrants a machine of higher capacity. 

Henceforth, in order for a firm to evaluate the viability of 

capacity expansion, it is crucial that the firm accesses the 
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price-volume relationship for all its products for each individual time 

period within the firm's planning horizon. Naturally, an effective 

policy should have the capability to identify the output level at which 

the equipment operates. 

III.3 SELECTION OF PRODUCTION TECHNOLOGY 

The choice of production technology directly affects the utilization 

of inputs. For example, relative to a manual system, an automated 

system requires more skilled labor, less unskilled labor, more capital, 

and perhaps more supporting units. In times where skilled labor is 

cheap, unskilled labor expensive, and capital abundant, acquisition of 

an automated system is a logical investment. Another advantage offered 

by automated systems is that of economies of scale. That is, the 

ability for automated systems to produce in very large quantity enables 

the average cost of manufacture to decrease. However, if output level 

is low, unit cost could be relatively high due to higher set-up cost. 

Clearly, here is a case of tradeoffs between higher set-up costs and 

lower variable cost. 

In general terms, capital and labor intensiveness represent two 

extremes of production technology. Very often, a labor-intensive system 

is preferred when output level is low, and becomes relatively less 

desirable as the quantity of production increases. Indeed, if the 

system has the flexibility to adapt to different levels of capital-labor 

intensiveness, it already has a vital element in keeping cost down. 
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III.4 SELECTION OF A PLANNING HORIZON 

Analysis of replacement decisions cannot be complete without a 

proper selection of planning horizon. The choice of planning horizon 

has been arbitrary. The assumption of infinite planning horizon is 

common among analytical models that have appeared in academic journals. 

In certain cases, this assumption is questionable. For example, the 

joint assumption of 

replacement is likely 

infinite planning horizon and like-for-like 

to be weak. For it is difficult to expect a 

production system to continue utilizing the same production technology 

over an infinite period. 

computational difficulties 

Perhaps such an assumption eliminates 

and is indeed valid given the model 

environment; it is however limited in its application. In practice, the 

planning horizon is often finite, especially among manufacturing firms. 

Thus, the assumption of an infinite planning horizon remains a 

philosophical one. Its value in application is limited, particularly in 

the business world. 

accurate it becomes. 

In addition, the further one forecasts the less 

For the present work, since the environment is 

manufacturing, a finite horizon will be used. 

III.5 CAPITAL BUDGElli~G CONSIDERATIONS 

Similar to any project selection process, equipment replacement is 

subject to capital rationing criteria. Capital rationing refers to the 

restriction on funds for investment because of limitations imposed 

either (a) by management or (b) by the capital market. The former could 

be termed as internal capital rationing, where management decides to 
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limit the total amount of funds available for capital expenditures to a 

fixed amount in a given period or management establishes a cutoff rate 

which measures the "attractiveness" of individual alternative. The 

latter could be termed as external capital rationing, where the firm 

cannot obtain funds from the capital market in sufficient amount at a 

price the firm considers economical. 

In most equipment replacement decisions, particularly in the 

manufacturing sector, the budgetary considerations often correspond to 

internal capital rationing. 

III.6 RATE OF DETERIORATION AND RATE OF OBSOLESCENCE 

Deterioration implies that the efficiency of an existing machine 

decreases with time. Such a phenomenon is due to the physical 

impairment of the system. As a result, the system continually requires 

more and more inputs while producing the same amount of output. In a 

manufacturing context, this could mean a gradual increase of the 

following inputs: direct labor, energy consumption, raw material, 

maintenance labor, supporting unit, etc. 

at which the system is deteriorating. 

Here, the concern is the rate 

There appears to be no other 

simple way to dssess the system's deterioration rate other than keeping 

historical record and extrapolating certain patterns therefrom. 

Nevertheless, assumptions of a linearly decreasing rate or an 

exponentially decreasing rate are common. 

Obsolescence occurs completely external to the firm. The 

obsolescence rate is the rate at which the state-of-art of the equipment 



26 

design improves. Indeed, forecasting technological change is a 

discipline in itself; and the determination of an obsolescence rate 

remains an extremely difficult task. Again, making use of historical 

data seems viable. Assumptions of linear and exponential rates are 

common. 

III.7 TAX CONSIDERATIONS 

The economic merit of a replacement policy cannot be accurately 

evaluated without consideration of the effects of taxes. According to 

the latest Economic Tax Recovery Act [12], there are five classes of 

tangible assets and the tax year for each individual class is fixed. A 

comprehensive exposition can be found in Blank et. al. [13]. The 

historic background, features relative to proposed project analysis, and 

advantages of the new system from a tax viewpoint are discussed in this 

reference. 

III.8 PROBLEMS WITH INFORMATION GATHERING 

In order to obtain a good replacement policy, it is important that 

the replacement model be appropriate to the situation where it is 

applied. Also of vital importance is the accuracy of information which 

the model requires. In replacement analysis, information gathering 

often presents a major problem. A good replacement policy should 

incorporate considerations for future changes. Within the firm, this 

would mean estimates on future machine prices, machine salvage value, 

labor and material costs, demand change, capital expenditures, etc. In 

many cases, a good forecasting mechanism is warranted and a good data 
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structure is necessary to detect these changes. Inevitably, an element 

of error is inherent. Naturally, the further one looks into the future, 

the less accurate the information becomes. The problem is even more 

complicated when external information is required. A replacement policy 

cannot be complete without considerations of both the state-of-art of 

production technology and the way the technology is changing. This 

implies an assessment on technological change and that is a complex 

issue by itself. The problems associated with information gathering can 

impede the implementation of an effective replacement policy and can 

result in inaccurate decisions. 



CHAPTER IV 

SURVEY OF LITERATURE ON REPLACEMENT 

IV.I CONCEPTUAL DEVELOPMENT 

IV.1.1 Origin of Economic Life 

Modern equipment replacement analysis has its origin in 1920 in the 

articles by Taylor [4] and Hotelling [5]. Taylor developed a 

mathematical expression for the average unit cost of a machine over a 

variable time period of service. He showed how this period of service 

can be determined such that the unit cost of production is at a minimum. 

This period of service is termed the economic life of the machine. From 

the criterion of cost minimization, Hotelling generalized it to prof it 

maximization. He introduced the criterion of maximizing the present 

value of the machine's revenue minus its operating and capitalized costs 

within the machine's economic life. 

IV.1.2 Replacement Chain 

In 1940, Preinreich [14] showed that the economic life of a single 

machine could not be determined independent of the economic life of each 

machine in the chain of future replacements. Similar to that of 

Hotelling's, his criterion is: maximization of the present value of the 

earnings of future replacements minus the present value of the costs of 

all these machines. Along with the assumption that the planning horizon 

is infinite, the model developed assumes that all machines in the 

replacement horizon, i.e. the replacement chain, are identical. 

28 
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Although Preinreich's model is simplistic, the concept of a replacement 

chain represents a major milestone in the development of replacement 

economics. Thereafter, all replacement models proposed recognize this 

"chain" effect. 

IV.1.3 Obsolescence and Deterioration, MAPI Methods 

In 1949, Terborgh [6] provided another milestone in 

field. He extended Preinreich's work to account 

the replacement 

for equipment 

obsolescence. Terborgh contended that the replacement of an existing 

machine should be conditioned by a comparison of its performance with 

that of the latest new equipment. Here, Terborgh introduced two new 

terms which have since been popularized: (i) defender -the existing old 

asset and (ii) challenger -the latest equipment being considered. The 

· innovative idea is that the growth in the inferiority of the defender 

relative to the initial performance of the challenger is the key factor 

which warrants replacement. Terborgh's inferiority growth factor 

consists of two components: obsolescence and deterioration. 

Other related works of Terborgh have been published since 1949 

[7,8], better known as the MAPI methods. These later works extended the 

principles of the original work to other types of investments. The 

basis of these MAPI methods is a rate-of-return analysis computed from 

the annual equivalent cost, when equipment is held for one more year. 

More appropriately, the "rate-of-return" is an "urgency rating" [15]. 

Both the opportunity costs and costs of delay are taken 
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into account. The MAP! methods are oriented towards practitioners in 

industry. As such, considerable attention is given to such elements as 

income tax, depreciation schedule, income patterns, and various rates of 

"inferiority growth" rates. 

IV.1.4 Production Function Approach 

In 1967, Smith [16] formulated a replacement model within the 

framework of production theory. Using input-output production concepts, 

he expressed the cost of a production system as a function of the 

replacement intervals in the replacement chain. Examining replacement 

problems utilizing production functions enables one to investigate the 

effect of both input substitutions and capacity expansion. Similar 

approach can be found in Caracostas [31] where production economics 

theory is applied to the selection ship containers. 

Leung and Tanchoco [17] later extended Smith's work to include such 

factors as input substitution, expansion of output and product 

price-volume relationship. The optimal replacement policy would 

maximize the production process terminal wealth over a finite planning 

horizon. 

IV.2 ECONOMIC INTERPRETATIONS 

Many works on replacement economics have also appeared in the 

microeconomic literature: Alchian [18], Williamson [19], Swan [20], 

Verheyen [21], and Smith [16]. There are three major interpretations: 

(i) Labor-saving technological change, (ii) replacement interval, and 

(iii) profit maximization versus cost minimization. 
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IV.2.1 On Labor-Saving Technology Change 

Swan's model captures the essence of replacement with labor-saving 

technological change. He shows that the age at replacement of a chain 

of machines is continually rising over time and that a tise in wage rate 

or fall in the machine price increases optimum lives. 

planning horizon is assumed in his model. 

IV.2.2 On Replacement Interval 

An infinite 

Verheyen concludes that the mom~nt of replacement is always 

determined by the equality of marginal replacement costs to the marginal 

costs of postponed replacement. On the assumption of equidistant 

replacement, Smith asserted that in the face of steady technological 

improvement in equipment, the economic life of equipment would not 

change abruptly from one replacement to another. 

IV.2.3 On Profit Maximization vs Cost Minimization 

In [16], Smith attempted to clarify the relationships among profit 

maximization, cost minimization, capacity expansion, and price policy. 

He pointed out that an optimal replacement policy cannot be determined 

independently of output and therefore price policy. In addition, he 

concluded that in the absence of technological change, a cost 

minimization policy is equivalent to a profit maximizing replacement 

policy. This preceding generalization however is limited by his 

assumptions of equidistant replacement and a product output policy at 

the replacement point, a policy that is maintained over the life of 

that equipment. 
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IV.3 MATHEMATICAL PROGRAMMING MODELS 

IV.3.1 Dynamic Programming Formulation 

Due to the combinatorial nature of replacement problems, many 

mathematical programming formulations have resulted. The problem was 

first formulated in 1955 as a dynamic programming model by Bellman [22] 

and later advanced by Dreyfus [23]. They assume exponential functions 

for both maintainance costs and capitalized replacement cost. Indeed, 

not only does dynamic programming provide a convenient computational 

procedure, it also depicts the structure of replacement problems. 

Similar discussions can be found in two separate works by Wagner 

[24], Dreyfus and Law 

as a network. In 1981, 

[25]; the dynamic replacement model is described 

Oakford et. al [26] provided a similar dynamic 

framework with extension to incorporate several challengers. The 

authors outlined a good structure; however, the assumption of identical 

machine replacing itself was still embraced. 

IV.3.2 Allocation Considerations 

Utilizing mathematical programming models, many works have been 

developed incorporating a multitude of allocation constraints. 

relevant areas are discussed below: 

Three 

(i) On capital budgeting: Shore [27] argues that Terborgh's method 

might be an appropriate strategy if the firm had an unlimited 

supply of funds. He raises the issue that a replacement 

project could in fact be one of the many investment 
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alternatives competing for limited funds. With this resource 

allocation orientation, equipment replacement is cast as a 

capital budgeting problem utilizing Weingartner's model [28]. 

Shore's paper presents a scheme for developing benefit-cost 

ratios so that the productivity of potential replacement can be 

measured. 

(ii) On expansion: Focusing on the expansion aspect of a plant 

investment, Philip et. al [29] develops a non-linear 

programming model to determine the initial size and expansion 

policy for a plant investment assuming a finite horizon. Their 

model however, assumes that replacements of existing equipment 

are treated independent of future expansions. 

(iii) On multiple machines: Hannssmann [30] considers replacement of 

machine.s which are either in series or in parallel. Although 

simplistic in many aspects, budgetary and expansionary 

considerations are incorporated. Hannssmann's work represents 

one of the earliest works on the subject of multiple machine 

replacement. Ray [10] · expanded on this "system approach" 

concept and modeled the replacement problem as a network of 

interacting components. His general model is formulated as a 

mixed zero-one programming model with a 

horizon. 

finite planning 
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IV.4 DISCUSSION 

This chapter has presented a comprehensive review of the major works 

in replacement theory. Applications of replacement models have been 

documented: Kamerich et. al. [32], Eilon et. al [33], and Peterson 

[ 34] • All these applications involve replacement of either single 

machine or single production system. In fact, except for the works of 

Hannssman and Ray, the theoretic works thus far have paid little 

attention to the multiple machine case. While Hannssmann's model is 

overly simplistic, Ray's work does not incorporate many of the major 

considerations. 

A Flexible Manufacturing System 

multi-product environment. It is 

represents a 

characterrzed by 

multi-machine 

interrelated 

activites, with output at one machine being input to another. Changes 

in one machine could well affect the productivities of other machines 

and hence the whole FMS. Thus, the replacement policy of an FMS 

component cannot be examined independently of other components in the 

system. 



CHAPTER V 

THE FMS REPLACEMENT ENVIRONMENT 

V.l INTRODUCTION 

Traditional replacement situations involve the evaluation of 

machines which can be viewed as independent units. An FMS represents a 

multi-machine environment where changes in one machine could well affect 

the performance of other machines in the system. As such, even if only 

a single machine is being considered for replacement, the replacement 

analysis needs to be extended to the whole FMS arena. For example, it 

is conceivable that while one machine is preferred to another when 

operated individually, it could 

performance. In essence, no 

result 

longer 

in a poorer 

can machines 

overall system 

be viewed as 

independent units but as interacting components of a much larger system. 

With these integrations in mind, this chapter will outline the major 

issues involved in the replacement of machines in an FMS. Such issues 

include assignment of machining parts, transportation cost, layout 

problems, machine flexibility, and machine capacity. The intent is to 

set the perspective for the multi-machine replacement model formulation 

to follow. 

V.2 ASSIGNMENT OF MACHINING PARTS 

In an FMS, machine parts are assigned to individual machines for 

either a single machining operation or a sequence of operations. The 

assignment process usually takes place periodically and is generally 

motivated by workload changes and/or machine utilization improvements. 
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In fact, a frequent update of machine assignment is relevant to the 

efficient use of the entire system. For instance, faster deterioration 

rate for certain machines (old ones in particular) could render a 

previously desirable parts assignment. undesirable. 

In the case of replacement evaluation, an appropriate assignment of 

machining parts needs to be performed for both the incumbents and 

challengers. For example, consider the situation where one of the 

machines in the FMS is considered for replacement. Assume th~t the 

challenger is of identical type to the defender; this challenger, being 

more technologically updated and free from wear and tear, can handle 

more workload than the defender. Moreover, if the challenger is a 

different machine type which can perform a greater variety of 

operations, then the reassignment of parts to machines becomes even more 

important. This is an issue of system flexibility and will be discussed 

in the following section. 

V.2.1 Machine Flexibility 

As discussed in the preceding section, if the challenger can perform 

a greater variety of operations more efficiently than the defender, then 

a reassignment of parts to machines is necessary in order to take 

advantage of the capabilities 

milling machine is displaced 

of the challenger. For example, if a 

by a general purpose machining unit, then 

it is conceivable that this new unit could pick up some parts which were 

previously assigned to other machines. The issue here is flexibility. 

Suppose that a firm is considering two challengers, one with feature 
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identical to the incumbent, while the other includes additional 

features. How then should these challengers be compared? The obvious 

the extra issue is whether the additional flexibility justifies 

investemnt. And, the merit or demerit of this 

can be reflected by the additional savings or 

additional flexibility 

cost of the FMS after 

machining parts have been reassigned. Clearly, if the overall savings 

is less than the incremental investment, then the additional flexibility 

is not desirable. The converse also applies. It should be noted that 

such economic analysis needs to be performed over the entire planning 

horizon. 

Another important aspect of this flexibility issue involves the 

effects of changes in product mix as well as product demand. If the FMS 

is operating in a product environment where changes in product mix are 

frequent, then the merit of such added flexibility should prove to be 

significant. Similarly, if the product demand fluctuates drastically, 

then the flexibility feature enables quick response for workload 

distributions; with a special purpose machine, this would not be 

possible. Thus, for an FMS environment, the evaluation of machine 

flexibility needs to incorporate the parts assignment decision. 

v.2.2 Transportation Costs VS Machine Costs 

In traditional single machine replacement, because of the assumption 

of independent machine units, the issue of transporation is often 

omitted. 

ignored. 

In an FMS environment, transportation cost can no longer be 

Generally, machine parts are transported to and from machines 
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by an automated material handling system. Material handling costs 

constitute a significant portion of a system's operating expense. 

Replacement of a machine could very possibly change the machine 

assignment and hence the transportation design. In fact, the assignment 

of machined parts largely depend,s on two cost elements: (i) the cost of 

machining and (ii) the costs of transportation. Consider an example 

where an operation can be performed in either machine A and/or machine B 

with machining costs of $10 and $20 respectively; further suppose that 

the part is now at machine C with transportation costs of $30 from C to 

A and $10 from C to B. As one can observe, it is more economical for 

the part to travel to machine B despite its higher machining cost. This 

contrived exampled attempts to illustrate the trade-offs between 

machining cost and transportation costs, a consideration that shoµld not 

be omitted for the FMS replacement environment. 

V.2.3. Consideration on Material Handling Capacity 

For an FMS replacement decision, the limitation of the material 

handling device could place a severe constraint on the assignment of 

machining parts thereby rendering certain replacement alternatives 

undesirable. For insta11ce, the acquisition of more capacitated machines 

for the purpose of higher production levels implies that more workload 

will be placed upon the material handling device. If the workload 

exceeds the capacity of the transfer system, congestions and high 

in-process inventory are likely to occur. More importantly, finished 

parts could be waiting for the transfer device at the machine station, 
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thus tying up the machine which could have been machining other parts. 

Or, machines are simply idle waiting for parts to arrive. Such 

phenomenon could translate into higher production costs which could 

imply that the acquisition of more capacitated machines is undesirable; 

or at the least, expansion of the material handling capacity is 

warranted. In short, FMS replacement decisions must explicitly account 

for the capacity of the material handling system. 

V.2.4 Layout of New Machine 

Since transportation can be a significant cost element, the issue of 

new machine layout requires attention in the evaluation of replacement 

alternatives. For a challenger can result in a superior overall 

performance while at one location, and inferior at another. This 

then raises the question of whether a completely new layout for the 

whole FMS should be configured, or whether the challengers should only 

be considered for locations currently occupied by the incumbents. 

Ideally, a complete new layout configuration could be more 

economical; however, the fixed cost of such relocation could be 

significant. Also, there are physical constraints. Very likely, the 

locations where the machines can be installed is limited by such 

physical constraints as the hard wiring, floor space ••• ,etc. Unless a 

significant number of machines are being replaced, there appears to be 

no apparent reason for a complete relayout of the facility. Further, 

while a new layout should be examined, the number 

alternatives are limited by the physical constraints. 

of location 
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V.2.5 Utilization of Inputs Among Machines 

The cost of machining is directly related to the rate of input 

consumptions as well as the types of inputs required. Inputs commonly 

required for an CNC machining operation include energy, floor space, 

direct labor (skilled or unskilled), indirect labor, raw material, 

computer support ••• etc. In the case of single machine replacement, the 

tradeoff of input substitution brought about by different production 

technology is basically direct. Primarily, the comparison is between 

two machines which perform the ~ machining operations but consume 

different or different levels of inputs. 

In an FMS replacement decision, such tradeoff s are much less obvious 

--particularly in cases where input resources are limited. For, in 

addition to the preceding situation, the analysis may be extended to 

situations where machining units perform different operations but 

consume a common input. Or, in another view, these machines are 

competing for the same resources. How the resources eventually get 

allocated will depend upon the demand placed upon the machines. The 

intent here is to identify the complexity involved regarding inputs 

substitutability. Further, the limited resources of certain inputs 

could render certain replacement alternatives infeasible. Take the case 

of skilled labor, if the supply of such input is limited, replacement 

alternatives which utilize large amounts of skilled labor could become 

infeasible. 
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V.3 REPLACEMENT POSSIBILITIES 

The foregoing sections discussed the interacting nature of the FMS 

and how replacement alternatives are so affected. It was assessed that 

the selection of replacement machine will be affected by machining cost, 

transportation cost, workload mix, demand changes ••• etc. The issue 

here is on the combinatorial nature of replacement possibilities. 

Traditional replacement analysis primarily involves single machine 

replacements. That is, a single machine/system is replaced by another 

single machine/system. This one-for-one replacement situation is 

severely limited in application, particularly fqr an FMS. Machines in 

an FMS are not individual machines but are components of a single 

interrelated production system. More importantly, replacement of 

multiple machines are likely and replacement schemes which range from 

one-for-several to several-for-one are conceivable in the FMS 

environment. Naturally, there are constraints to these possibilities. 

V.3.1 Complete and Partial Replacement 

In an FMS, it is probable that the machines which are "ready" to be 

replaced are known in advance. Quite commonly, machines which were 

recently purchased would unlikely be considered as replacement 

candidates whereas ones that are considered as "old" would be likely 

candidates for replacement._ In essence, in the context of replacement, 

there are two categories of machines: 

replacement and those which are not. 

those which are candidates for 

Naturally, the fact that these 

machines are candidates for replacement in no way implies that all of 

them will be replaced at the same time; or that all of them will be 



42 

replaced during the planning period. It does, then, raise many possible 

replacement configurations. To facilitate this discussion, two new 

terms are introduced: (a) partial replacement -- situations where only 

a portion of the replacement candidates are replaced within the planning 

horizon and (b) complete replacement situations where all of the 

replacement candidates are replaced within the planning horizon. To see 

what these replacement siutuations are and how they could possibly 

generate multiple FMS configurations, consider the following example. 

V.3.2 An Example 

Let there be an FMS having four machines A, B, C, and D, with A anQ 

B as the replacement candidates. Further, assume that there are two 

challengers X and Y; and both are available over each of the next five 

years with each capable of replacing A or B, or both~ Lastly, assume 

that both the challengers acquired will not be replacement candidates 

and that once a challenger is selected, it will be dropped from further 

consideration. 

Table V.l lists seven possible FMS configurations resulting from 

different replacement possibilities. For configurations one and two, 

machine B is replaced by challenger X in the former and by challenger Y 

in the latter. Likewise, machine A is replaced by 

configuration.three whereas in configuration four, it 

challenger X in 

is replaced by 

challenger Y. For each of these four configurations, if no further 

replacement activities take place, and since there remains one 
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replacement candidate, then these configurations (1-4) would represent 

partial replacement situations. 

Configurations 5-7 represent complete replacements. In 

configuration five, both machine A and machine B are replaced by 

challenger X while in configuration six, the two defenders are replaced 

by challenger Y. To arrive at configuration seven, there could be 

several challenger-to-defender match-ups: (see Figure V.l). 

(a) Challenger X first replaces defender B with challenger Y 

subsequently replacing defender A (path 0-1-7); 

(b) Challenger Y first replaces defender B with challenger X 

subsequently replacing defender A (path 0-2-7); 

(c) Challenger X first replaces defender A with challenger Y 

subsequently replacing defender B (path 0-3-7); 

(d) Challenger Y first replaces defender A with challenger X 

subsequently replacing defender B (path 0-4-7); 

(e) Concurrently, defenders A and B are replaced by challenger 

X and Y. 

It is noted that the number of FMS configurations depends on both 

the number of defenders and the number of available challengers. The 

following section will discuss the combinatorial nature of these 

replacement possibilities. 
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Table V.l 

Possible FMS Configurations 

Remaining 
Configuration Replacement Challenger(s) Other Machines 

Number Candidates Acquired on Hand 

Status Quo A,B C,D 

1 A x C,D 

2 A y C,D 

3 B x C,D 

4 B y C,D 

5 x C,D 

6 y C,D 

7 X,Y C,D 



(X,A,C,D) (Y,A,C,D) 

(X,Y,C,D) 

45 

Status Quo 
(A,B,C,D) 

(X,B,C,D) 

Figure V.l 

(Y,B,C,D) 

Sequences of FMS Configuration 

(X,C,D) (Y,C,D) 
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v. 3.3 Possible FMS Configurations Resulting From Different Replacement 
Alternatives 

The issue raised here is combinatorial in nature. To be general, 

assume that each of the challengers is capable of replacing each of the 

defenders as well as all of the defenders. Furthermore, assume that the 

number of machines in the FMS cannot exceed the number with which the 

system originally started. This assumption limits the size of the 

problem and is also valid in practice due to physical constraints. 

Finally, assume that the acquired challengers will not become 

replacement candidates and that once a challenger is acquired, it will 

not be considered further. 

Let n be the total number of challengers available at each period 

within the planning horizon, 

d be the total number of defenders at present. 

For n > d, the total number of possible FMS configurations is equal to 

the sum of all complete replacement configurations and all partial 

replacement configurations or 

d 
L 

i=l 

n 
c 

i 

d-1 
+ L 

i 

d-i n d 
L (C ) (C ) 
j i j 

For n < d, the total number of possible FMS configurations is 

n n 
L C 

i=l i 

n d-1 
+ L L 

i=l j=l 

n d 
(C ) (C ) 

i j 
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To illustrate the size of these FMS configurations, let both n and 

d range from one to six. Table 4 shows different numbers of FMS 

configurations with respect to different (n,d) combinations. Note that 

the number of FMS configurations increases significantly as both n and d 

increase. 

V.4 SUMMARY 

This chapter outlined the major replacement considerations common 

to most FMS environment; unless these issues are addressed, an effective 

replacement policy is unlikely. It is also assessed that the FMS 

represents a complex multi-machine production environment and that 

single machine replacement models are inadequate. The next chapter 

attempts to formulate a replacement model appropriate for the FMS 

environment. Considerations discussed in this chapter will be 

incorporated along with other traditional replacement factors. 



n = 

1 

2 

3 

d = 4 

5 

6 
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Table V.2 

POSSIBLE FMS CONFIGURATIONS 
FOR DIFFERENT (n,d) COMBINATIONS 

1 2 3 4 

1 2 3 4 

3 7 12 18 

4 18 34 56 

15 41 83 147 

31 88 187 350 

63 183 402 794 

5 6 

5 6 

25 33 

85 122 

240 370 

606 892 

1404 2445 



VI.l. INTRODUCTION 

CHAPTER VI 

PRELIMINARY MODEL FORMULATION 

Chapters II and III discussed the general nature of replacement 

problems. Several important factors were identified: (a) selection of 

replacement criterion, (b) selection of production technology, (c) 

selection of planning horizon, (d) input substitutions and (e) capacity 

expansion. In the preceding chapter, the FMS replacement environment is 

analyzed. It was pointed out that unless such issues as parts 

assignment, material handling cost, layout possibilities, replacement 

combinations, etc. are addressed, an effective replacement policy is 

unlikely. The framework is that machines within the FMS are interacting 

components and as such the interrelated effects caused· by a new 

acquisition need to be evaluated. 

In this chapter, a replacement model suitable for the FMS 

environment is formulated. This replacement model seeks to determine 

the sequence of FMS configurations which would maximize the production 

system's future worth. 

optimality criterion. 

The maximization of prof it will be used as the 

The proposed model is demand driven. There are 

two parts to the formulation. The first part determines the optimal 

operating profit for a given FMS configuration at a given year. That 

is, based on both the price-volume relationship and operating costs 

structure, the annual optimal production levels for all parts are 

determined; at such production levels, the annual operating profit of 

49 
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the entire FMS is maximized. Here, if "pooling" is not allowed (i.e. 

when a part type is assigned to a particular machine for an operation 

for all identical parts), the problem is formulated as a series of 

zero-one linear programs. If "pooling" is allowed, the problem is 

formulated as a series of linear programs. The second part considers the 

optimal FMS configuration from period to period. A dynamic programming 

formulation is presented. That is, once the optimal operating profit 

per configuration per period is determined, the information is used to 

determine the optimal configuration sequence over the planning horizon. 

For equipment depreciation, the 1983 ACRS rules are used [ ]. 

It is noted that this problem approach focuses on the aggregate 

planning aspect of an FMS. Considerations of the operating 

characteristics are omitted. Namely, although this formulation obtains 

an overall balance of workload and capacity utilization, the issue of 

real time scheduling is not addressed. Also, considerations of such 

process planning issues as tooling setups, batching strategy, machine 

breakdown, in-process inventory, etc. are not considered. These are 

indeed relevant issues on the production floor. However, since 

replacement decisions are primarily investment decisions, an aggregate 

planning perspective is taken. 
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VI.2 DETERMINATION OF OPTIMAL OPERATING PROFIT WHEN POOLING IS NOT 
ALLOWED 

In this section, the formulation for the determination of optimal 

operating profit is presented. This model is a series of linear 

zero-one mathematical programs. Assumptions will be discussed first, 

followed by the formulation of the objective function and then the 

constraint set. 

VI.2.1 Assumptions 

(i) The input/output coefficients are assumed to be linear. That 

is, the input requirements for the machines are assumed to have a 

proportionate relationship with the machine output. (ii) No pooling of 

parts assignment is allowed. When a part type is assigned to a 

particular machine for an operation, the same machine will perform the 

same operation for all identical parts. (iii) There will be no 

inventory carryover from year to year. (iv) The rates for the inputs to 

the machines are known. (v) The sequence of operations per part is 

predetermined. (vi) The material handling device is assumed to be an 

Automatic Guided Vehicle. (vii) Price-volume relationships are 

described by price breaks and parts produced will all be sold at the 

corresponding price. 

VI.2.2 Modeling of the Objective Function 

There are two primary cost elements: cost of transportation and 

cost of machining. The cost of transportation is directly related to 

the total distance travelled by all the parts. Let 



Xpkms = 

= 

= 
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1, if the kth operation of part pis perform-
ed on the mth machine after visiting sth 
machine. 

0, otherwise. 

distance travelled from the sth machine to 
the mth machine, and 

the output level of part p, p = 1, 2, ••• , p 

The total distance travelled by all the parts machined is 

L L L L 
p k m s 

{Xpkms (la) 

where k E {Kp}, i.e., k is the index of the element of the operation 

set required by part p. 

m E {Mp,k}, i.e., m is the index of the elements of the machine 

set which can perform operation k, and s E {Mp,k-1} 

Let a be the utilization rate of the AGV system and w be the cost per 

unit distance travelled. Then the total cost of transportation can be 

written as 

{Xpkms 

Similarly, the total machining 

can be expressed as 

1 w-} a (1 b) 

time required for the mth machine 

(2a) 
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where Tpkm is the processing time required by the kth operation of 

part p on machine m. 

Let the inputs per unit machine time to the mth machine be Ulm• 

U2m••••• Usm and gl, g2••••,gt be the respective unit input costs. Then 

the cost per unit machine time for the mth machine can be defined as 

(2b) 

From equations (lb), (2a) and (2b), and letting PpQp be the revenue 

contributed by part p, the objective function is written as 

r Pp Qp - r, r r r 
p p km s 

t 
where Cm = E gtUtm 

t=l 
-V-m=l,2, ••• ,M 

(3) 

{(PQ)p} is the set of price-volume relationships for part p. (See 

Figure VI. l) • 

VI.2.3 Modeling of the Constraint Sets 

There are two sets of constraints. The first set is of the logical 

nature. Here, constraints are developed to ensure that the assignment 

of parts meet routing feasibility, and to ensure that all the machining 

operations are uniquely performed. The second set is of an allocation 

nature. To ensure feasibility in allocation, upper limits are 
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Figure VI.l 

A Price-volume Relationship for a Given Part with Three 
Different Price Breaks. 
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established for various input quantitites, machine capacity as well as 

the material handling system capacity. Equations (4a-b) are logical 

constraints. Equations (Sa-c) are allocation constraints. To guarantee 

that each operation per part is performed only once, the following 

constraints are needed 

E E Xpkms = 1 
m s 

~p = 1, 2, ••• , p (4a) 

In order for the routing of parts to be feasibly assigned, it is 

necessary that when the kth operation is performed in machine m, then 

the part p has to leave machine m in the (k + l)th operation. That is, 

~ Xpk+l~ V" p = 1, 2, ••• , p (4b) ? 

where s £ {Mp,k-1}, and m £ {Mp,k+l}. 

Let Ut be the input amount available. Then for input type t, the 

total amount consumed cannot exceed Ut• That is, 

E E E E Xpkms 
p k m s 

Tpkm Qp Utm 5_ Ut , .7cf 1 = 1, 2, ••• , t (Sa) 

Likewise, let Tm be the capacity of the mth machine and D be the 

capacity of the material handling system. The following constraints 
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place upper limits on machine capacity and the material handling system 

capacity: 

-E E E Xpkms 
p .k s 

Tpkm Qp ~ Tm "!'" m = 1, 2, ... , m (Sb) 

and 

1 -E E E E Xpkms dms Qp ~ D (Sc) 
p k m s a. 

VI.2.4 The Model to Maximize Operating Profit for Each Period per FMS 
Configuration When Pooling is Not Allowed 

Combining the objective function and the constraint sets formulated 

in sections (2.2) and (2.3), the model is summarized as follows: 

MAX E Pp Qp - E E E E 
PpQp E{(PQ)p} p p k m s 

Xpkms 
1 w-+ a. 

where Cm = E gtU tm ~ m = 1, 2, ••• , m, and 
t 

subject to 

-(la) E E Xpkrns = 1, "V" p = 1, 2, ••• , p; k £ {kp} 
m s 

(lb) E Xpk~s = E Xpk+l~ "V" p = 1, 2, ... , p; 
s m 

k £ {kp}; rn £ {Mp,k} 

(2) E E E E Xpkms Tpkm Qp Utm ~ Ut "V" t = 1 ' 2, 
p k m s 

... ' t 



(3) E E E E 
p k m s 

(4) E r E r 
p km s 
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Xpk.ms _,,..m = 1, 2, ••• , m 

Xpkms 

where p = 1, 2, ••• , p; k e:{kp}; m e:{Mp,k}; m' e:{Mp,k-1} and all 

Xs are binary. 

VI.3 DETERMINATION OF OPTIMAL OPERATING PROFIT WHEN POOLING IS ALLOWED 

In this section, the formulation for the determination of optimal 

operating prof it when pooling is allowed is presented. This model can 

be described as a multicommodity network-flow problem which can be 

formulated as a linear program [35]. Assumptions will be discussed 

first, followed by the formulation of the objective function and then 

the constraint set. Many assumptions and notational representations 

used in the preceding section also apply here. 

VI.3.1 Assumptions 

Except that pooling.is now allowed, all other assumptions as stated 

in the preceding section remain applicable. From a workload balance 

standpoint, the allowance of pooling provides a better utilization of 

machine capacity. That is, not only can the workoload of a part type be 

divided among machines by operations (as is allowed in the preceding 

formulation) but the workload can now be further divided within the same 

operation. 
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VI.3.2 Modeling of the Objective Function 

Define: 

Ypkms be the quantity of part "p" which flows from machine 

"s" to machine "m" for the kth operation of the part. 

The total cost of transportation for all part types is 

r r r r {Ypkms dms a w} 
p k m s 

The total cost of machining for all part types is 

r r r r {Ypkms Tpkm Cm} 
p k m s 

The total revenue received for all part types is 

where k is 

r r 
p s 

the last opeation and 

(6a) 

(6b) 

(6c) 

m is the unloading area (last machine) where all parts travel to. 

Also, 

Qp = r Ypk;s, and 
s 

From equations (6a), (6b) and (6c), the objective function is written as 

AA 

MAX {r r Pp Ypkms - r r r r Ypkms [dms a w + Tpkm Cm]} (7) 
PpQp E{(PQ)p} p s p k m s 

where Cm 
t 
r 

t=l 
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VI.3.3 Modeling of the Constraint Sets 

As in the preceding section, there are two sets of constraints. 

The first set is of the logical nature, which ensures that the quantity 

of parts entering the machine is identical to the quantity that leaves. 

This assumes no scrap and loss during production. However, an extension 

to incorporate scrap/loss would be straight forward. The second set is 

of the allocation nature, which establishes upper limits on various 

inputs, on machine capacity as well as on the material handling system 

capacity. Equations (8) are logical constraints whereas equations 

(9a-c) are allocation constraints. They are: 

(a) In-flows to a machine equals outflow -

¥- p= 1, 2, ••• , p 

s e: {Mp,k-1} 

m e: {Mp,k+l} 

(b) Upper limits on input amounts -

.. 
E E E E Ypkms Tpkm Utm ~ Ut, 
p k m s 

-v- t = 1, 2, ••• t 

(8) 

(9a) 
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(c) Upper limits on machine capacities -

... 
E E E Ypkms Tpkm ~ Tm, 
p k s 

(d) Upper limits on the AGV -

, ... 
E E E E Xpkms dms ~-- ( D 

Ct. -p k m s 

"'t'm = 1, 2, ••• , m (9b) 

VI.34 The Model to Maximize Operating Profit for Each Year per FMS 
Configuration When Pooling is Allowed 

Combining the objective function and the constraint sets formulated 

in sections (3.2) and (3.3), the entire model is written as follows: 

{E E Pp Ypkms - E E E E Ypkms [dms aw+ TpkmCmJ} 
ps pk ms 

such that 

E Ypkms = E Ypkmm 'V" p = 1, 2, ... ' p 
s A 

m 

k e: {Kp} 

s e: {Mp, k-1} 

,. 
{Mp,k} m e: 

m e: {Mp,k+l} 



E E E E 
p k m s 

E E E E 
p k m s 

,.. 
t 

Cm = E gtUtm 
t=l 
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~ t = 1, 2, ••• ,I 

-¥-m = 1, 2, ••• , m 

Qp = E Ypkms, and all Ys > O. 
s 

VI.4 DETERMINATION OF OPTIMAL CONFIGURATION SEQUENCE 

In this section, the formulation for the determination of an 

optimal FMS configuration sequence is presented. Assumptions and 

definitions are provided first, followed by a formulation. 

VI.4.1. Assumptions 

(i) The total number of machines in the FMS cannot exceed the 

original number of machines in the system. (ii) Once a challenger is 

introduced inco the FMS, it will not be considered further as a 

challenger. (iii) When a new machine is acquired, it will not become a 

replacement candidate. (iv) All machines to be replaced are known and 

are ready to be replaced at the beginning of the planning horizon. (v) 

The sale of the incumbent machine takes place at the beginning of the 

year, this assumpti9n allows capital recovery of the preceding year 
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to be claimed in full. Machine market values are assumed to be equal to 

the book value; the 1983 ACRS depreciation schedule is used. Investment 

tax credit will not be incorporated. 

VI.4.2 Definitions of Terms 

(i,j,t) A triple denoting the ith FMS configuration of jth 

vintage type, operating in year t. 

OPijt Maximum operating profit 

characterized by (i,j,t). 

of the FMS, in year t 

Machine value at year t for configuration (i,j,t). 

Depreciation 

(i,j,t). 

charge 

r Time value of money. 

p Income tax rate 

T The planning horizon. 

at year t for configuration 

VI.4.3 Forward Recursive Dynamic Programming Formulation 

The determination of optimal FMS sequence can be viewed as a 

multistage problem with sequential decisions. Figure VI.2 illustrates 

this sequential structure. The output of each decision stage is the FMS 

configuration which then becomes the input to the next decision stage. 

The decision at each stage are the selection of challengers and 
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Replace/Keep 
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defenders as well as the parts assignment. 

operating profit of the FMS. 

The stage return is the 

Let the optimal value function fijt be the optimal future worth for 

the FMS (of ith configuration, jth vintage type, operating in year t) 

from year one to year T if optimal replacement strategy is pursued 

during this time horizon. 

As the first stage (t = 1), the optimal value function can be 

expressed as 

fu1 = {-will (l+r) + (l-p)(OPu1-Du1> + Wilz}{l+r)T-l, 

and since 

where 11 is the set of possible FMS configuration at this stage. 

The explanation of Equation (5) is as follows: at year one, if FMS 

configuration (i,1,1) is required, then this involves the initial. 

purchase value of new challengers for this configuration. Once 

purchased, the optimal value is obtained by achieving the optimal 

operating profit. The capitalized cost at this year consists of (a) the 

opportunity cost, Wi11(r), (b) machine depreciation, Dill• 

outflow is p(OPill -Di11). 

The tax 

From stage 2 to stage T, the recursive relationship can be 

established as follows: 
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where {Jl tl , is the set of FMS configuration which 

does not consist of any new addition in this year, then 

fijt = fijt-1 + {-Wijt(r) + (1-p)(OPijt - Dijt)}(l+r)T-t 

v i e: Utl 

j e: {J1,tl (6a) 

t = 2,3, ••• ,T 

Equation (6a) states that if there are no replacements in year t (as 

implied by the condition j e: {J1,t}), then the best fijt up to this 

point is simply the fijt-1 from the preceding year plus the current 

year's optimal operating profit, minus depreciation, opportunity cost 

and tax for year t. 

,. 
If j e: {Jz,t}, where {Jz,t} is the set of FMS configurations which 

consists of new additions in this year, then 

-Ii!" i e: {Ii J. t-1} , , 

(6b) 

,. 
t 2,3, ••• ,T j e: {Ji , t iJ 2 , t} 
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Iijt-1 is the set of possible FMS configurations in year t-1 which 

can be changed to the current configuration (f,J,t). 
Here, when the current FMS configuration indicates new equipment 

addition, then the optimal function fijt can be represented by the 

optimal operating profit minus opportunity cost, depreciation, and tax 

plus the maximum f-value of any possible configuration (in year t-1) 

which can change to the current configuration. When the optimal Fi J. T 
' ' 

is determined, the sequential decisions leading to this result can then 

be traced back by examining equations (5,6a-b). These decisions at each 

stage represent the optimal replacement policy. A backward recursive 

dynamic programming formulation is also provided in Appendix II. 

VI.S SCOPE OF THIS RESEARCH 

A replacement model for an FMS has been formulated. It is apparent 

that this is a very large problem. Before assessing the size of this 

problem, it is necessary to determine whether the assumption of pooling 

should be explored. As discussed earlier, pooling allows a better 

balance of workload ahd hence a more efficient utilization of machines 

can result. However, the implementation of such a scheme could indeed 

be quite difficult. In order to be consistent with the aggregate 

planning approach of this research, it is assessed that the pooling 

assumption should be adopted from hereon. As such, the size of this 

problem is depicted as follows: 
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(i) Determination of the maximum operating profit with pooling 

The maximum number of decision variables per price-volume 

relation per configuration is 

= p k m m. 

And the corresponding maximum number of constraints is 

- -= pk + pkm + t + 1 

If the number of price breaks is µ, this means the above 

-problem needs to be solved µ times. 

(ii) Optimal FMS sequence 

The number of stages is T. 

The maximum number of fijt is 

A 

t 
= i ~ t. 

t=l 

VI.6 Summary 

This chapter provided on economic replacement model formulation for 

an FMS environment. All the relevant issues discussed in the preceeding 

chapter are incorporated. There are two parts to the formulation; the 

first determines the maximum operating profit per FMS configuration per 

year. The second part uses the results of the first part to construct 

an optimal FMS configuration sequence which in turn results in both an 

optimal replacement policy and an expansion/contraction policy. In 

fact, one may view the first part as a sub-problem of the second. 
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In the next chapter, an illustrative example for the assignment of 

machine parts for different FMS configurations are examined. This 

illustration sets the perspective for the multi-period model to follow. 



CHAPTER VII 

ASSIGNMENT OF MACHINING PARTS WITHOUT REPLACEMENT - SINGLE YEAR MODEL 

VII.l INTRODUCTION 

This chapter discusses the determination of the optimal operating 

profit for a given FMS configuration. This determination requires 

information on price-volume relationships, input rates to machines, unit 

costs, machine rates by operation per part types, layout of the FMS, 

availability of inputs, capacities of machines, and the capacity of the 

AGV system and its cost per unit distance travel. An illustrative 

problem is provided along with a solution procedure based on linear 

programming. The optimal machine parts assignment and its corresponding 

price-volume relationship are determined. Discussions on various 

aspects are included. 

VII.2 PROBLEM STRUCTURE 

VII.2.1 Problem Structure 

The problem, as defined in Section VI.3, essentially consists of 

solving a problem with the following structure: 

MAX MAX p(l)y - CY; MAX p(2) Y - CY;•••; MAX p(n)y - CY 

A1Y = 0 

69 
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q(l) ~ y ~ q(2) 

0 ~ y ~ q(2) 

q(2) + 1 < y ~ q(3) 

o ~ y ~ qC3) 

q(n) + 1 ~ y ~ q(n+l) 

0 ~ y ~ q(n+l) 

where Ai is the matrix for the flow of parts through the machine 

stations. Matrix A1 has a diagonal block structure with 

each block representing material flow of a part type. 

Az is the matrix for the consumption of resources and all 

elements of Az are positive. 

b is the upper limit of resource consumptions. 

p(i) i=l, ••• ,n is the price vector for the ith price combination, 

q(i) + 1, q(i+l) are the corresponding lower and upper limit 

vectors for the output level Y, and 

C is the vector of cost coefficients. 

The above formulation requires solving a series of multi-commodity 

network flow problems. To illustrate this problem further, a simple 

case is depicted in Figure VII.I. 

Here, ABCD is the feasible region bounded by the A1Y and AzY 

constraints set. Region 1 is the feasible region bounded by the first 

price-break of both Yi and Yz; similarly, region 2 by the first and the 

second, region 3 by the second of both, and region 4 by the second and 

the first. Since the price vectors are different for each price-break 
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combination, the objective coefficients vary for each of these four 

regions. Therefore, the determination of the maximum operating profit 

for the entire combination set requires solving each of the combinations 

which as a linear programming structure with upper and lower bounding on 

the variables. 

VII.2.2 On Infeasibility 

For the preceding problem, certain infeasibility situations could 

occur which can eliminate the feasibility of certain price-break 

combinations. Consider the situation depicted in Figure VII.2. The 

first step involves the determination of the maximum operating profit 

for region 1 (feasible solution exists). Suppose that the process is 

pursued onto region 2, and no feasible solution can result for this 

region. This implies that region 3 and 5 cannot provide a feasible 

solution since the output requirements for both region 3 and 5 dominates 

that of region 2. Similarly, regions 6, 7, 8 can also be eliminated. 

However, nothing can be said about region 4 at this point. The reason 

is that, although at this region the output level of Y2 is greater than 

that of Y2 in region 2, the output level of Y1 is lower. And this 

allows the trade-offs for the consumption of resources by the two part 

types. Should region 4 also produce an infeasible solution such as 

depicted in the figure, then region 9 is also infeasible. 

In general, when a given price combination is found infeasible, 

then any price combination whose output requirement dominates this 
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infeasible price combination can be eliminated from further 

consideration. Hence, in order to systematically determine the maximum 

operating profit, the lowest price-break vector is tried first and when 

infeasibility is encountered, the elimination procedure is performed. In 

this manner, the soltuion to this problem can be obtained by 

systematically solving a series of linear programs. 

VII.2.3 On the Size of the Decision Variable Set 

The decision variables for each of the series of linear programs 

are the Ypkms' and the maximum number of variables each L.P. can have is 

(p)(k)(m)(s). But since there will be operations of certain part types 

which cannot be machined by a particular machining station, then many of 

these variables can be eliminated. What is suggested here is that 

before the linear program is setup, the Ypkms variables are first 

transformed into a single variable set with all the unnecessary s 

variables eliminated. 

VII.2.4 The Linear Programming Subroutine 

The linear programming subroutine used for the determination of 

operating profit is contained in Appendix VI [36]. This subroutine uses 

the revised simplex method and implicitly carries the upper bounding 

constraints. The two-phase method is used to obtain the initial basic 

feasible solution. 
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VII.3 AN ILLUSTRATIVE EXAMPLE 

VII.3.1 An Illustrative Example 

Consider an FMS with four machines and a single load-and-unload 

station. The layout for this FMS is shown in Figure VII.3 The distance 

between machines (distance matrix) is shown in Table VII.I. There are 

four major inputs to each of the four machines, namely: (a) direct 

labor, (b) indirect labor, (c) energy, and (d) maintenance. The 

respective consump~ion rate (input amount per machine-minute) and the 

unit cost of respective inputs are listed in Table VII.2. This FMS 

manufactures three parts. The machining times for each operation per 

part type for each machine are listed in Table VII. 3. The resources 

available for each of the four inputs, the machine capacities of A, B, C 

and D, the capacity limit of the AGV and its cost per unit distance 

traveled are listed in Table VII.4. The price-volume relationships of 

the three part types are shown in Figure VII.4. 

that of Section VI.3 and the objective is to 

All assumptions follow 

determine both the 

price-volume combination of each of three part types and the 

corresponding machine parts assignment which would result in the maximum 

operating profit. The next section discusses the solution procedure. 

VII.3.2 The Problem Size and Its Setup 

There are three price~breaks for each part type. This means that 

there exists (3 x 3 x 3) 

price vectors, i.e, p(i), 

= 27 

i = 

price-break combinations and hence 27 

1, ••• ' 27. The maximum number of 
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Table VII.I 

The Distance Matrix for the Example FMS 

L/U M/C M/C M/C M/C 
AREA A B c D 

L/U 
AREA 0 80 60 40 20 

M/C A 20 0 100 60 40 

M/C B 40 20 0 80 60 

M/C c 80 60 40 0 100 

M/C D 100 80 60 20 0 
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variables for this problem is (6 + 7 + 10)(5)(5) = 575 where 6, 7, 10 

are the total number of operations for part types one, two, and three, 

respectively. The total number of stations is five, four of which are 

machine stations and one load-and-unload station. Many of these Ypkms 

variables have zero values since certain operations cannot be performed 

on certain machines; thus, they can be eliminated. For example, the 

variable Y12BA = 0 since machine B cannot perform the 2nd operation of 

part one. Similarly, variable Y12cn = 0, for although operation two of 

part type one can be performed on machine C, this pa~t cannot come from 

machine D which cannot perform this part's first operation. 

Using the preceding logic, all the Ypkms are redefined using a 

single subscript (a single array in the FORTRAN program). The new 

variable set, its representation and objective coefficients are listed 

in Table VII.5. Note that the objective coeffic·ients are all reversed 

in sign due to the built-in minimization structure of the linear program 

subroutine. There are 82 variables. The number of constraints in this 

problem is the sum of the total number of balance equations for the 

material flow and the total number of resource allocation constraints. 

There are 43 balance equations. This could be computed by summing the 

number of Tpkm which has a value greater than or equal to zero. In the 

terminology of network flow, there exists 43 nodes through which the 

commodities can flow. Since there are four inputs to the FMS, four 

machines, and an AGV systems, there are 9 allocation constraints. All 

together, there are 52 constraints. 
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Table VII.2 

Respective Input Consumption Rates by Machine 
and Unit Costs of Inputs 

Direct 
Labor 
(min) 

.5 

.6 

.55 

.65 

$25/hr 
($.4167 
per min) 

Indirect 
Labor 
(min) 

.3 

1.0 

.7 

.4 

$35/hr 
($.5833 
per min) 

Energy 
75 kw m/c 

(kw hr) 

.6 

.8 

.7 

.65 

$15/hr 
($.25 

per min) 
@ .20/ 
kw/hr 

Maintenance 
(min) 

.1 

.2 

.15 

.1 

$15/hr 
($.25 

per min) 
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Table VII.3 

Machine Times per Operation Per Part Type per Machine (in Minutes) 

Part One: 

1 2 3 4 5 
Operation No. M/C No. L/U A B c D 

1 * 18.5 14.5 * * 2 * * * 10.0 * 3 * * 10.5 8 12.5 
4 * 23.5 * * 25 
5 * * * 15 16.5 
6 0 * * * * 

Part Two: 

1 2 3 4 5 
Operation No. M/C No. L/U A B c D 

1 * * 47.9 * * 2 * 33.2 40.0 * * 
3 * 15.0 20.0 * * 
4 * * * 40.0 36.8 
5 * * * 35.0 38.4 
6 * 14.5 * * 15.0 
7 0 * * * * 

Part Three: 

1 2 3 4 5 
Operation No. M/C No. L/U A B c D 

1 * 36.3 34.5 * * 
2 *' 32.0 * 40.0 34.8 
3 * * * 15.0 * 
4 * 10.0 10.0 * * 
5 * * 30.6 * 25.0 
6 * * * 10 .o 9.4 
7 * 20.0 20.0 * * 
8 * 18.0 * 17.0 * 
9 * 5.8 5.0 * * 

10 0 * * * * 
* - not able to perform. 
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Table VII.4 

Upper Limits of Resources 

INPUTS AVAILABILITY: 

Direct Labor - 1,200,000 hrs. 

Indirect Labor - 1,200,000 hrs. 

Energy - 10,000,000 kw hr. 

Maintenance - 600,000 hrs. 

MACHINE CAPACITY: 

Machine A = 480,000 hrs. 

Machine B = 480,000 hrs. 

Machine c = 480,000 hrs. 

Machine D 480,000 hrs. 

CAPACITY OF THE MATERIALS HANDLING SYSTEM: 

AGV (capacity) = 72,000,000 ft. 

Cost per foot traveled by AGV = $0.1 
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Figure VII.4 

Price-Volume Relationship 



83 

However, there are upper and lower bounding for the decision 

variables. For 

(2,1); (3,3)}, 

price-break of 

example, if the price-break combination 

i.e. the 2nd price break of part type 

part type two and 3rd price-break of part 

is {(1,2); 

one, 1st 

type three, 

then the variables corresponding to the 1st, 2nd and 3rd part type would 

have an upper bound of 2400, 600, and 3500, respectively. For the 

variables that correspond to the flow of parts into the load-and-unload 

station, in addition to the corresponding upper bounds, lower bounds of 

1400, 1200, and 2700 will need to be imposed. As previously mentioned, 

the linear programming subroutine used for the work has special 

treatment for such upper and lower bounding structure; all the bounds 

are carried implicitly through each pivot. 

Lastly, the [A1 + A2] matrix is setup accordingly. The task then 

is to determine the maximum operating profit for each price-break 

combination and to select the maximum from the whole combination set. 

The next section discusses the results for this problem. 

VII.3.3 Results and Discussion 

The optimal machine parts assignment for this problem is shown in 

Table VII.5. The price-break combinations are $160, $250, and $350 

respectively for parts one, two and three. The routes of the three part 

types are as follows: (See also Figure VII.7 which summarizes this and 

other results at the end of this chapter). 
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Part One: Operation 1 - 3800 units from load/unload (L/UL) 

Part Two: 

Part Three: 

station (station 1) to machine 2. 

Operation 2 - 3800 units from machine 2 to machine 4. 

Operation 3 - 3800 units from machine 4 to itself. 

Operation 4 - 140 units from machine 4 to machine 2 and 

3660 from machine 4 to machine 5. 

Operation 5 - 140 units from machine 2 to machine 5 and 

3660 units from machine 5 to itself. 

Operation 6 - 3800 units from machine 5 to station 1. 

Operation 1 - 1600 units from the U/L station to machine 

3. 

Operation 2 - 1600 units from machine 3 to machine 2. 

Operation 3 - 1600 units from machine 2 to itself. 

Operation 4 - 1600 units from machine 2 to machine 5. 

Operation 5 - 1600 units from machine 5 to itself. 

Operation 6 - 1600 units from machine 5 to itself. 

Operation 7 - 1600 units from machine 5 to L/UL station. 

Operation 1 - 2700 units from L/UL station to machine 2. 

Operation 2 - 2700 units from machine 2 to machine 2. 

Operation 3 - 2700 units from machine 2 to machine 4. 

Operation 4 - 2700 units from machine 4 to machine 2. 

Operation 5 - 2700 units from machine 2 to machine 5. 

Operation 6 - 2700 units from machine 5 to machine 5. 
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Operation 7 - 2700 units from machine 5 to machine 2. 

Operation 8 - 2700 units from machine 2 to itself. 

Operation 9 - 2700 units from machine 2 to itself. 

Operation 10 - 2700 units from machine 2 to machine 1. 

The breakdown of costs and revenue is shown in Table VII.6. Part 

type 3 gave the highest unit profit margin as well as the highest 

percentages of profit contribution, followed by part type 2 and part 

type 1. From the distribution of work load, one could observe that 

machine A (station 2) picked up most of the workload. In fact, from the 

optimal dual variables (Table VII.7), one could deduce that the utiliza-

tion of machine A is at its upper limit. Another evidence of this is 

also exhibited in operation 4 of part type 1 where, instead of routing 

all machining parts to machine A, 3660 units were routed to machine D 

which has a higher operating cost for that operation. 

The fact that output levels of each part type are at their upper 

limits can be explained by one or more of the following reasons: 

(a) The total profit at this price range is the highest possible. 

Consider Figure VII Sa. If the total prof it obtained by 

producing at the upper limit of t.:iie 1st price break is greater 

than that of the 2nd and third, i.e. (Pxqx -Cqx) < (Pyqy 

-Cqy) < (Pzqz -Cqz), then there is no incentive to operate at 

a higher level. 

(b) The total prof it at the next level is prohibited by the 

capacity constraint(s). Consider Figure VII Sb. Although the 



Output Level 

Total Cost 

Unit Cost 

Total Revenue 

Selling Price 

Unit Profit 

Total Prof it 

%Profit 
Contribution 
by Part Type 
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Table VII.6 

Breakdown of Costs and Revenues by Part Type 

Part Part Part 
Type Type Type Total 

1 2 3 

3800 1600 2700 8300 

377898 272832 405108 1055838 

99.45 170.52 150.04 127.209 

608000 400000 945000 1953000 

160 250 350 235.3 

60.55 79.48 199.96 108.09 

230090 127168 539892 897150 

25.65% 14.17% 60.18% 100% 
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total profit obtained from producing at the upper limit of the 

znd price break may be found to be greater than that of the 

1st, i.e, Pxqx -Cqx < Pyqy -Cqy, this production level can in 

fact violate certain capacity constraint(s). And where the 

resource constraints allow, say up to qy' the total profit may 

not be as attractive as producing at qx, i.e. Pxqx -Cqx < 
Py I qy I -Cq y I ' • 

(c) The total profit at the next level is diminished by the higher 

unit operating cost. This could 

(b). Consider Figure VII Sc. 

also occur to both (a) and 

If the total profit 

from producing at qx is greater than that of qy, i.e. Pxqx 

-Cxqx < Pyqy -Cyqy, where Cy < Cx, then again there is no 

incentive to produce at this next level. This situation 

corresponds to one where the unit operating cost becomes 

higher at a higher output level. Such could occur when the 

capacity of the machine which provides the previously cheaper 

unit operating cost is reached and to achieve a higher level 

of output,· the parts will have to be reassigned to alternative 

machines for more expensive machining. 

Another interesting issue concerns the substitution of resources. 

For operations (1, 4, 2, 4) and (1, 4, 5, 4) where pooling takes place, 

it could be viewed that the operation by machine 2 is being substituted 

by machine 5; and such is still desirable as long as the total profit 

remains attractive. Similarly, but perhaps more indirectly, situations 

could take place between direct and indirect labor, or even between 
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Table VII.7 

The Optimal Dual Variables for the Allocation Constraints 

1. Indirect labor - 0 

2. Direct labor - 0 

3. Energy - 0 

4. Maintenance labor - O. 

S. M/C Two Capacity - 0.18 

6. M/C Three capacity - 0 

7. M/C Four Capacity - 0 

8. M/C Five Capacity - 0 

9. AGV Capacity -0 
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machine and AGV system. That is, if the resources for direct labor is 

limited and indirect labor abundant, then the machining operations may 

be re-routed in such a fashion that less direct labor is consumed while 

more consumption is placed upon indirect labor. Using a similar 

argument, consider the situation where the capacity of the AGV system is 

limited. Shorter routes may be more desirable even if this means higher 

machining costs. Of course, both of the preceding situations assume 

that such substitution could result in a more desirable total profit. 

VII.3.4 Sensitivity Analysis (Also see Figure VII.7 for a summary of 
the following results. 

VII.3.4.1 Change of AGV Capacity. The utilization rates of the 

respective resources at the optimal operating profit is listed in Table 

VII.8. To see how the capacity of the AGV affects the operating profit, 

instead of having two vehicles, the capacity limit for one vehicle is 

used. At this new limit, the optimal operating profit remains unchanged 

as can be deduced from the utilization rate. To go one step further, 

assume that the AGV capacity is 2,000,000 ft/yr. Here, the AGV limit 

becomes the sole binding constraint (see Table VII.9 for the dual 

variable). The optimal machine parts assignment are listed on Table 

VII.IO. At this capacity limit, while part type two remains at a 

production level of 1600, the production levels of both part type one 

and part type three have decreased. Further, while part type three 

remains producing at the upper limit of the lower price break (higher 
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selling price, lower production quantity), part type one cannot achieve 

the upper limit production level due to the AGV constraint. Also note 

that when the material handling constraint is the first one to become 

binding, pooling does not take place. 

VII.3.4.2 Change of Machine Capacity. Instead of having 480,000 hr. 

capacity for each machine, 240,000 hrs. is used. This results in an 

infeasible situation. Alternatively, the capacity limits of each of the 

four machines are assumed to have a capacity of 360,000 

hours. The resulting optimum parts assignment are shown in Table 

VII.11. At this production schedule, the production of part type three 

decireases to 2000, while the other two part types remain the same. 

Such phenomena parallel situations depicted in Figure VII.Sc (explained 

previously). 

VII.3.4.3 Change in demand profile. To see how.the deman profile can 

affect the machine assignment, let the price-volume relationship be the 

one shown in Figure VII.6. The optimal operating profit for the new 

demand profile is $81S,701 (see Table VII.12). But more importantly, 

because of the lower price (160 to 100) as well as lower output volume 

(3800 to 2800), the production level for part type one is now 1400 at 

the selling price of $200. That is, instead of producing at the 3rd 

price-break, the production level is now shifted to the 1st. This 

phenomena can be explained by the two situations discussed in Figures 

VII.S a, VII.Sc. Here, the total profit resulting from producing at the 

1st price-break is now the highest, i.e, (200)(1400) -C1(1400) < 



Table VII.8 

Respective % Consumption of Available Resources 

Input Types Unit Consumed Unit Available Utilization Rate 

Direct Labor 600,286 HR 1,200,000 HR 5% 

Indirect Labor 453,428 HR 1,200,000 HR 37.8% 

Energy 679,949 KW-HR 10,000,000 KW-HR 6.8% 

Maintenance 118.802 HR 600,000 HR 19.8% 
\Cl 

Machine A 480,000 HR 480,000 HR 100% w 

Machine B 108 ,899 HR 480,000 HR 22.7% 

Machine D 391,398 HR 480,000 HR 81.54% 

AGV System 3,415,981 FT 72,000,000 FT 4% 
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Table VII.9 

The Optimal Dual Variables for the Allocacation Constraints 
(AGV 2,000,000 ft. per yr.) 

1. Indirect labor - 0 

2. Direct labor - 0 

3. Energy (misc.) - 0 

4. Maintenance labor - 0 

s. M/C Two capacity - 0 

6. M/C Three Capacity - 0 

7. M/C Four Capacity - 0 

8. M/C Five Capacity - 0 

9. AGV Capacity - 0.23 
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I 1 1 11 5 3 25.29 0.0 51t 3 2 5 3 32.07 0.0 
12 1 11 5 11 30.62 0.0 55 3 3 11 2 20. 7') 2000.00 
13 1 11 5 5 11. 29 0. IHI 56 3 3 11 11 12.75 o.oo \0 

111 1 5 If 2 20.75 0.00 57 3 3 11 5 15 .112 o.uo Vt 

I ') I ') 11 5 15 .112 0.0 56 3 ,, 2 11 13.56 1999.99 
16 1 5 5 2 16./5 1316 .117 59 3 If 3 If 16. 17 0.00 
1 7 1 5 5 5 11 . 11 I 0.00 60 3 5 3 2 116, 116 0.0 
18 I 6 I 11 10.67 0.0 61 3 5 3 3 33. 15 0.00 
19 1 6 I 5 13. 33 1376 .111 62 3 5 5 2 22.62 2000.00 
20 I 6 I 1 -200.00 1376 .111 63 3 5 5 3 25.29 o.o 
21 2 1 3 1 59.69 1600.00 611 3 6 11 3 19. 17 o.o 
22 2 2 2 3 21. 20 1600.00 65 3 6 11 5 11. 1 7 0.0 
2:~ 2 2 3 3 113. 33 0.0 66 3 6 5 3 1 t1. 50 0.0 
211 2 3 2 2 6. 311 1600.00 67 3 6 5 5 6.50 2000.00 
2') 2 3 2 3 11. 011 0.00 68 3 7 2 4 19. 17 0.00 
26 2 3 3 ,, 35.00 o.n 69 3 7 2 5 21.63 2000.00 

'-
27 2 3 3 3 21. 67 0.0 70 3 7 3 ,, 21.00 0.0 
26 2 3 lj 2 20.75 0.0 71 3 7 3 5 29.67 0.0 
29 2 3 11 3 23 .112 0.0 72 3 8 2 2 10.05 2000.00 
30 2 11 11 2 112. 00 0.0 73 3 6 2 3 12.72 0.00 
31 2 11 11 3 1111. 6 7 0.0 111 3 8 ,, 2 22, lj') II. U 
32 2 11 11 11 311. on 0.01) 15 3 8 11 3 25. 12 0.0 
33 2 11 5 2 311. 79 1600.00 16 3 9 2 2 3. 211 2000.00 
311 2 It 5 3 33, 115 0.00 77 3 9 ,, 11 11. 211 0.00 L. 

35 2 11 ') 11 36.79 0.0 16 3 9 3 2 18. 7'j 0.0 
36 2 5 If It 29. 75 o.oo 79 3 9 3 1, 10. 75 0.0 
31 2 5 ,, 5 32.42 0.00 60 3 10 I 2 2.67 201)'0. 00 
38 2 5 5 11 39.89 0.0 81 3 10 1 3 5.33 , Cl.Op 
:19 2 5 ') 5 26.56 1600.00 82 3 10 I 1 -1100. 00 2000.00 
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(150)(2000) -C2(2000) < (100)(2800) -C3(2800), where C1, C2 and C3 are 

the respective unit operating costs at the upper limits of respective 

price breaks and C1 ~ C2 ~ C3. 

changed, the reverse is true: 

Apparently before the demand profile is 

i.e. (200)(1400) -C1(1400) < (180)(2400). 

-C2(2400) < (160)(3800) -C3(3800). 

VIII.4 SUMMARY 

Figure VII.7 summarizes the parts assignment problems examined in 

this chapter. In brief, this chapter has provided the structure, the 

solution procedure and the problem setup for the parts assignment 

problem. An illustrative example was also presented to help understand 

the relevant issues regarding the part-assignment task. In the next 

chapter, this assignment task will be cast in a replacement context. 



Table VII .11 

The Optimal Parts Assighment When Machine Capacities are All at 360,000. 
The Optimum is 846856.562 

Ill[ ASS I GNMLNI s or PARIS AHE AS FOLLOW : 

p K M s OUJ. Y(P,K,M,S) 110 2 6 2 4 16. 10 0.00 
COF ff. 111 2 6 2 5 18. 76 0.0 

112 2 6 5 lj 23.71 0.0 
113 2 6 5 5 HI. 37 1600.00 

I 1 2 1 20.911 3799.99 1111 2 7 1 2 2.67 o.o 
2 1 I 3 1 23.71 0.00 115 2 7 1 5 13.3.3 1600.00 
3 1 2 11 2 16. 'jO 3799.99 116 2 7 1 1 -250.00 i600.00 
11 1 2 11 3 19. 17 o.o 117 3 1 2 1 30.9.> 1999.99 
5 1 3 3 11 16. 71 0.00 118 3 1 3 1 45. 37 0.00 
6 1 3 11 11 6.8ll 3800.00 119 3 2 2 2 11. 3-1 1023. 76 -, I 3 5 11 21. 98 0.0 50 3 2 2 3 20.53 o. 0 
8 I 11 2 3 1 '). 79 0.0 51 3 2 11 2 112.00 0.0 
9 1 11 2 11 21. 12 (J. 0 52 3 2 11 3 114. 67 0.0 

10 I 11 2 5 23. 79 0.0 53 3 2 5 2 29.110 976.23 
1 I 1 11 5 3 25.29 0.0 511 3 2 5 3 32.07 (J. 0 
12 1 1, 5 4 30.62 3800.00 55 3 3 11 2 20.75 1023. 76 
1 3 1 1, 5 5 17.29 0.00 56 3 3 11 11 12. 75 0.00 \0 

111 1 5 11 2 20.75 0.00 57 3 3 11 ,- 15.112 976.22 -...J .> 
1 ·- 1 ') 11 5 15.112 27111. 71 58 3 11 2 11 13.58 1999.99 .> 
16 1 5 5 2 16.75 0.0 59 3 11 3 11 16. l7 0.0 
n 1 5 5 5 1 I . 111 1085.29 60 3 5 3 2 116 .118 0.0 
18 1 () 1 11 10. 67 27111. 71 61 3 5 3 3 33. 15 0.0 
I 'J I 6 1 5 13. 3 3 1085. 29 62 3 5 5 2 22.62 1999.99 
;>O 1 6 1 l -160.00 3800.00 63 3 ') 5 3 25.29 (J. (J 

21 2 I 3 I 59.89 1600.00 611 3 6 It 3 19. 17 -0.00 
~~ ;? 2 2 2 3 21.20 1600.00 65 3 6 11 5 11. 17 0.0(1 
23 2 ;~ 3 3 113. 33 0.0 66 3 6 5 3 111. 50 l). 0 
211 2 3 2 2 8.38 1600.00 67 3 6 5 5 6.50 1999.99 
25 2 3 2 3 1 I .(ll1 0.00 611 3 7 2 11 19. 17 0.0 
26 2 3 3 2 35.00 0.0 69 3 7 2 5 21.83 1999.99 
21 2 3 3 3 21. 6 7 0.0 70 3 7 3 11 27.00 0. () 
2B 2 3 11 2 20. /') 0. ti 71 3 7 3 5 29.67 0.0 
29 2 3 11 3 23 .112 (). 0 72 3 8 2 2 10.05 - 1999. 99 
30 2 11 11 2 112. 00 0.00 73 3 8 2 3 12. 72 -0.00 
31 2 11 11 3 1111. 6-1 0.0 711 3 ti ,, 2 22.115 o.o 
32 2 11 11 11 311. 00 0.00 75 3 8 11 3 25. 12 0.0 
33 2 11 ') 2 30. -,9 1600.00 76 3 9 2 2 3.211 1999.99 
311 .., 

<. 11 ') 3 3 3. 11') 0.00 n 3 9 2 t1 11 . 2t1 0.00 
3 ') 2 11 5 11 38. 79 0.0 l8 3 9 3 2 rn. 75 0.0 
36 2 5 11 11 29.7'-1 (). () 79 3 9 3 4 10. 75 0.0 
3 I 2 ') 11 5 32 .112 0.00 80 '-- 3 10 1 2 2.67 1999.99 
38 2 '.> '> 11 39.89 o.o ti 1 3 10 1 3 5.33 o. on 
39 2 ') ') 5 26.')6 1600.00 82 3 10 1 1 -1100. 00 2000.00 
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Table VII.12 

Optimal Assignment with Different Demand Profile 

The 01)tbum is 8157Jl. 750 
lllL ASSIGNMLNIS Of PARl:'i ARE AS FOLLOW : 

40 2 6 2 11 16.HJ 0.00 
I' K M s OBJ. Y(P,K,M,S) 111 2 6 2 ') 18.76 1003 .111 

COEff. 112 2 6 5 4 23.71 ().() 

113 2 6 5 5 10. 37 596.52 

I 1 1 2 1 20.911 1399.99 1111 2 7 1 2 2.67 1003 .111 

;> 1 1 3 1 23. 71 0.0 45 2 7 1 5 13.33 596.52 
3 1 2 ,, 2 16.50 1399.99 116 2 7 1 I -250.00 1600.00 
11 I 2 lj 3 19. n -0.00 111 3 l ;• I 30.93 2699.99 

5 I 3 3 11 16. 71 o.nu 118 3 1 3 1 115. 37 0.00 

6 I 3 11 ,, 6.80 11100.00 119 3 2 2 .. 17.87 2699.99 t. 

l I 3 5 ,, 21.98 0.0 50 3 2 ,, 3 20.53 0.0 ,_ 
8 1 11 2 3 15. 79 0.0 ')I 3 2 11 2 112. 00 0.0 
9 1 11 2 11 21. 12 1399.99 52 3 2 4 3 1111. 67 0. (I 

I 0 1 11 ,, 5 23./9 0.0 53 3 2 5 2 29.110 0.0 ,_ 
11 1 11 5 3 25.29 o.o 511 3 2 5 3 32.07 0.0 
12 I 11 5 11 30.62 0.0 55 3 3 11 2 20. 75 2699.99 
H 1 11 5 5 17.29 0.00 56 3 3 11 11 12.75 0.00 \0 

111 1 5 11 2 20.15 0.00 57 ~ 3 lj 5 15 .112 0.00 \0 

l'j 1 r> 11 5 15 .112 o.O 58 3 11 2 11 13.58 2700.00 

16 1 5 ') 2 16. 75 1399.99 59 3 11 :\ 11 16. 17 -0.01 
I I I 5 5 5 11. 111 0.00 60 3 5 3 2 116. 48 o. 0 

18 1 6 1 11 10. 6 7 0.0 61 3 5 3 3 33. 15 0. (I 
I 9 I 6 1 5 13.33 111110. 00 62 3 5 r> '• 22.62 2700.00 c. 

20 1 6 1 I -200.00 11100.00 63 3 5 ... 3 25.29 -0.01 _) 

21 2 1 3 1 59.89 1600.00 611 3 6 11 3 19. 17 o.o 
?? 2 2 2 3 21. 20 1600.00 65 3 6 11 5 11 . 17 0.0 
n ;> ? 3 3 113. 33 0.0 66 3 6 5 3 111. 50 o.oo 
211 .,!.r 3 2 2 8.38 1600.00 67 3 6 5 ') 6.50 2699.99 
2·· 2 3 2 3 11. 011 0.00 68 3 7 ;> 11 19. 17 0.00 

) 

26 2 3 3 2 35.00 0.0 69 3 7 ;' 5 21. 83 2699.99 
21 2 ] 3 3 21 .67 -o.oo 70 3 7 ] 11 27.00 0.0 
28 2 3 11 2 ?.0.75 0.0 71 3 7 3 ._, 29.67 o.o 
29 2 3 11 3 23 .112 0. 0 72 3 8 2 '• 10.05 2700.00 ,_ 
30 2 11 11 ,.., 112.00 0.00 73 3 8 ') :~ 12.72 0.00 ,_ ,_ 

31 2 11 11 :s 1111. 6 7 0.0 711 3 8 11 2 22.115 0.0 
32 2 11 11 11 311.00 0.00 75 3 8 11 3 25. 12 0.0 
J3 2 11 ~ 2 :rn. 79 1600.00 76 3 9 2 ;> 3. 211 2700.00 
311 ') 11 .. 3 33. lt5 -<L no n 3 9 2 It 11. 211 0.00 ,_ ) 

:l '> 2 11 '> 11 JU.19 (). 0 78 3 9 3 2 18.75 0.0 
_\(, 2 '> 11 11 ?9.i5 (). 0 /') 3 9 1 11 10. 75 0.0 
JI ., 

~ 11 ~ 32 .112 (). () tltl 3 10 1 ., 2.67 2 700. 00 
L. 

£ 

lll ? ~) 5 11 39.89 o. fl 81 3 10 1 3 5.33 0.00 
.i9 " '> ') ':> 26.56 1600.00 82 3 10 I 1 -350.00 2700.00 
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CHAPTER VIII 

MACHINING PARTS ASSIGNMENT IN A REPLACEMENT ENVIRONMENT -
A SINGLE-YEAR ANALYSIS 

VIII.1 INTRODUCTION 

The previous chapter discussed the various aspects . of the part 

assignment problem in an FMS using an illustrative example. Using the 

same example, this chapter extends the analysis to situations where new 

machine(s) are considered to replace the incumbent(s). More 

specifically, this section examines the general affects on the optimal 

parts assignment when one or all of the defenders are replaced. Let the 

defenders be machines A and B· ' and let there be two challengers, 

machines X and Y. The operation times per part type per machine are 

shown in Table VIII.1. The .respective input consumption rates for the 

challengers are listed in Table VIII.2. 

Recall that the Load/Unload station and machines A, B, C, and D are 

designated as machines 1, 2, 3, 4, and 5, respectively. The challengers 

X and Y are then identified as machines 6 and 7. Note that both 

challengers have relatively shorter machining times in order to reflect 

the capability of new machines. Also, note that each machine is capable 

of performing more machining operations; that is, the challengers are 

more flexible in general. 

VIII.2 ONE-FOR-ONE REPLACEMENT SITUATIONS 

There are two defenders (A,B) and as many challengers (X,Y) in this 

problem. Thus, there are all together four combinations of the 

101 
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Table VIII.l 

Operation Times Per Part Type for Challengers X and Y 

Part One 

Operation No. M/C X M/C Y 
1 12.5 * 
2 10.0 7.0 
3 10.0 * 
4 * 16.0 
5 14.0 12.0 
6 * * 

Part Two 

Operation No. M/C X M/C Y 
1 40.0 35.0 
2 30.0 35.0 
3 * 15.0 
4 30.0 * 
5 30.0 * 6 * 15.0 
7 * * 

Part Three 

Operation No. M/C X M/C Y 
1 30.0 25.0 
2 30.0 25.0 
3 10.0 10.0 
4 15.0 8.0 
5 25.0 20.0 
6 8.0 8.0 
7 15.0 * 8 15.0 * 
9 5.0 * 

10 * * 
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Table VIII.2 

Respective Input Consumption Rates by the Challengers X and Y 

Machine 
x 

Machine 
y 

Direct 
Labor 
(min.) 

.4 

.3 

Indirect 
Labor 
(min.) 

.3 

.25 

Energy Maintenance 
75 KW M/C 

KW-HR (min.) 

.4 .1 

.25 .OS 
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one-for-one replacement nature; namely (6,3,4,5), (7,3,4,5), (2,6,4,5) 

and (2,7,4,5). The case where machine A (labeled as machine 2) is 

replaced, resulting in (6,3,4,5) and (7,3,4,5), will be discussed first 

followed by replacement of machine B (labeled as machine 3), resulting 

in (2,6,4,5) and (2,7,4,5). For sections 2, 3, and 4, see also Figure 

VIII.I which summarizes the results. 

VIII.2.1 FMS configurations of (6,3,4,5) and (7,3,4,5) - Replacement 
without expansion 

Table VIII.3 lists the results of the first case. Note also that 

in Table VIII.3, machine 6 is being placed in station number 2 (machine 

cell 2) and where M equals two, the assignment is to machine 6 now 

occupying station number 2. From hereon, such representation of 

challenger(s) replacing incumbent(s) will be adopted throughout. The 

optimal operating profit for (6,3,4,5) is $1,095,706, or an increase of 

$198,612. The price-breaks for all three part types remained the same, 

implying that the more efficient machine 6 is either incapable of 

producing at a higher price-break range (which would produce higher 

total profit), or that at the higher price-break, the total resulting 

profit is not as attractive. In other words, expansion is not 

recommended even with the introduction of a new, more efficient and more 

flexible machine. With respect to the assignment of work, as can be 

expected, machine 6 picked up as much of the workload as its capacity 

allows. The constraint corresponding to machine 6 is binding. 

For results from sections VII.2,3,4, see also Figure VIII.l at the end 
of this chapter. 



Table VIII. 3 

Optimal Parts Assignment for FMS Configuration (6,3,4,5) 

':.'he Opti111wJ io 1J~S706.0v ltl 2 .. 5 .. J8.79 16110.00 
112 2 5 2 2 llt.00 o.o 

llll ASSIGNMLNIS Of PAlllS AIU AS rou.ow : •11 2 5 2 11 22.00 o.o 
•1•1 2 5 2 5 211. 67 o.o .. K H s OllJ. YIP,K,H,SI •15 2 5 •1 2 37. 75 0.0 

cor ff. •16 2 5 •1 •1 29. 15 0.0 
•17 2 5 •1 5 32.112 0.0 

I I I 2 I 16.50 3199.99 •111 2 5 5 2 31.89 0.0 
2 I I 3 I 23. 11 0.0 •19 2 5 5 •1 19.89 0.00 
l I 2 2 2 •1.67 3799.99 50 2 5 5 5 26.56 1600. 110 .. I 2 2 3 7. 33 -0.00 51 2 6 5 2 15.71 0.00 
5 1 2 lj 2 16.50 0.0 52 2 6 5 11 23. 71 11.00 
6 I 2 lj 3 19. 17 0.0 !>l 2 6 5 5 10. 37 1600.00 
1 I l 2 2 11. 67 -II. Cll 

~·· 
2 -, 1 5 ll. 33 1599.99 

8 I 3 2 11 12.67 o.o 55 2 7 I 1 -250.00 1600.00 
9 I 3 3 2 211. 71 0.11 56 l I 2 I 211.67 2699.99 

10 I l 3 11 16. 71 0. (I 57 l I l I 115. 37 0.00 
11 I l 11 2 111.80 0.0 58 l 2 2 2 111.00 125.117 ... I l 11 11 6. 811 II.OU 59 l 2 2 3 16.67 0.0 ...... 
ll I 3 5 2 13.98 381111.1111 60 3 2 ,, 2 112.00 0.0 0 
Iii I l 5 11 21.98 0.0 61 3 2 11 3 11•1.67 o.o V1 

·~ I 11 5 2 n.62 -0.111 62 3 2 5 2 29.110 23711. 52 
16 I ,, 5 l 25.29 11.00 61 3 2 5 3 32.07 n.o 
II I 11 5 ,, 311.62 0,1111 611 3 3 2 2 11.67 325.111 
18 I 11 5 5 11.29 3111111.UU 65 3 3 2 ,, 12.67 0.0 
19 I •j 2· 5 I 7. ;•o II.Oil (,(, l 3 2 5 15. 33 0.11 
211 I 5 •1 5 15.•12 -0.1111 6'f l 3 •1 2 20. 75 0.0 
21 I 5 5 5 11.111 38111) .110 68 3 l •1 •1 12. 75 0.110 
2l I 6 I 2 2.61 0.11 69 3 3 11 5 15.•12 23711. 52 
2l I 6 I 11 to.67 -o.uo Ill 3 •1 2 2 7 .011 125.117 
211 I 6 I 5 ll.H 3111111.1111 II l 11 2 11 15.00 o.o 
25 I 6 I I -1611.00 301111.110 12 l 11 l 2 211. 11 0.0 
?6 2 1 2 I 29. ll 161111.1111 7l 3 •1 l •1 16. 11 23111.52 
21 2 I 3 I 59.89 -II.Oii 111 3 5 2 2 11.67 325.117 
28 2 2 2 ;> 111.00 1600.00 J'j 3 5 2 l 111. 33 23711.52 
29 2 2 2 l 16.67 11.0 "' l 5 l 2 116.'18 O.ll 
311 2 2 l 2 56.61 II. 0 77 l 5 3 l ll. 15 0.0 
JI 2 2 l l •13. ll -11.lltl 78 3 5 5 2 22.62 II, II 
32 2 l 3 2 15.1111 ll.11 19 l 5 5 l 25.29 IJ. II 
ll 2 J l l 21.67 -II. Oil 80 3 6 2 2 l. 73 2699.!J'J 
Jl1 2 l 11 2 211. 15 161111.1111 81 3 . 6 2 3 '"'"' CJ.Ill) 

l'J 2 J 11 J ?l,112 o.n 82 3 6 2 5 1 •1. lllJ 11.0 
16 2 lj .. l 16.61 ll.1111 83 l 6 ,, 2 16.50 11.0 .. 
31 2 •1 .. 11 n.oo II.II u11 l 6 lj l 19. 11 0.0 
38 2 If •1 l fill. 61 o.o 115 3 6 ,, 5 II. 17 11.0 
}') 2 11 11 •1 111.00 II.II 86 3 6 5 2 11.83 0.0 
110 2 11 5 l 33.115 -0.00 87 3 6 5 l 111. 50 II.II 



Table VIII.3 (cont'd) 

IHI 3 6 5 5 6.50 O.tlU 
89 3 1 2 2 7.00 2699.99 
90 3 7 2 11 15. 00 0.00 
91 3 1 2 5 17.67 0.00 
9? 3 1 3 2 35.00 0.0 
93 3 7 3 11 27.00 0.0 
911 3 7 3 5 29.67 0.0 
95 3 (I 2 2 7.00 2699.99 
96 3 8 2 3. 9.67 0.00 
'Fl 3 8 '• 2 22.115 0.0 I-' 

0 
98 3 8 11 3 25. 12 0.0 °' 99 3 9 2 2 2.B 2699.99 

100 3 9 2 11 10.33 0. ll 
IOI 3 9 3 2 18.15 0.0 
102 3 9 3 11 10. 7~> 0.00 
103 3 10 1 2 2.67 2699.99 
I 011 3 I 0 I 3 5.33 0.00 
105 3 10 1 1 -350.00 2700.00 
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The optimal operating profit for (7,3,4,5) is $1,168,156 (see Table 

VIII.4), $72 ,450 more than that of (6 ,3 ,4 ,5) and $271,062 more than that 

of (2,3,4,5). Configuration (7,3,4,5) is expected to perform better 

than (6,3,4,5). The reason is that between machines 6 and 7. While not 

dominating in machining times, machine 6 has lower input consumption 

rates. As in (6,3,4,5) a heavy workload is placed upon machine 7 and 

its capacity limit is also reached. The production levels of (7,3,4,5) 

is identical to that of (2,3,4,5) and (6,3,4,5). However, the part 

assignments differ. 

VIII.2.2 FMS Configurations of (2,6,4,5) and (2,7 ,4,5) - Replacements 
With Expansion 

Table VIII.5 lists the results for (2,6,4,5). The operating profit 

is $1,216,100, the highest thus far. This result was expected for, all 

the machines under consideration, machine 3 has the most inferior 

parameters. Except for direct labor consumption rate, it has the 

highest consumption rates for all other inputs. Hence, replacing 

machine 3 by machine 6 improves the FMS operating profit significantly. 

Furthermore, with the removal of the inferior machine 3 coupled with the 

addition of the new anu more flexible machine 7, the production level of 

part type two increases from 1600 to 2200. The demand for increased 

production can be explained by one or both of the following: (a) the 

increased efficiency enables the unit production cost to decrease, and 

consequently, the total profit resulting from increased production 

become economically attractive, (b) the added capacity allows the higher 

level of production and the total profit at the new level to now 



Table VIII.4 

Optimal Parts Assignment for FMS Configuration (7,3,4,5) 

The Optimum ie 1168156.00 

1111 A:i:i I (;tJHI 11 IS 01 PAii i S AIU AS I 011 OW 
•1?. 2 .. .. l 11•1.61 0.0 
•13 2 ,, •1 ,, Jlt.00 0.110 ,. " H s OllJ. YI l'.K,H.S) •1•1 2 •1 5 2 30.79 1599.99 

(;()[ff. •15 2 •1 5 3 ll.•15 o.oo 
•16 2 •1 5 ,, 38.79 0 .II 

I I I j I 23. JI 3199.99 ff 7 2 5 •1 2 31. 15 o.o 
2 I ;> ?. 3 5.09 3199.99 •18 2 5 •1 ,, 29. 75 0.00 
l I .. •1 l 19. 11 0.11 •19 2 5 •1 5 32.•12 0.110 .. 
•1 I 3 l 2 211. II II.II •.Jo 2 5 5 2 31.89 11.11 
'.i I 3 l •1 16. II 11.11 51 2 5 5 ,, 39.89 0. 0 
6 I 3 •1 2 lit. 811 361111.1111 52 2 5 5 5 26.56 1599.99 
1 I 3 ,, •1 6.811 -II.OU 53 2 6 2 •1 13. 19 n.o 
II I 3 5 2 ll.98 -II.Ill 

~··· 2 6 2 '.i 15.85 11.011 
9 I l 5 •1 21.911 o. 0 55 2 6 5 ,, 23. 71 n.o 

l(J I " 2 3 8.20 o.ou 56 2 6 5 5 10.H 1'J99. 99 
11 I •1 2 •1 l l. 53 181111.llll 57 2 1 1 2 2.67 o.o 
12 I ,, ?. 5 16.?.ll -ll.11 l ~8 2 I 1 5 13. 33 1599.99 
ll I •1 5 3 ?.'.J.29 II.II '.i9 2 1 1 1 -2'.ill.011 16011.00 I-' 
Ill I •1 ~; ,, lU.(12 o. (I 60 l I 2 I 19. 3 I 2699.99 0 
l'j I •1 '.i '.i 1/.29 0.11 61 3 I l I •15.H 11.0 CX> 

lb I !) ., 2 ''· 15 l/99.99 62 3 2 2 2 8.65 2699.99 .. 
I 1 I ~; 2 ~; 1•1.82 ti.Oil 63 3 2 2 3 11. 31 0.00 
Ill I 5 ,, 2 211. 7'.i 11.0 6•1 3 2 •1 2 •12.00 o.o 
19 I 5 •1 5 l'.i.•12 0 .ti 65 3 2 •1 3 •1•1.67 II. 0 
;'0 I •; •; 2 16 .. ,., 11.0 66 3 2 '.i 2 29.•10 0.0 
21 I 'i 5 5 11. •11 fl.fl 67 3 2 5 3 32 .117 o.o 
22 I (, I '> 2.61 H99.99 611 3 1 2 2 1.•16 2699.99 < 
?] I 6 I •1 111.61 0.00 69 3 3 2 ,, 11. •16 0.1111 

"'' I 6 I 5 11. Jl 0.00 70 3 l 2 5 Ill. 12 0.1111 
i!~ I 6 I 1 -1611.110 161111.1111 71 l 3 •1 2 lO. 15 u.o 

"'' 2 I 2 I 22.n ·~)')'). ~9 12 3 3 •1 •1 12. 75 fl.II 

21 ., I l I 5'J.89 11.1111 1l 3 3 •1 5 15.•12 0.0 
;>II 2 ;> 2 2 12. 10 16110.1111 ,,, 3 ,, 2 2 ... /1 :.>699.99 
;:'~J 2 .. 2 3 111. 11 II.II l'.i 3 •1 2 •1 Ill.II 0.110 
}II 2 '• 3 ;~ 56.61 11.1111 76 l •1 3 2 211. 11 0.0 
l I .. ., 3 j •11. ll II.II 11 3 ,, 3 •1 16. 11 II.II .. 
12 2 l 2 2 '.i. 19 1611tl.Oll 16 3 5 2 2 6.92 13/ll.011 
JI .. l .. l 1. 6') 0.0 19 3 5 2 3 9.'.i6 11.0 
]11 2 l l 2 3'.i.llfl II.fl 110 l 5 3 2 •16.•16 u.o 
J!) ., l l l 21. 61 II.fl 111 l 5 l 3 1J. Vi 0.0 
36 ?. l •1 2 ~u. ·15 ll. ti 62 l 5 '.i 2 22.62 1329. 99 
l/ 2 l •1 l <'3 .•12 11.ll 61 l 5 5 l 25.29 II.Oil 
j(j 2 •1 .. 2 I?.. Ill 11.1111 811 l 6 2 2 2. 77 0.011 
·1 11 .. •1 2 '\ Ill. /1 II.II 8~ l 6 2 l 5 .11] II.II 
J1u .. ,, ., •1 L'll. Ill II.II 86 l 6 2 5 11. •1 l IJ. II 
•11 ., 11 •1 2 •12.1111 11.11 117 3 6 " 2 16.511 0.0 



Table VIII.4 (cont'd) 

88 3 6 •• 3 19. 1 7 0.0 
89 3 6 •• 5 11. 17 0.0 
90 3 6 5 2 11.83 1370.00 
91 3 6 5 3 111. 50 0.00 
92 3 6 5 5 6.50 1329.99 
93 3 7 3 2 35.00 0.0 
911 3 7 3 11 27.00 0.00 f-' 

0 
95 3 7 3 5 29.67 2699.99 \0 

96 3 8 It 3 25. 12 2699.99 
97 3 9 3 •• 10. 75 2700.00 
98 3 10 1 3 5. 33 2700.00 
99 3 10 1 1 -350.00 2700.00 



Table VIII.5 

Optimal Parts Assignment for FMS Configuration (2,6,4,5) 
fill 2 11 5 2 30.19 2200.00 

The Optimum is 1216100.00 111 2 11 5 11 38.79 0.0 
112 2 5 3 3 111. 00 o.ou 

1111 ASS I GNMLN IS 01 l'AH IS AHE AS FOLLOW : 11.1 2 5 3 '-I 19.33 0.00 
1111 2 5 3 5 22.00 -0.00 
115 2 5 11 3 110.112 0.0 

r I< M s 013J. Y(P,l<,M,S) 116 2 5 11 11 29. 75 o.o 
cour. 111 2 5 11 5 32 .112 0.0 

118 2 5 5 3 31,. 56 0.0 
I 1 1 2 I 20. 911 0.0 119 2 5 5 '-I 39.89 0.0 
2 I I 3 1 13.83 3799.99 50 2 5 5 5 26.56 2200.00 
3 I 2 3 ') 18.00 0.0 51 2 6 2 3 10. 76 -0.01 ,_ 
11 1 2 3 3 11. 6 -, 3799.99 52 2 6 2 11 16. 10 0.00 
') 1 ., 11 2 16.50 0.00 53 2 6 2 5 18.76 2200.00 

'-

6 I 2 11 3 19. 17 (). 0 511 2 6 5 3 18. 31 0.0 
7 1 3 3 3 11.67 3J99.99 55 2 6 5 11 23. n 0.0 
8 I 3 3 11 1 o. 00 o.o 56 2 6 5 5 10.H 0.0 
9 1 3 11 3 17 .111 o.o 57 2 7 1 2 2.67 2200.00 

10 I 3 11 11 6.80 0.00 58 2 7 1 5 13. 33 0.00 
11 1 3 5 3 16.65 I). 0 59 2 7 1 1 -225.00 2200.00 I-' 

I-' 
12 1 :i ') 11 21. 98 o.o 60 3 1 2 1 30.93 8311. 99 0 

13 l 11 2 3 1 '). 79 3799.99 61 3 1 3 1 22.00 1865.00 
111 1 11 2 11 21. 12 0.00 62 3 2 2 2 17 .87 8311. 99 
15 1 11 ') 5 23.79 0.0 63 3 2 2 3 20.53 0.0 ,_ 
]{) 1 ,, 5 3 25.29 o.o 611 3 2 3 2 2J.33 0.0 
ll 1 ,, 5 11 30.62 u.o 65 3 2 3 3 111. 00 1865.00 
18 1 ,, 5 5 H.29 o.oo 66 3 2 11 2 112.00 0.0 
19 1 5 3 2 19.87 -0.00 67 3 2 11 3 1111. 67 0.0 
20 1 5 3 5 Jlt.~>3 0.0 68 3 2 5 2 29.llO 0.0 
~' I I 5 It 2 20.75 u.o 69 3 2 5 3 32.07 0.0 
2~~ I 5 It 5 1').112 0.0 70 3 3 3 2 18.00 8:i/1. 99 
n 1 5 5 2 16. ]') 3800.00 71 3 3 3 3 11. 67 1865. OU 
211 1 5 5 5 11.111 0.00 72 3 3 3 11 10.00 0.0 
25 I 6 1 '.\ 5.33 -0.00 73 3 3 3 5 12.67 -0.00 
26 1 6 1 11 10. 67 0.00 111 3 3 11 2 20.75 o.o 
n 1 6 1 5 13. 33 3800.0U 75 3 3 11 3 23.112 0.0 
£'8 I 6 ' 1 I -160.00 3800.00 76 3 3 11 11 12.75 u.oo 
29 2 1 3 1 26.67 2199.99 77 3 3 '-I 5 15.112 0.00 
30 2 2 c 3 21.20 2199.99 78 3 11 2 3 8.25 -0.00 
31 2 ') 3 3 111.00 0.0 79 3 11 2 11 13.58 0.0 ,_ 
:i2 2 3 2 2 IL 38 2199.99 80 3 It 3 :i 7.00 2700.00 
3:1 2 3 2 3 11.011 () . ()() 81 3 '-I 3 11 12.B 0.0 
311 2 3 •1 2 20.75 0.0 82 3 5 3 2 25.00 0.0 
35 2 3 ,, 3 23.112 0.0 83 3 5 3 3 11. 67 2700.00 
36 2 It 3 2 21. 33 0.0 811 3 5 5 2 22.62 -0.01 
'.I 2 •1 3 11 19.33 0.00 85 3 5 ,- 3 25.29 0.0 _) 

J ii 2 ,, 11 2 •12. 00 u.o 86 3 6 3 3 3.73 2·100. 00 
:w ., ,, ,, ,, 311. 00 o, o. 87 3 6 3 5 11. 73 0.0 ,_ 



Table VIII.5 (cont'd) 

BU 3 6 11 3 19. 17 0.0 
U9 3 6 11 5 11. 17 0.0 
90 3 6 5 3 111. 50 0.0 
91 3 6 5 5 6.50 -0.01 
92 3 7 2 3 13.83 2700.00 
93 3 7 2 11 19. 17 0.00 
911 3 7 2 5 21. 83 -0.01 
95 3 1 3 3 l.00 0.0 
96 3 l 3 11 12. 33 0.0 
91 3 7 3 5 15.00 0.00 
98 3 8 2 2 10.05 2700.00 
99 3 8 2 3 12.72 0.0 I-' 

I-' 
101 3 8 3 2 20. 33 0. ll I-' 
102 3 8 3 3 7.00 0.0 
103 3 8 11 2 22.115 0.0 
1011 3 8 11 3 25. 12 0.0 
105 3 9 2 2 3. 211 2699.99 
106 3 9 2 3 5.90 0.00 
107 3 9 2 4 11. 211 0.00 
108 3 9 3 2 15.67 0.0 
109 3 9 3 3 2.33 0.0 
110 3 9 3 11 7.67 0.00 
I 1 i 3 10 1 2 2.67 2699.99 
112 3 10 I 3 5.33 0.0 
11 3 3 HI I 1 -350.00 2W0.00 
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becomes more desirable. Evidently, this constitutes a replacement 

situation whereby expansion of output is recommended. 

Table VIII.6 lists the results for (2,7,4,5). This configuration 

results in an even higher operating profit: $1,347,463. Similar to the 

preceding (2,6,4,5), expansion of output level also takes place with 

increased production of part type two from 1600 to 2200. In many 

respect, this configuration is similar to configuration (2,6,4,5). 

VIII.3 ONE-FOR-TWO REPLACEMENT SITUATIONS - REPLACEMENT WITH 
CONTRACTION 

Since there are two challengers and each individually could replace 

both defenders, there exists two possible configurations of the 

one-for-two case, the two configurations are (6,4,5) and (7,4,5). 

VIII.3.1 FMS Configuration (6,4,5) 

Table VIII. 7 lists the results for (6 ,4 ,5). Note that machine 6 is 

placed in cell number two with cell number three left vancant. The 

optimal operating profit is $1,035,476 which, although the least of all 

new FMS configurations, is $138,382 more than the status quo 

configuration. The production levels for part type one decreases from 

3800 to 2400 and part type three from 2700 to 2000, while the production 

level of part type two remains the same. At optimality, the capacity 

limit of machine 6 is reached. The reasons for the contraction of 

output parallel those for expansion. The interesting fact remains that 

such contraction resulted in a higher profit than the status quo. 



Table VIII.6 

Optimal Parts Assignment for FMS Configuration (2,7,4,5) 

me Optimum io 1347463'.00 411 2 4 If 3 44.61 11.0 
If I 2 ., If If 34.00 0,0 
42 2 If 5 2 30. 19 2200.00 

lllt. ASSIGNHI NIS Of l'AlllS ARC AS FOi tow : 113 2 If 5 3 33.•t5 II.II 
1111 2 •• 5 •• 36.79 0.0 
•15 2 5 •• 3 40.lt2 0.0 

p K H s OIJJ. Vf P,K,H,SI •16 2 5 •• ,, 29.75 -0.00 
COHF. •17 2 5 ., 5 12.•12 0.01 

•16 2 5 5 3 1•1.56 0.0 
I I I 2 I :'11.911 3799.99 •19 2 5 5 If 39.69 o.o 
2 I 2 l 2 15. 75 -11.011 50 2 5 5 5 26.56 2199.99 
l I .. •• 2 16.50 3600.110 51 2 6 2 •• 16. HI 0.0 

•• I l •• 3 17. •17 -o.on 52 2 6 2 5 16.76 2199.99 
5 I l •• ., 6.60 36011.110 53 2 6 3 4 10.52 0.0 ,, I ] 5 l 16.65 -11.011 511 2 6 l 5 13. 19 0.0 
I I j 5 •• 21.96 o.o 55 2 6 5 It 23. 71 O.tl 
II I 11 2 11 21. 12 0.0 56 2 6 5 5 10. 31 II.II 

') I '• 2 5 21. 19 o.o 57 2 7 I 2 2.67 2199.99 
Ill ,, l 11 10.61 ]6110. llll 56 2 1 I 3 5.ll -0.llO 

II 11 j 5 13. 5l II. 0 59 2 1 I 5 ll. ll -o.oo 
12 It 5 11 111.62 II.II 611 2 1 I I -225.011 221111.110 ....... 
ll 11 5 5 .., .29 -II. 011 61 l I 2 I 30.91 787.!H ....... 
lit 5 l 2 I/ .116 11.0 62 3 I 3 I 16.65 2112.02 w 
.. j 5 J 3 11.15 361111.1111 6J 3 2 2 2 17 .67 787. 91 
16 ~) l 5 12. 15 II.II 611 3 2 2 l 20.53 0.0 
11 '• 11 2 211. 15 tl. II 65 l 2 3 2 21.9.6 o.o 
18 5 11 3 21.112 II, 0 66 3 2 J 3 8.65 2712.02 
19 5 11 5 l~i.112 0.0 67 3 2 If 2 •12.00 o.o 
2U 5 5 2 16. /5 II.IHI 68 3 2 If 3 •1•1.67 o.o 
?I 5 ~) ] 19.111 n.o 69 3 2 5 2 29.ltO 0.0 
22 5 5 5 11.111 -0.1111 70 3 2 5 3 32.07 0.11 
;>] (, I 3 5.H 381111. 011 71 3 3 J 2 16. 79 181. 91 
;>II 6 I ,, 111.67 -0.1111 12 3 3 3 3 J,116 2112.113 
25 6 I 5 ll. ll -11. on 1J 3 l 3 ,, 8. 79 -0.110 
26 6 I I -1611.011 ]61111, 00 111 l 3 3 5 11.116 -o.oo 
21 I 3 I 20. 10 221111. 110 75 3 3 It 2 20. 15 II.II 

211 2 .. 2 l 21.20 22110.1111 16 l 3 ,, 3 21.112 11.0 .. 
29 2 2 l 3 12. HI 0.1111 17 3 3 It It 12.75 0.0 
311 2 l .. 2 8.16 2199.99 /8 l l It 5 15.112 0.11 
l I 2 l 2 l 11.0lt 0,0 19 3 11 2 l 8.25 II.II 
l2 2 l l 2 18.52 11.llU 80 3 It 2 •• 13.511 11.U 
1l 2 l l l 5. 19 11.0 81 l •1 l l 2. 71 3500.110 ' 
111 2 l '• 2 "°. 15 0.0 ·02 l •• 3 If 8.10 11.1111 
l'> 2 l It l 21.•1? 0.ll 81 l 5 l 2 20.25 0.0 
16 2 '• l 2 25. ,,,, 0.110 811 3 5 l l 6.92 3500.011 
11 2 ,, 3 3 12. Ill 0.11 65 3 5 5 2 22.62 II.Oil 
18 ? ,, J '• '' · '''' -11.1111 86 3 5 5 3 25.29 Cl.II 
19 .. 11 11 2 112.110 II.II 61 3 6 3 3 2. 77 )1199. 98 



Table VIII.6 (cont'd) 

llU 3 6 3 5 10. 77 o.o 
119 3 6 11 3 19. 1 7 0.0 
90 3 6 11 5 11. 1 7 0.0 
91 3 6 5 3 111. 50 0.0 
92 3 6' 5 5 6.50 0.00 
9] 3 7 2 3 13.83 31199. 99 
911 3 7 2 11 19. 17 -0.00 
9'J 3 7 2 5 21. 83 0.00 I-' 
96 ] II 2 2 10.05 31199. 99 I-' 

97 3 8 11 2 22 .115 0.0 .i:=-

9£1 3 9 2 2 3. 211 3500.00 
99 3 9 2 11 11. 211 0.00 

100 3 10 1 2 2.67 31199. 99 
IO I 3 HI 1 1 -300.00 3'.iOO. 00 



Table VIII. 7 

Optimal Parts Assignment for FMS Configuration (6,4,S) 
~he Optimum iG 1035476.37 
1111. ASSIGNM[NIS Of PAHIS All[ AS FOi.LOW : 

p K M s OBJ. Y(P,K,M,S) 
COHF. 

1 I I t> 1 16. ')0 21!00. 00 II() 3 1 2 1 211 .67 1999.99 2 I 2 2 2 •1.67 21100.00 111 3 2 2 2 111. 00 1999.99 3 1 2 11 2 16.50 0.0 112 3 2 '• 2 112. 00 o.o ,, 1 ] 2 2 '• · 6 7 0.0 It] 3 2 5 2 29.110 o.oo 5 1 3 2 1, 12.67 0.0 '"' 3 3 2 2 It. 6 7 1999.99 6 1 3 ,, 2 111. 80 0.0 1,5 3 3 2 '• 12.67 0.00 7 1 3 ,, 11 6.80 -(). 00 116 3 3 2 5 15.33 0.0 8 1 3 5 2 13.98 21!00. 00 1(1 3 3 ,, 2 20.75 0.0 9 1 3 5 ,, 21. 98 (). 0 116 3 3 11 1, 12. 75 o.o 10 1 11 5 2 22.62 0.00 119 3 3 ,, 5 15.112 0.0 11 1 11 5 11 30.62 0.00 
~>O 3 11 2 2 7.00 1999.99 I-' 12 1 ,, 5 5 n.29 21100.00 51 3 11 2 11 15.00 0.00 I-' 

Vl 1 J 1 •j 2 5 1 7. 20 -o.oo 52 3 5 2 2 11. 67 2000.00 111 1 5 ,. 5 15. 112 0.0 53 3 5 5 2 22.62 o.o 15 1 5 5 5 11. ,, 1 21HHI. 00 511 3 6 2 2 3.73 2000.00 16 1 6 1 2 2.61 -0.00 55 3 6 2 5 111 . II() (). 0 1 7 1 6 1 11 10.67 0.00 56 3 6 11 2 16.50 o.o 18 1 6 1 5 l:L 33 21100. 00 57 3 6 11 5 11. 11 0.0 19 1 6 1 1 -160.00 21100. 00 58 3 6 5 2 11. 83 (). 0 20 2 1 2 1 29. 33 1600.00 59 3 6 5 5 6.50 0.00 21 2 2 2 2 111. 00 1600.00 60 3 7 2 2 7.00 2000.00 22 ') 3 ,, '• 20. Vi 1600.00 61 3 1 2 11 15.00 0.00 
'- c. 

2J 2 ,, 2 ,, 22.00 133. 311 62 3 1 2 5 ll.67 0.00 ;~11 2 ,, ,, 11 311.00 (). 0 63 3 8 2 2 7.00 2000.00 2') 2 ,, ') ,, 38. 79 11166. 66 611 3 8 ,, 2 22.115 0.0 26 2 ') 2 2 111.00 13 3. 311 6') 3 9 2 2 2.33 2000.00 27 2 5 2 ,, 22.00 0.00 66 3 9 2 ,. 10. 33 0.00 28 2 5 2 5 2'1.67 0.0 67 3 10 1 2 2.67 2000.00 29 2 5 11 '• 37. 75 o.o 68 3 10 1 1 -1100. 00 2000.00 
'-

30 2 5 ,, ,, 29. 75 . 0.0 
3 1 2 ') 11 5 32 .112 n.o 
p .. 2 5 ') 2 31.89 0.0 
J3 2 ') 5 ,, 39.89 0.0 
]II 2 5 5 5 26.56 1"66.66 
J ., <' 6 5 2 1').71 133. 311 
:1 (, 2 6 5 ,, 23. 71 0.00 
:>,I ;> 6 '> 5 10. 3 7 11166. 66 
:lll 2 7 1 ~) 13. 33 1600.00 
3 <) ;_~ I 1 I -250.00 1600.00 
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In summary, not only can the challenger (machine 6) replace the 

defenders (machines 2 and 3) while maintaining a feasible parts 

assignment, it can also result in higher total operating profit. 

VIII.3.1.1 Layout Possibility. Another intersting issue is the layout 

problem. In the preceding case, it is assumed that machine 6 will be 

placed in cell number two with cell number three vacant. What if the 

converse takes place? Table VIII.8 lists the results of such a 

configuration. The optimal operating profit is $1,035,475, virtually 

identical to the prior layout. The parts assignment as well as the 

output levels remain unchanged. The costs of certain operations, of 

course, changed. For example, the objective coefficient of Y1121/Y1231 

decreases from $16.5 to $13.83 since transporting to machine three from 

two is less costly than from one to thre.e.. On the other hand the 

objective coefficient of Y135z/Y1353 increases from $13.98 to $16.65 

because the distance travelled is more from machine three to machine 

five than it is from two to five. 

Similar changes take place for product types two and three. As it 

turns out, the layout effect is minimal; obviously, such is not true in 

general. To facilitate the illustration of the entire replacement 

problem, from hereon, all individual challengerd which replace both 

defenders will be located in cell number two. 



Table VIII.8 

Optimal Parts Assignment for FMS Configuration (6,4,5) 
when M/C 6 is Placed in Cell No. Two 

The Optimum ii:; 10354 75. 75 
THE ASSIGNMENTS Of PARTS ARE AS FOLLOW : 

VAil r K M s OBJ. V(P,K,M,S) 
COHF. 

1 1 1 3 1 13.83 2llOO.OO 110 3 1 3 1 22.00 1999.99 
2 1 2 3 3 11. 67 21100. 00 111 3 2 3 3 11L00 1999.99 
3 1 2 11 3 19. 17 0.00 112 3 2 4 3 44.67 0.0 
11 1 3 3 3 11. 67 0.0 43 3 2 5 3 32.07 0.00 
5 1 3 3 4 10.00 0.0 114 3 3 3 3 ti. 67 1999.99 
6 1 3 t1 3 17 .111 0.0 45 3 3 3 4 10.00 0.00 
7 .1 3 1, 11 6.80 0.0 116 3 3 3 5 12.67 0.0 
8 1 3 5 3 16.65 2li00.00 47 3 3 11 3 23 .112 0.0 
9 1 3 5 11 21. 98 0.0 118 3 3 " " 12.75 O.Q 

10 I 1, 5 3 25.29 0.00 119 3 3 4 5 15.112 0.0 
11 1 11 5 11 30.62 -0.00 50 3 " 3 3 7.00 1999.99 
12 1 11 5 5 17.29 21100. 00 51 3 11 3 11 12.33 0.00 ...... 
13 1 5 3 5 14.53 0.00 52 3 5 3 3· 11. 67 2000.00 ...... 
1 t1 1 5 11 5 15.42 0.0 53 3 5 5 3 25.29 o.o ....... 

15 1 5 5 5 11. 41 21100. 00 511 3 6 3 3 3. 73 2000.00 
16 1 6 1 3 5. 33. 0.0 55 3 6 3 5 11.73 0.0 
11 1 6 1 LI 10.67 0.00 56 3 6 11 3 19. 17 0.0 
18 1 6 1 5 13. 33 21!00. 00 57 3 6 t1 5 11. 17 0.0 
19 1 6 1 1 -180. 00 21100. 00 58 3 6 5 3 14.50 0.0 
20 2 1 3 1 26.67 1600.00 59 3 6 5 5 6.50 0.00 
21 2 2 3 3 111. 00 1600.00 60 3 7 3 3 7.00 2000.00 
22 2 3 11 3 23.42 1600.00 61 3 7 3 4 12.33 0.00 
23 2 11 3 11 19.33 133. 311 62 3 7 3 5 15.00 0.00 
211 2 4 4 4 311. 00 0.0 63 3 8 3 3 7.00 2000.00 
25 2 11 5 11 38. 79 11166.66 64 3 8 4 3 25. 12 o.o 
26 2 5 3 3· 111. 00 133.34 65 3 9 3 3 2.33 2000.00 
27 2 5 3 4 19. 33 o.o 66 3 9 3 11 7. 6'1 0.00 
28 2 5 3 5 22.00 0.0 67 3 lO 1 3 5.33 2000.00 
29 2 5 4 3 110. 42 0.0 68 3 10 1 1 -400.00 2000.00 
30 2 5 11 4 29.75 0.0 
31 2 5 11 5 32.112 0.0 
32 2 5 5 3 311. 56 0.0 
33 2 5 5 11 39.89 0.0 
311 2 5 5 5 26.56 11166. 66 
35 2 6 5 3 18. 37 133.33 
36 2 6 5 11 23.71 0.00 
37 2 6 5 5 10. 37 11166. 66 
38 2 7 I 5 13. 33 1600.00 
39 2 7 1 1 -250.00 1600.00 
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VIII.3.2 FMS Configuration (7,4,5) 

This configuration is infeasible to this problem. Here, the 

infeasibility arises not from any resource limitations but from the fact 

that no machine in configuration (7,4,5) can perform the 7th and 9th 

operation of part type three (see Table VIII.9). Note that machine 7 was 

previously a member of configuration (2,7,4,5) as well as (3,7,4,5), 

in the FMS both of which are feasible. Clearly, infeasibility 

environment is a relative issue; that is, the machine cannot be viewed 

as single entity but as an element of the whole system. A machine's 

performance needs to be evaluated on that basis. This evidence further 

reinforces the systems approach to the replacement problem. 

Furthermore, this example raises another important issue: flexibility. 

VIII.3.2.1 Flexibility 

configuration (7,4,5) is 

that both machine 6 and 

in a Replacement Environment. While 

not feasible, configuration (6,4,5) is. Note 

machine 7 are relatively more flexible than 

machine 2 as well as machine 3. Between machines 6 and 7, machine 7 is 

relatively more efficient. However, although virtually identical on the 

number of machine operations each can perform, machine 6 can perform 

more on part type three. That is, machine 6 is more flexible than 

machine 7 with regard to part type three -a flexibility which the system 

needs. In other words, machine 6 offers the kind of flexibility which 

the system lacks whereas machine 7 does not -machine 7 cannot perform 
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Table VIII.9 

Configuration (7,4,5) - Incapable of Performing Operations 
7 and 9 of Part Type Three 

Part Type Three 

Cell No. 
1 2 3 4 5 

Operation (L/U Station) (Machine) (Vacant) (Machine) (Machine) 
No. 7 4 5 

1 * 25.0 * * * 
2 * 25.0 * 40.0 34.8 

3 * 10.0 * 15.0 * 
4 * 8.0 * * * 
5 * 20.0 * * 25.0 

6 * * * 10.0 9.4 

7 * * * * * 
8 * * * 17.0 * 
9 * * * * * 

10 0 * * * * 
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7th and 9th operation of part type three. Note that configuration 

(7,4,5) would have been a more superior choice, if the joint effort of 

machines 4 and 5 is able to cover the 7th and 9th operation of part type 

3. 

Again, flexibility is clearly a relative issue and the approach to 

this issue is at the system level and not at the machine level. Two 

provided: (a) that a more efficient assessments on flexibility are 

machine may be less desirable than a flexible machine and (b) that 

flexibility needs to be approached not in absolute but in relative terms 

with respective to the existing system. 

VIII.4 A TWO-FOR-TWO- REPLACEMENT SITUATION 

There exists only one such combination; that is, configuration 

(6,7,4,5). Table VIII.IO lists the results. The operating profit is 

$1,463,355, the highest for this problem. The joint capacity increa.se 

and efficiency improvement enables the system to operate at a higher 

production level and still remain economically desirable. The new 

production levels are 3800, 2200 and 3500 for part types one, two and 

three, respectively. The dual variables for the machine capacity 

constraints of machines 6 and 7 both show positive value indicating that 

both upper limits are reached. Also of interest is that more pooling 

took place for this configuration, possibly due to added flexibility as 

well as little relative difference in efficiency. 
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Optimal Parts Assignment for FMS Configuratiions (6,7,4,5) 

The Optimu1a i:J 1453355 .OO 
1111. ASS I GNMUH S OF i'ARfS AHE AS roLLOW : 

11(1 2 3 3 3 5. 19 13112.81 
I' I< M s OBJ. Y(P,K,M,S) 111 2 3 11 2 20. 75 857. 17 

corn. 112 2 3 11 3 23.112 0.0 
113 2 11 2 3 16.67 13112. 81 

1 1 I 2 1 16. 50 3799. 97 1111 2 11 2 11 22.00 85 7. 16 
2 1 2 2 2 11.67 3312.89 115 2 t1 3 3 12. HI 0.0 
3 1 2 3 2 15. 75 0.0 116 2 11 3 11 17 .1111 0.00 
1, 1 2 ,, 2 16.50 1187 .09 111 2 4 11 3 1111. 6 7 0.0 
5 1 3 2 2 11. 6 7 0.0 118 2 11 4 11 311.00 0.0 
6 1 3 2 '.l "/.33 o.o 119 2 11 5 3 33.45 o.o 
7 I 3 ;~ I. 12.67 0.0 50 2 ,, 5 4 38. 79 0.0 
8 I 3 11 2 111. 80 3312.89 51 2 5 2 2 111. 00 2199.98 
9 1 3 11 3 n.111 0.00 52 2 5- 2 3 16.67 0.0 

10 1 3 11 11 6.80 487.09 53 2 5 2 -II 22.00 0.0 
1 1 1 3 '> 2 13.98 0.0 511 2 5 2 5 21L67 o. 0 I-" 

12 1 3 ~) 3 16.65 0.0 55 2 5 11 2 37.75 0.0 N 
I-" 

LI I 3 5 11 21. 98 0.0 56 2 5 11 3 110 .112 0.0 
111 1 11 3 2 18. 8 7 0.00 5"/ 2 5 11 11 29.75 0.00 
15 1 11 3 11 10.07 3/99.98 58 2 5 11 5 32 .112 0.0 
16 1 11 3 ~) 1]. 53 0.00 59 2 5 5 2 31. 89 0.0 
I l 1 11 5 2 22.62 0 ~ u 60 2 5 5 3 311. 56 0.0 
18 I 11 ~) 11 30.62 0.0 61 2 5 5 11 39.89 0.0 
19 1 11 5 'j 1"/.29 0.0 62 2 5 5 5 26.56 0.00 
20 1 ~j 2 3 9.20 3799. 98 63 2 6 3 2 18.52 0. () 
;> 1 1 5 2 ') 11.20 0.0 611 2 6 3 4 10.52 0.00 
22 I 5 3 3 11. 1 ') o.o 65 2 6 3 5 13. 19 0.0 
2 :1 I 5 3 5 12. 15 0.0 66 2 6 5 2 15.71 2199.98 
211 1 '> 11 3 23 .112 0.0 67 2 6 5 11 23. 71 0.0 ,, .. 1 5 11 ') 15 .112 o.o 68 2 6 5 5 10. 3 7 0.00 
L :J 
26 1 '> 5 3 19 .111 0.0 69 2 7 1 3 5.33 0.01 
27 1 5 ~) 5 11 . 111 0.00 70 2 7 1 5 13.33 2199.9ll 
?8 1 6 1 2 2.67 3799.99 71 2 7 1 1 -225.00 2200.00 
29 1 6 I 3 ~). 3 3 0.00 72 3 1 2 1 211. 67 33.37 
30 1 6 1 11 10.67 0.00 73 3 1 3 1 16.65 31166. 59 
31 1 6 1 5 13. 3 3 0.00 711 3 2 2 2 111 . 00 u.o 
32 1 6 1 1 -160.00 3800.00 75 3 2 2 3 16.67 o.o 
33 ,-·· 1 2 1 29. 3] 8'j7. U 76 3 2 3 2 21.98 0.0 ,_ 
Jl1 ? 1 ] 1 20. 10 13112.80 77 3 2 3 3 8.65 3"66.59 
3'.J 2 ;~ 2 2 111.0() 85"(.17 "ftl 3 2 ,, 2 112. 00 0.0 
:iri ;> ;> 2 3 16.67 0.0 79 3 2 11 3 1111. 6 7 o.o 
3/ 2 2 3 2 2'). 1111 0.0 80 3 2 5 2 29.110 o.u 
38 2 ~~ 3 3 12. 10 13112. 80 81 3 2 5 3 32.07 0.0 
:19 2 3 3 2 HI. 52 o.u 82 3 3 2 2 11. 6 7 33. 37 
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1n 3 3 2 3 7.33 o.n 
811 3 3 2 11 12.67 (). 0 
8') 3 3 2 5 15.33 (I.() 

116 3 3 3 2 16. 79 0.0 
Bl 3 3 3 3 3. 116 31166. 59 
88 3 3 3 11 8.79 0.00 
119 3 3 3 5 11 .116 (). ()() 

90 3 3 11 2 20.75 0. () 
91 3 3 11 3 23 .112 0. () 
92 3 3 11 11 12.75 ().II 
93 3 3 11 5 15.112 0.0 
911 3 11 2 2 ·1. 00 33.38 
95 3 11 2 3 9.67 0.0 
96 3 11 2 11 15.UO (). 0 
97 3 11 3 2 16. 10 0.0 
9a 3 11 3 3 2. 7l 31166. ~,9 
99 3 11 3 11 8. 10 n.oo 

100 3 5 2 2 11.67 33.38 
101 3 5 2 3 111. 3 3 (). ll ,_. 
102 3 'J 3 2 20.25 Cl. 0 N 

103 3 5 3 3 6.92 31166. 60 
N 

1011 3 'J 5 2 22.62 0. (I 
105 3 5 5 3 25.29 0.0 
106 3 6 2 2 3. 7 3 33.3/ 
I II I 3 6 2 3 6.110 31166. 60 
108 3 6 2 5 1'1. 110 0.0 
109 3 li 3 2 16. 10 0.0 
110 3 6 3 3 2. 77 0.0 
111 3 6 :~ 5 10.71 0.0 
112 3 6 11 2 16.50 0.0 
I t:\ 3 6 11 3 19. 11 0. () 
I 1'1 3 6 11 5 11. 17 o.o 
115 3 6 ,. 

.> 2 11. 83 o.o 
116 3 6 5 3 111. 50 11.0 
117 3 6 ~) 5 6. 50 0.00 
I HI 3 I ') 

(. 2 1. on 31199. 97 
119 3 7 2 3 9.6/ 0.00 
1 ?II 3 { ') 

f. 11 15.110 0.00 
121 3 7 2 5 1 7. 67 0.00 
) 'J') 
IL 3 B '> L. 2 7. llll 311')9. 99 

I;> 3 3 II 11 2 22. 11') 0.0 
1:•11 3 9 2 2 2. 33 31199. 99 , .... 

, .. J 3 9 2 11 10. 33 0. 00 
126 3 10 1 2 2.67 31199. 99 
12 I 3 10 1 1 -300.00 3500.00 
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. VIII. 5 SUMMARY 

The general results of the illustrative example are summarized in 

Figure VIII.!. Three types of replacement situations took place: 

one-for-one, one-for-two, and two-for-two. Because of the assumption 

that the total number of machines in the system cannot exceed the total 

number for the status quo configuration, the two-for-one replacement 

situation did not arise. 

In summary, the parts assignment problem for FMS under a 

replacement environment has been analyzed. Thus far, the analysis has 

been focused on the operating profit of the FMS. In the next chapter, 

the analysis will be extended to incorporate the effect of capitalized 

cost under taxation. Further, the example presented in this chapter 

will be extended to a multi-period case. Such time-dynamic elements as 

deterioration and obsolescence, time value of money, changing costs, 

changing demand ••• etc. will be included. 
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CHAPTER IX 

THE OPTIMAL FMS REPLACEMENT SEQUENCE - MULTI YEAR MODEL 

IX.l INTRODUCTION 

The example in the preceding chapter illustrated the vital elements 

of replacement decisions in an FMS environment. The replacement picture, 

however, is far from complete. Firstly, the consideration of 

capitalized costs meeds to be included. To realistically reflect the 

effect of capitalized costs, the analysis will be presented on an 

after-tax basis. Then, most importantly, the one-period analysis will 

be extended to the multi-period case, incorporating time-dynamic 

elements such as obsolescence and deterioration, time value of money, 

changing costs and demand, etc. In this chapter the problem structure 

and solution procedure for the multi-year problem is discussed first. 

Next, using the illustrative problem in the previous chapter and with 

estimated data regarding future parameters, the illustrative example is 

appropriately set up. The 1983 ACRS schedule is used for depreciation 

and, a four-year planning horizon is assumed. The final results are 

presented and relevant issues discussed. 

IX.2 Problem Structure and Solution Procedure 

IX.2.1 The Problem Structure 

The dynamic programming formulation of the multi-year replacement 

model, as presented in Chapter VI, is sequential in nature, - with each 

126 
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year represented by a stage in the decision sequence. At the beginning 

of each year, a decision is made on which FMS configuration to select. 

Such keep-or-replace process throughout the planning horizon forms a 

decision tree structure. Figure IX.1 shows a "replacement tree" with 

one replacement alternative at each decision point. In fact, this 

special tree structure corresponds to a single machine replacement 

problem with one challenger. Of similar nature except with more 

alternatives, an arbitrary FMS replacement problem is depicted in Figure 

IX.2 where each node represents an FMS configuration and each linking 

are indicates a precedence relationship between configurations. 

Associated with each configuration are the operating prof it and 

capitalized cost. The optimizing task then is to determine the sequence 

of FMS configurations which would maximize prof it for the entire 

production process over the planning horizon. 

IX.2.2 Solution Procedure 

While the dynamic programming formulation is a model in form, the 

logical nature of its representation can be readily translated to a 

solution procedure. The task then is to identify the possible 

configurations which could arise in a FMS. replacement problem and to 

develop the logical decisions from year to year so as to determine the 

optimal replacement sequence. The FORTRAN program in Appendix III 

begins by generating all first-year FMS configurations. Then, the 

characteristics of each configuration is input to the parts assignment 
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solution procedure (the Linear Programming Subroutine) to determine the 

optimal operating profit. The same steps are similarly taken for the 

second year and so on. Once the maximum operating profit for all 

configuration within the planning horizon are determined, these results 

are then input into the dynamic programming procedure which, after 

determining the capitalized cost of each configuration, would calculate 

the optimal replacement sequence resulting in an optimal replacement and 

expansion policy. Over the entire planning horizon. A general logic 

flow chart for this solution procedure is shown in figure IX.3. 

shown in Figure IX.3 

IX.2.3 Problem Size 

The size of this replacement problem can be assessed by ref erring 

back to Section V. 3 •. 3, where the various combinations of defenders and 

challengers were discussed. In general, if the number of challengers at 

year t is nt, then in year t the total number of configurations (nodes 

in the network or state variables in the dynamic program) is 

d nt d-1 d-i nt d 
TCt = r Ci + r r {Ci Cj} + 1 (status quo); nt > d 

i=l i j 

nt nt nt d-1 nt d 
TCt = I: Ci + r r {Ci Cj} + 1 (status quo); nt < d 

i=l i j 

Here, attention needs to be paid to the use of the term "challenger" 

which is used quite loosely. The term "challenger" is used here in the 



year 
one 

k - keep 
r - replace 
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year 
two 

Figure IX.1 

r 

year 
three 

A "Replacement Tree" for Single Machine 
Replacement and One Challenger 
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Year 
two 

Figure IX.2 

Year 
three 

\ ' \.D 
\ 

b 

An Arbitrary FMS Replacement Tree 
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· context that there are machines which could "show-up" in the possible 

configuration --they be challengers from the current year or previous 

years. In fact, the values nt has the following relationships: 

V t=2, ••• ,T 

That is, the total number of machines which can "show-up" in this years' 

configurations is equal to the total number in the preceding year plus 

this year's new challenger total which is an assumed value in the 

beginning of the planning horizon. However, the value of TCt is still 

not accurate since certain combinations of "challengers" cannot take 

place. This comes from the assumption that once a challenger is 

introduced into the FMS, another machine of the same "label" (in the 

formulation), although of newer make, cannot be acquired. In other 

words, the total number of possible configurations in year t (TCt) need 

to be adjusted as follows: 

t-1 
TCt - nt E x for both nt ) d and nt < d 

x=O 

More specific values will be used in the illustrative example to 

follow. 

IX.3 AN ILLUSTRATIVE EXAMPLE 

The example presented in the preceding chapter is used as the 

setting for this multi-year illustration. Again, there are four 

machines in the FMS - A, B, C, and D. The defenders are machines A and 
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NO i YES - ADVANCE t BY ONE 
!-- END OF PLANNING YES ,. RESET __ _ 
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B, and either or both of them are being considered for replacement by 

either challenger x or challenger Y, or by both. Once 

challenger X or Y is introduced into the FMS, it will no longer 

considered as replacement alternative in future years. Also, if both 

defenders A and B have already been replaced, this implies that complete 

replacement has resulted and hence no further replacement is made. The 

planning horizon is assumed to be four years. Table IX.1 lists the 

machine values over the planning horizon. Note that machines A and B 

are assumed to be two-year old equipment. Machine values of C and D are 

not included since their values will not be involved in the decision 

process. The market values of all machines are assumed to be equal to 

their book values. The 1983 ACRS schedule is used for depreciation. It 

should be pointed out the depreciation changes for years three and four 

do not follow the 1985 and 1986 ACRS schedule. 

for these schedules requires minimal effort. 

Adjustments to account 

Again, to facilitate the identification process, machines involved 

for the entire planning horizon are labelled as 

(i) defender machine A - machine 2 

(ii) def ender machine B - machine 3 

(iii) existing machine c - machine 4 

(iv) existing machine D - machine 5 

( v) challenger x made in year one - machine 

(vi) challenger y made in year one - machine 

(vii) challenger x made in year two - machine 

6 

7 

8 
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(viii) challenger y made in year two - machine 9 

(ix) challenger x made in year three - machine 10 

(x) challenger y made in year three - machine 11 

(xi) challenger x made in yaer four - machine 12 

(xii) challenger y made in year four machine 13 

Table IX.2 lists the part types demand values for the next four 

years. Basically, the product market is assumed to be stable with 

steady increase in the selling prices. The deterioration and 

obsolescence rates of all machines are listed in Table IX.3. The effect 

of machine deterioration are assumed to increase both parts operating 

time and input consumption rates. Similarly, the effect of machine 

obsolescence would decrease both parts operating times and input 

consumption rates. In this example problem, a uniform deterioration and 

obsolescence rates are applied to all machines under consideration. For 

example, both machines 2 and 6 have a yearly deterioration rate of 10% 

whereas machine 3 has a yearly deterioration rate of 15%. The unit cost 

of indirect labor, direct labor, energy and maintenance are expected to 

have a yearly increase of 6%, 8%, 7% and 7% respectively. For the unit 

cost of AGV, the increase is 1G7o per year. Lastly, the amount of 

resources available are identical each year (see Table VII.4 in Section 

VII.3.1). A time value of money of 10% is assumed. 



MACHINE 2 
NO. 

YR 1. 132300 

YR 2. 811000 

YR 3. 112000 

YR 4. 0 

YR 5. 0 

Table IX. l 

Machine Values Over the Entire Planning Horizon 
(All Beginning-of-Year Values) 

3 6 7 8 9 10 11 

189000 500000 600000 

126000 L125000 510000 550000 660000 

63000 315000 378000 1167500 561000 605000 726000 

() 210000 252000 346500 ll 15800 514000 617100 

0 105000 126000 231000 277200 381150 456750 

12 1 3 

I-' 
w 
\Jl 

665500 797500 

565675 677875 
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IX.4 PROBLEM SETUP AND PROBLEM SIZE 

The data are input according to the format and order documented in 

the FORTRAN program. There are four decision stages (four years) in 

this problem. To calculate the total number of possible configurations 

in each year, the formula developed in the preceding section is used. 

For example, in year one, the total number of FMS configurations is 

2 2 1 
L Ci + L 

i=l i 

2-i 2 2 0 
L {Ci Cj} + 1 - 2 L x 
j x=O 

= (2 + 1) + (2) (2) + 1 = 8 

where d = 2 and nl = 2. In year two, the configuration total is 

2 4 1 
L Ci + L 

i=l i 

2-i 4 2 1 
L {Ci Cj} + 1 - 2 L x 
j x=O 

(4 + 6) + (4) (2) + 1 - 2 = 17 

Similarly, the total number of configurations for years three and four 

are 38 and 41. All together, there are (8 + 17 + 28 + 41) 94 

configurations in this four-year problem. Since for each configuration 

there are 27 price-break combinations for the three part types, this 

replacement problem may need to solve the parts assignment sub-problem a 

maximum of 2583 times. Structurally, this warrants solving 2583 linear 

programs each of about 100 variables and 60 constraints. Some 

computational aspects are documented in Appendix Meanwhile, the 94 

configurations and the machining units which each configuration are 



A. PART TYPE ONE: 

SELLING 
PRICE 
PER YR. 

YR. 2 
YR. 3 
YR. 4 

B. PART TYPE TWO: 

SELLING 
PRICE 
PER YR. 

YR. 2 
YR. 3 
YR. 4 
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Table IX.2 

Demand Profile for Years 2, 3, and 4 

PRODUCTION VOLUME 

1000-1400 

250 
300 
350 

1401-2400 

230 
280 
330 

PRODUCTION VOLUME 

1200-1600 

300 
350 
400 

1601-2200 

275 
325 
375 

2401-3800 

210 
260 
310 

2201-3000 

250 
300 
350 

C. PART TYPE THREE: 

SELLING 
PRICE 
PER YR. 

YR. 2 
YR. 3 
YR. 4 

PRODUCTION VOLUME 

1500-2000 

450 
500 
550 

2001-2700 

400 
450 
500 

2701-3500 

350 
400 
450 



Table IX.3 

Yearly Deterioration and Obsolescence Rates for Respective Machines 

A. MAClllNl Ill l~lllOHAI ION Piil MAClllN[ fACll YLAH. 

(I) PlllClNTAG£ INCH£AS[ IN PAHTS Ol'LHAI ING I IMf: 

MACHIN[ 2 3 lj 5 6 1 8 9 10 11 12 13 
NO. 

YR I. HI 15 10 1tl 111 10 
tll 2. 111 15 Ill 10 10 10 10 1U 
YR 3. 10 15 111 10 10 10 10 Ht 10 1tl 
YH 11. 10 15 10 10 10 10 10 10 10 10 1tl 10 

( 11) l'l.flClN IAGL INClllASf IN I Nl'Ul CON SUMI' I I ON HA Tl S : 
( fOll Al I. INPUTS) 

MACHIN[ 2 3 It 5 6 7 8 9 10 11 12 13 
~10. ...... 
Yll 1. 1tl 15 Ill IO IO lll w 
Yll 2. IO 15 HI 10 1U 10 10 1U CX> 
Yll 3. 10 15 1U Ill Ill 10 Ill Ill 10 1U 
YR It. 10 15 1U IO 10 10 10 10 10 10 10 10 

ll. MAClllNE OllSOUSC[NCf PrR CHAI l fNGUI lACll YlAll. 

( I ) l'lllC[N TAG! Ill CIHASf IN PARIS Ol'lllAI ING II Ml: 

MAClll Nl 6 7 8 ') IO 11 12 13 
NO. 

Yll I. 5 5 
VII 2. • • 5 5 
YR 3. • • • • 5 5 
Yll 11. • • . • • . 5 5 

( 11) l'tllCLNTAGf OLCRfASf IN INPUI CONSUMPTION RAILS: 
( FOii Al I INPUTS) 

MAClllNl 6 I 8 9 10 11 12 13 
NO. 

Yll I. 5 5 
YH 2. • • 5 5 
YR 3. . • • • 5 5 
Yll 11. • • . * • * 5 5 



139 

listed in Table IX.4. A sample of the replacement tree is also shown in 

Figure IX.4. 

For example, the path of {status-quo -(2) -(45) -(21) -(27)} would 

represent replacing defender A by challenger X in year one, then 

replacing defender B by challenger Y in year two and in years three and 

four, there would be no replacement activity. Moreover, the path of 

{status quo -(3) -(3) -(24) -(31)} would represent replacing defender B 

by challenger Y in year one, keeping the configuration for the second 

year and replacing def ender A by challenger X in year three while 

keeping the configuration for the fourth year. 

IX.5 Results and Discussion 

IX.5.1 The Optimal Replacement Sequence. 

The maximum operating profit per FMS configuration for all 

configurations over the entire planning horizon are computed and the 

results are listed in Table IX.5. Then, the optimal return functions 

(f-values) are determined, the results are listed in Table IX.6. The 

maximum optimal value function at the end of the planning horizon is 

found to be $3,574,257 which belongs to configuration 31 of that year. 

This configuration consists of challenger machines 7 and 10, where 

machine 7 corresponds to machine Y made in year one while machine 10 

corresponds to machine X made in year three. Tracing the FMS 

configurations sequence which lead to this maximum f-values, the 

resulting replacement policy is: 
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Table IX.4 

Total Number of Configurations Per Year and Their Representations 

YEAR ONE 

1- (2,3,4,5) 
2- (6,3,4,5) 
3- (7,3,4,5) 
4- (2,6,4,5) 
5- (2,7,4,5) 
6- (6,4,5) 
7- (7,4,5) 
8- (6,7,4,5) 

YEAR TWO 

1- (2,3,4,5) 
2- (6,3,4,5) 
3- (7,3,4,5) 
4- ( 8 / 3 / 4 / 5 ) 
5- (9,3,4,5) 
6- (2,6,4,5) 
7- (2,7,4,5) 
8- (2,8,4,5) 
9- (2,9,4,5) 

10- (6,4,5) 
11- (7,4,5) 
12- (8,4,5) 
13- (9,4,5) 
14- (6,7,4,5) 
15- (6,9,4,5) 
16- (7,8,4,5) 
17- (8,9,4,5) 

YEAR THREE 

1- (2,3,4,5) 
2- (6,3,4,5) 
3- (7,3,4,5) 
4- ( 8 / 3 / 4 / 5 ) 
5- (9,3,4,5) 
6-(10,3,4,5) 
7-(11,3,4,5) 
8- (2,6,4,5) 
9- (2,7,4,5) 

10- (2,8,4,5) 
11- (2,9,4,5) 
12-(2,10,4,5) 
13-(2,11,4,5) 
14- (6,4,5) 
15- (7,4,5) 
16- (8,4,5) 
17- (9,4,5) 
18- (10,4,5) 
19- (11,4,5) 
20- (6,7,4,5) 
21- (6 / 9 t 4 I 5 ) 
22-(6,11,4,5) 
23- (7,8,4,5) 
24-(7,10,4,5) 
25- (8,9,4,5) 
26-(8,11,4,5) 
27-(9,10,4,5) 
28-(10,11,4,5) 

YEAR FOUR 

1- (2,3,4,5) 
2- (6,3,4,5) 
3- (7,3,4,5) 
4- ( 8 / 3 I 4 I 5 ) 
5- '(9,3,4,5) 
6-(10,3,4,5) 
7-(11,3,4,5) 
8-(12,3,4,5) 
9-(13,3,4,5) 

10- (2,6,4,5) 
11- (2,7,4,5) 
12- (2,8,4,5) 
13- (2,9,4,5) 
14-(2,10,4,5) 
15-(2,11,4,5) 
16-(2,12,4,5) 
17-(2,13,4,5) 
18- (6,4,5) 
19- (7,4,5) 
20- (8,4,5) 
21- (9,4,5) 
22- (10,4,5) 
23- (11,4,5) 
24- (12,4,5) 
25- (13,4,5) 
26- (6,7,4,5) 
27- (6,9,4,5) 
28-(6,11,4,5) 
29-(6,13,4,5) 
30- (7,8,4,5) 
31-(7,10,4,5) 
32-(7,12,4,5) 
33- (8,9,4,5) 
34-(8,11,4,5) 
35-(8,13,4,5) 
36-(9,10,4,5) 
37-(9,12,4,5) 
38-(10,11,4,5) 
39-(10,13,4,5) 
4'0- ( 11, 12 I 4 f 5) 
41-(12,13,4,5) 



YEAR 
ONE 

141 

YEAR 
TWO 

YEAR 
THREE 

YEAR 
FOUR 

Status Quo . 0 r-- ---k---'~G)-t--- -:o-G)----ik,..----,{D 
~ \\ '·, 

- ~ \ -\ 

r - Replace 
k - Keep 

~o.----"'t 3 -~-- ~k-----?G) 
\\, \\ \\ \ \ \~\ \ ' '\ 

\ \ 
\ - \ ·, \ 

' \ ; \ 1! 
\ \ \-, " . \ 

~ {,";\ _J \ J.::\ \ (;:;\ \, er----\r-~~® k. "\[!,; 
' . \ \ 

·~ ~ ' '@--'..,\ll'e-~-\":-\,,..,.~@ 
--k \ \ 

\4123\ \ \ '0----. I 
\ -K_\ 
~ \-----.~ 
~"- \ ® "----k '. ---- \~;311 

\o 
\ 

(0 

Figure IX.4 

A Sample of the Replacement Tree Showing Certain Configurations 
and Their Precedence Relationships. 
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Year Configuration No. Content Optimal Return Value 

1 5 (2,7,4,5) $707,226.0 

2 7 (2,7,4,5) $1,490,185.0 

3 24 (7 ,10,4,5) $2,483,559.0 

4 41 (7,10,4,5) $3,574,257.0 

That is, in the beginning of year one, machine B (machine 3) should be 

replaced by challenger Y (machine 7). This sytem configuration would be 

used for two years. Then, in the beginning of year three, replace 

machine A (machine 2) by challenger X (machine 10); this system 

configuration would be used till the end of the planning horizon. 

IX.5.2 The Production Levels 

The price-volume relationships corresponding 

configurations in the replacement sequence are: 

Year 1: Configuration (2,7,4,5) 

Part Type 

1 

2 

3 

Price 

160 

225 

300 

Volume 

3800 

2200 

3500 

to the system 



Table IX.5 

Maximum Operating Profit Per Configuration 
(Conf: Max Operating Profit) 

YIAH ONl 

1 . 89 /0911. 00 2. 1095706.00 3. 1168156.00 4. 1216100.00 5. 13L1Jl162.00 6. 1035l176.00 
I. 0.00 8. 11162960. on 

YI.AH 1\/0 

1. 1036503. 00 2. 1251118'). 00 3. 13117161 . 00 11. 13911582. 00 5. 11t55766.00 6. 1112650t1. Ou 

'. I ')1169118. 00 8. 1!.>111775.00 9. 1710914. 00 10. 10691132. 00 11. 0.00 12. 1381077 .00 
1:1. 0.00 1'1. 11:w523. no 15. 1838558.00 16. 1858669.00 17. 191121 7 3 . 00 

YlAll rllHI[ 

1. I 0 I;~ I J 11 . 00 2. 13112281. 00 3. 111112998. 00 11. 1506081. 00 5. 1586560.00 6. 1679683.00 
{. 1716115.00 8. 15680111 . 00 9. 1760557.flO 10. 17081158.00 1 l. 1897271.00 12. 18119399. 00 

13. 2011/6117.00 111. 0.00 15. 0.0ll 16. 0.00 17. 0.00 18. 0.00 
19. 0.00 20. 1926368.00 21. 2062075.00 22. 2196752.00 23. 20825116. 00 211. 2219l186. 00 ..... 

"""" 2'). 2 IEl2519. 00 26. 2322351.00 27. 23111308.00 28. 2431486.00 w 

Yl/\H FOIJH 

1. HJl16 I (19. oo 2. 1360711/.00 3. 11152330.00 11. 1551/116.00 5. 1618226.00 6. 1750162.00 
l . l 7809-uJ. 00 8. 19'>2%7.00 9. 19110072. 00 HI. 16389111. no 11. 185211311.00 12. 1797052.00 

13. 201')1113.00 111. I 96?1180. no 15. 2 18tQ91l. 011 16. 2139666.00 17. 23119063. 00 18. 0.00 
19. ().IHI 20. o.no 21. 0.00 22. 0.00 23. 0.00 211. 0.00 
2'). o. 00 26. 21111ti980.1111 27. 2203235.00 28. 2375107.00 29. 25ll5223.00 30. 2235856.00 
3 1. 2 :i'Vi'1'10. on 32. 2%?9 11. 00 33. 2359561.00 311. 2521080. 00 35. 2688l1l10. 00 36. 25110089. 00 
:1 7. 2 /025'>'1. 00 38. 266'.>0I1 . 00 39. 2820915.00 11(1. 28511101 . on 111. 2963591.00 



Table IX.6 

The Optimal Return Values (F-Values) for All Configurations: 
(Conf. F-Value) . 

YI All ONl 

I. 1111111/'J.6111l 2 . ')1156116 . 3110 ]. 570'>69. lU ... 61111191. 90 5. 701226.60 6. 51261t'>.5U 
I. - I 3')/~11. 611 8. 11/]81.1111 

VIAii 1110 

I. 1111111:'11. IHI 2. I I J:lll'J I . 1111 ]. I l'JU66'J.OO 11. l 151t0/l .OU 5. 116/8111.00 6. 1352582.00 
I. lll'Jlllll'J.IJO II. 1260915.0U 9. 1339952. llO IO. 1101616.UU 11. -2613211.110 12. 1199261. Oil 

I 3. 1111111;>'). Ill 1'1. l'.)11110111.110 15. 111916911. Oil 16. 157)667 .00 ll. 1396975.011 

YI All 1111!1 l ...... 
~ 

I. l'd'lllj I .IHI ... I/JI ]6'.> .110 · 3. Ill] 16':>/ .llll 11. 16<'2866.110 5 . 18'.i'/256.UO 6. 17811111. uu ~ 

1. I /81111'>6.llll 6. 21191166•1. 011 9. 231')8')0.lltl IO. 21151t611 . UO 11. 22111160.011 12. 1891311t.OO 
I j. I \I/ /llJ6 .1111 111. lOll•J<' / 6 . Oil 15. -39"21Jll.3CI 16. 1061292.110 11. 196655.211 18. 901865.80 
19. 6/6')/].31l 20. 2 36111;>;~. Oil 21. 239/8611.00 22. 2 32661111. 00 23. 2•190231. 00 211. 21183559. OU 
2'>. <' 1396 Ill. Oil <~6. 22811•1 /6 .1111 2 I. 2369638. 00 28. 20991121. no 

YI All 101111 

I. ~, 111611?3.0U ?. . 211ct119i! 1). OU 3. 2533616.llll It. 25111665. on 5. 2625313.UO 6. 2616921.1111 
I. 261111116.1111 8. ;•1111•1633.1111 9. 21152')51.llll Ill. 29151151.1111 11. 321117118. UCl 12. 29111609.00 

13. ]<'1111'>19.1111 1•1. 2111tll9lllj,IJIJ I'>. 30211'.i<'l. IJO 16. 2561131.1111 11. 26171196.011 18. 9261126. 10 
19. -l1H92?11. JU ~o. 9/%'.i2.0ll "I. 7666 7. 31 22. 'f721l93.llll 23. 722500,00 211. llt10922.00 
i>'). 1]6'>')12.1111 <'6. j 3 lllll91l. 1111 21. ]1106112•1.00 26. 33981l25. llO 29. 3260367.00 30. 3521291.00 
JI. ]~, /11;!5 7. OU 32. 3')0•1J6•1.0ll 33. 3•1ll'J6/1,CltJ ]II. 11tn9355. on 35. 32763511.0fl 36. 351119•16. 00 
I/. ]lj')lll18 l. llll 38. j;>/9369.011 39. ll59525. Oil •111. 3262608.00 •11. 2687376.011 



Year 2: 

Year 3: 

Year 4: 
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Configuration (2,7,4,5) 

Part Type 

1 

2 

3 

Configuration (7,10,4,5) 

Part Type 

1 

2 

3 

Configuration (7,10,4,5) 

Part Type 

1 

2 

3 

Price 

210 

275 

400 

Price 

260 

325 

400 

Price 

310 

400 

450 

Volume 

3800 

2200 

2700 

Volume 

3800 

2200 

3500 

Volume 

3800 

1600 

3500 

In year one, versus the status quo configuration, the new 

configuration increases the production levels of both part type two and 

part type three from 1600 to 2200, and from 2700 to 3500, respectively. 

Note that in year two, the production level of part type three drops 

from 3500 to 2700. Apparently, the deterioration of machines had such 

an effect that it was no longer as profitable to produce at a higher 

output level. In the beginning of year three, once a new machine is 
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acquired, the production level returns to its previous mark, 3500. 

However, after one year of deterioration, the production level of part 

type two is drops to 1600. 

machine parts are discussed. 

IX.5.3 Machine Parts Assignment 

In the next section, the assignment of 

The parts assignment corresponding to the system configurations in 

the optimal replacement sequence are shown in Tables IX.7, IX.8, IX.9, 

and IX.IO. Note that the routings of part type one as well as type two 

remained the same for both years one and two; and in year three when 

machine 10 is acquired, the workload is shifted to the newer and more 

efficient equipment. In year four, while the routing of part type two 

remains identical to that of the preceding year, the production level is 

dropped to 1600. 

For part type three, between years one and two, the production 

volume as well as the parts routing are changed. These changes can be 

attributed to the effect of deterioration. Naturally, when machines 

deteriorate, their production efficiency decline and hence a lower 

production output may be warranted. The change in routing of parts, 

however, is a relative issue. That is, if the older machines 

deteriorate faster, then a portion of what was previously assigned to 

the older machine would now be asigned to the less deteriorated 

equipment. In addition, even if the deterioration rates for both new 

and old machines are identical, their relative difference in absolute 

machining times could warrant the reassignment. Consider the following 

illustrative example: in year one for the first operation of part type 
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3 (variables 61 and 62 in Table IX.7), 788 parts are processed on 

machine 2 (in cell 2) while 2712 are processed on machine 7 (in cell 3). 

In year two, for the same operation (see Table IX.8), only 125 parts are 

assigned to machine 2 while 2575 are assigned to machine 7. In relative 

terms, in year one, machine 7 processes (2712 -788) = 1924 parts more 

than machine 2 whereas in year two, machine 7 exceeds machine 2 by (2575 

-125) = 2450. The deterioration rates for both machines in these two 

years are identical 10%. Apparently, the relative workload shift came 

from the relative difference in. absolute machine times. 

situations can be found in years 3 and 4. 

Similar 

As can be observed, the bulk of the workload is generally assigned 

to the newer equipment. For the first two years, machine 7 is assigned 

the heaviest workload while in the last. two years, machine 10 is 

assigned the most workload. 

IX. 5. 4 Summary 

In the beginning of the planning horizon, machine B is replaced by 

machine Y. That is, the joint return from disposing of an inefficient 

machine and acquiring a new equipment exceeds the cost of replacement. 

On the other hand, although machine A is less efficient than challenger 

X, the production environment (deterioration and obsolescence, 

price-volume relationship, routing, . capitalized cost, etc.) does not 

find replacing machine A by challenger X in the first two years as 

desirable. Tn the beginning of year three, however, as machine two 

deteriorates and at the same time machine X becomes more efficient 



Table IX. 7 

Optimal Parts Assignment for FMS Configuration (2,7,4,5) - in Year One 

ll 2 .. l l 12. 10 o.ou 
38 2 .. 3 11 17 ..... II.Oil 

1111 01'1 IHUH IS 19 2 .. .. 2 112.UU 0.0 
: ]II /1162 .1111 llO 2 11 11 l 1111. 67 0.0 

111 2 11 11 11 311.uu 0.0 
112 2 11 5 2 30. 79 2200.00 
113 2 11 5 3 33.115 0.0 

1111 ASS11;1m1 NIS or l'ARIS Alli. AS fOI I.OW : 1111 2 11 5 It 38. ·19 0.11 
'•5 2 5 11 3 t10.112 0.0 
•16 2 5 11 11 29. 75 0.00 

VAN I' k H s 011.l. YIP,K,H,S) It/ 2 5 11 5 32.lt2 0.01 
COCl I. 118 2 5 5 ] I 311. 56 o.o 

•19 2 5 5 t1 39.89 0.0 
I 1 2 1 20.911 3199.98 !ill 2 5 5 5 26.56 2199.99 
2 2 l 2 15. 15 0.0 51 2 6 2 11 16. 10 0.0 
3 2 t1 2 16.50 )199. 99 52 2 6 2 5 18.76 2199.99 
It 3 It 3 17. Ill 0.1111 5:s 2 6 l 11 10. 52 0.11 
5 ·1 It 11 6.80 3799.99 5'• 2 6 l 5 13. 19 0.0 
6 3 5 3 16.65 0.11 '>5 2 6 5 •• 23. 11 0.0 
7 ] ., 11 21. 98 0.0 56 2 6 5 5 10. 31 0.11 
8 It 2 11 21. 12 u.o 57 2 1 1 2 2.67 2199.99 ..... 
9 It 2 5 23. 19 u. II 58 2 1 1 3 5. 33 0.00 ~ 

Ill •1 3 11 10. 87 3199.99 59 2 7 I '> 13. 33 U.1111 00 
II 11 3 ., 13. 53 o.u 611 2 1 I 1 -225.00 2200.110 
I? It ') It 311.62 II.II 61 l I 2 1 30.93 781. 98 
ll 11 5 5 11. 29 fl. Oil 62 3 I 3 1 16.65 "711. 99 
111 '.> 3 2 17. lt8 II.II 63 3 2 2 2 17 .61 781. 98 
I'> 5 3 3 11. 15 3199.91) 6•1 3 2 2 3 20.53 0.0 
16 1 '> ] 5 12. 15 0.11 65 3 2 l 2 21. 98 11.0 
II 1 ., It 2 20. I':> 0.11 66 3 2 3 l 8.65 2111.99 
18 I ~> It 3 2J.1t2 0.0 67 3 2 It 2 lt2.00 0.0 
19 1 5 11 5 J'j,.142 0.0 66. ] 2 11 3 1111 .67 0.0 
20 1 ., •) 2 16. 15 0.1111 69 3 2 5 2 29.110 0.0 
21 1 5 '.> ] 19.111 II.II Ill l 2 5 3 32. 117 11.0 
~;> 1 ., ., 5 11. •t 1 fl.Oii /I l l 3 2 16.19 llJI. 9H 
23 1 6 1 3 5. ll l791J.99 12 ] 3 3 l 3.116 2711. 99 
,~,. 1 6 I 11 10.61 0.110 7l 3 3 3 1, 8. ·19 u.oo 
2') 1 6 I ~) 13. 33 0.110 111 3 3 3 5 11.116 0.110 
~() 1 (, 1 I -1611. 00 361111.1111 1'.i 3 3 11 2 20. 75 0.0 
21 ",! 1 3 1 211. Ill 2199.99 16 3 3 11 3 23.112 II.II 
<'IJ 2 2 ;> 3 21. 211 2200.00 17 3 3 11 11 12. 75 II.II 
;~·J 2 ;~ l l !<!. 10 II.II 18 3 3 11 5 1';, 112 O.ll 
]II 2 ] 2 2 II. lll '~ l'.>9. 'J9 /9 ] 11 2 3 0. 2!; 11.0 
ll 2 3 " l 11.0•1 .11.11 80 3 11 2 •1 13. 51J II.II 
]~) ;• ] ] 2 18.52 II.II IJ1 3 11 3 3 2. 77 31199. 9H 
II ., ] ] ] ~. 19 II.Oil IJ<' l .. 3 11 6. Ill U.00 
111 ;• 3 11 2 211. /5 11.11 61 l 5 ] 2 20.2•; 0.11 
j•J 2 ] 11 3 2] .112 11.0 611 l 5 3 3 6.92 31199. 9H 
It. 2 11 ] ;> i''>. '•'• 11 .. 1111 8~) l 5 5 2 ;>2. 62 0.011 



Table IX.7 (cont'd) 

86 3 5 '.> 3 25.29 0.0 
81 3 6 3 3 2.77 31199. 98 
88 3 6 3 5 10.71 0.0 
89 3 6 11 3 19. 17 0.0 
90 3 6 11 5 11. 17 0.0 
91 3 6 5 3 111. 50 0.0 
92 3 6 5 5 6.50 o.oo ...... 
93 3 7 2 3 13.83 ]1199.99 ~ 

\0 
911 3 l 2 11 19. 17 0.00 
95 3 l 2 5 21. 83 0.00 
96 ] 8 2 2 10. 05 31199. 99 
91 3 a 11 2 22.115 0.0 
98 3 9 2 2 3. 2LI 31199.99 
99 3 9 '> I~ 11. 211 0.00 ._ 

100 3 10 1 2 2.67 31199. 99 
101 3 10 1 1 -300.00 3500.00 



Table IX.8 

Optimal Parts Assignment for FMS Configuration (2,7,4,S) - in Year Two 

16 2 lj 3 2 30. 33 ll.ll 
37 2 lj l 3 15.66 O.IJ 
18 2 lj 3 lj 21. 53 o.o 

ltll OPI IHUH IS 39 2 lj " 2 52. 73 ll. 0 
'51169118. Oil Ill) 2 " 11 3 55.67 o.o 

lfl 2 11 11 " 43. 93 0.00 
112 2 lj 5 2 38.811 2199.99 
113 2 lj 5 3 41. 77 0.00 

IHL ASSIGNHfNIS Of PAHIS AHE AS FOLLOW : lfll 2 " 5 " If/. 611 0.0 
'•5 2 5 " 3 50. 17 0.0 
•16 2 5 11 11 38.1111 0.011 

VAH p I< H s OllJ. Y( P,l<,M,S) •11 2 5 11 5 •11. 37 0.0 
CO[Ff. •18 2 5 5 3 •11.20 0.011 

119 2 5 5 11 '19.07 0.0 
1 1 1 2 1 25.011 3799.98 50 2 5 5 5 ]lf.llO 2199.99 
2 I 2 3 2 17 .80 0.0 51 2 6 2 '• 19.29 0.00 
3 1 2 11 2 19.78 3799.99 52 2 6 2 5 22.22 2199.99 
4 1 3 " 3 20.52 0.00 53 2 6 3 11 12.58 0.0 ...... 5 1 1 11 " 8. 79 3199.99 511 2 6 3 5 15.51 0.0 VI 6 1 3 5 3 20.UO 0.0 5~ 2 6 5 11 26. 11 0.0 0 1 I 3 5 11 25.87 ll.O 56 2 6 5 5 13 .1111 0.0 
8 I •1 2 •1 25.80 0.0 57 2 1 1 2 2.93 2199.99 
9 1 '• 2 5 28. 73 0.0 58 2 I 1 3 5.87 0.00 

Ill 1 '• 3 11 13.03 3799.99 59 2 7 1 5 14.67 0.00 
II I ,, 3 5 15.96 0.0 60 2 7 I 1 -215.00 220ll.00 
t;• I ,, 5 " 37 .07 ll.ll 61 1 1 2 I 37 .99 12'1. 70 
II I ,, 5 5 22.110 IJ.IJO 62 3 1 3 1 19.99 2575.27 
111 I '> 1 2 20.0•1 0.0 61 3 2 2 2 23. 111 12•1. 71 
1'> I 5 3 3 5.17 3799.99 611 3 2 2 3 26.06 ll.0 
16 I 5 3 5 llf. 17 0.0 65 l 2 3 2 25.65 0.0 
17 1 5 •• 2 25.21 o.o 66 l 2 3 3 11. 19 2':>75.27 
16 I 5 '• 1 28.21 0.0 67 3 2 '• 2 52. ll 0.0 
19 1 5 11 5 19.lfl 0.0 68 3 2 " 3 55.67 0.0 
20 1 5 5 2 20.65 0.011 69 3 2 5 2 37 .05 0.0 
21 I 5 5 3 23.56 ll.11 70 3 2 5 3 39.98 IJ.O 
22 I 5 5 5 llf. 76 0.011 11 3 3 3 2 19. 111 1211. 70 
21 I 6 1 3 5.87 3799.99 /2 3 3 3 3 If. II 7 2515.27 
211 1 6 1 •1 11. 73 o .. oo 73 3 l 3 " 10. 3'1 11.00 
25 I 6 I 5 lli.67 0.00 1•1 3 3 3 5 13.27 0.00 
26 I 6 I 1 -210.00 38110.00 75 3 3 " 2 25.27 IJ.O 
21 2 1 3 1 211.•16 2199.99 16 3 3 11 3 26.21 11.0 
28 2 2 2 3 26.95 2199.99 11 3 3 •1 11 16.•11 fl.II 
29 2 2 3 3 15.66 o.o 78 3 3 lj 5 19.111 0.0 
30 2 3 2 2 10.115 2199.99 19 3 •• 2 3 10. 17 O.Oll 
31 2 3 2 3 13. 76 0.00 80 3 •• 2 " 16.03 0.0 
32 2 1 3 2 21. 38 0.0 81 3 •1 3 3 3.56 2699.98 
31 2 3 3 3 6. 71 ll.ll 82 3 " 3 " 9.115 U.llll 
311 2 3 " 2 25.21 0.0 83 3 5 3 2 23.62 0.0 
1':> 2 3 •1 3 28.21 0.0 6•1 3 5 3 3 8.95 2699.96 



Table IX.8 (cont'd) 

85 3 5 5 2 28.27 0.0 
86 3 5 5 3 31.20 0.0 
87 3 6 3 3 3.58 2699.99 
88 3 6 3 5 12.38 0.0 
89 3 6 11 3 22. 72 o.o 
90 3 6 4 5 13.92 0.0 
91 3 6 5 3 17.22 0.0 
92 3 6 5 5 8.112 0.00 
93 3 7 2 3 17 .110 2699.99 
911 3 7 2 4 23.27 0.00 
95 3 7 2 5 26.20 0.00 
96 3 8 2 2 13.02 2699.99 
97 3 8 4 2 27.47 0.0 
98 3 9 2 2 4.20 2699.99 ...... 
99 3 9 2 4 13.00 -0.00 VI 

100 3 10 1 2 2.93 2699.99 ...... 
101 3 10 1 1 -400.00 2700.00 



Table IX.9 

Optimal Parts Assignment for FMS Configuration (7, 10 ,4 ,S) - In Year Three 

16 2 2 2 l 23.49 0.0 
31 2 2 l 2 29. 19 0.0 
l8 2 2 3 3 13.05 2199.99 

1111 OPllHUH IS 
22191186. 00 

39 2 3 2 2 8.69 II.II 
110 2 3 2 3 11. 91 2.411 
4 1 2 3 4 2 30.97 o.o 
112 2 3 4 3 311.20 2197.611 
113 2 4 2 2 20.27 0.00 

lllf ASSIGNHI NIS Of PAHIS Al<E AS fOl LOW : 1111 2 4 2 4 
115 2 11 

29.95 o.o 
3 2 29. 19 0.0 

116 2 11 3 4 19.51 2197.60 

VAR lot s OllJ. Y( P,K,H,SI .. K 117 2 11 4 2 
COE ff. 

66.115 11.0 
48 2 4 4 4 56. 77 O.ll 
119 2 11 5 2 49. 17 2.40 

1 I 1 3 l 15. 12 3199.98 

2 l 2 2 3 7.28 o.o 50 2 4 5 4 58.85 0.0 

3 1 2 3 3 4. 35 3799.99 
51 2 5 3 2 29. 19 0.0 

4 1 2 11 3 21. 10 0.0 
52 2 5 3 3 13.05 2197.60 

5 I 3 3 2 20.48 11.0 
53 2 5 3 4 19.51 0.00 

6 l 3 3 3 •1. 35 3799.99 
511 2 5 3 5 22. 13 0.0 
55 2 5 4 2 59. 36 

..... 

1 I 3 3 4 10.80 0.0 56 2 5 
0.0 Vl 

8 l 3 11 2 21.03 o.ou 4 3 62. 58 0.0 
57 2 5 11 II 

N 

9 l 3 11 3 211.26 o.o 119.68 o.o 

10 I 3 11 11 11.35 0.011 
58 2 5 11 5 52.90 11.0 

11 1 3 5 2 211.96 0.1111 
59 2 5 5 2 51.02 o.o 

12 1 3 5 3 211.19 o.u 60 2 5 5 3 511.25 0.0 
61 2 5 5 II 60.70 

13 l 3 5 11 311.611 n.o 62 2 5 5 
0.0 

14 1 11 2 3 12.119 3799,99 
5 411.57 2.110 

15 1 11 2 " 18.95 0.00 
63 2 6 2 3 11.91 2197.60 

16 l 11 2 5 22. 17 0.0 
611 2 6 2 11 16.37 0.00 
65 2 6 2 5 

11 l 11 5 3 38. 10 ll.O 66 2 6 5 
21.59 0.0 

18 1 11 5 " 115. 15 0.11 
3 27 .09 0.11 

19 1 11 5 5 29.02 o.o 67 2 6 5 11 31.54 0.11 

211 l 5 2 2 6.95 3799.99 
68 2 6 5 5 17 .111 2.40 

21 1 5 2 5 19.66 0.00 
69 2 7 l 2 3.23 2197.60 
HI 2 7 I 5 

22 I 5 3 2 22.22 11.0 71 2 ., 1 
16. 13 2.110 

23 1 5 3 5 15. 77 (I. II 
1 -325.110 22110.00 

211 I 5 11 2 311. 97 0.0 
72 3 l 2 1 27.38 3499.99 

25 I 5 " 5 211. 52 (I. II 
73 3 1 3 1 22. 73 o.o 

26 l 5 5 2 25.60 0.0 
111 3 2 2 2 14 .118 31199. 99 

27 I 5 5 5 19. 15 0.0 
15 3 2 2 3 17. 70 O.llll 

26 l 6 1 2 3. 23 H99.99 
1r. 3 2 3 2 29. 19 0.0 

29 I 6 l 3 6.115 0.011 
77 3 2 3 3 13 .05 0.11 

30 1 6 1 II 12.91 O.Oll 
18 3 2 11 2 66.115 0.0 

31 I 6 1 5 16. 13 0.1111 
79 3 2 11 3 69.66 0.0 

32 l 6 l 1 -260.UO 311110.1111 
60 3 2 5 2 116.611 0.0 

33 2 1 2 I 33. 17 O.llll 
81 3 2 5 3 511.117 U.11 

34 2 1 3 l 27.08 2199.99 
62 3 3 2 2 5.79 3499.99 

35 2 2 2 2 20.21 o.oo 81 3 3 2 3 9.U2 u.o 
611 3 3 2 " 15.47 ll.U 



Table IX.9 (cont'd) 

8~ 3 3 2 5 111. 10 0.0 
86 3 3 l 2 20.48 0.0 
61 3 3 l 3 4. 35 0.00 
88 3 3 3 4 10.80 o.oo 
89 l 3 3 5 llt.03 0.00 
90 3 3 ,, 2 30.91 0.0 
91 3 3 ,, 3 311.20 0.0 
92 3 3 It ,, 21.29 0.0 
93 3 3 ,, 5 211. 52 0.0 
94 3 11 2 2 If. 63 31199.99 
95 3 If 2 j 7.86 0.0 
96 3 ,, 2 It lit. 31 0.0 
91 3 4 3 2 22.66 0.0 
98 3 4 3 3 6.53 0.00 
99 3 11 3 4 12.98 0.00 

1110 3 5 2 2 11. 58 961t. 72 
101 3 5 2 3 111. 81 . 0.0 
102 3 5 3 2 27.01 0.0 
103 3 5 3 3 10.811 0.110 
llllt 3 5 5 2 35.47 2535.28 
105 3 5 5 3 38. 70 0.0 
106 3 6 2 2 4.63 0.01 I-' 
107 3 6 2 3 7.116 0.0 \J1 
108 3 6 2 5 17.51t 0.0 w 
109 3 6 3 2 19.61 0.0 
110 3 6 3 3 3.118 0.011 
11 1 3 6 3 5 13. 16 0.0 
112 3 6 It 2 23.87 0.0 
113 3 6 4 3 27. 10 0.0 
114 3 6 It 5 11. •12 0.0 
115 3 6 5 2 17.36 964.72 
116 3 6 5 3 20.59 11.0 
117 3 6 5 5 10.91 2535.26 
118 3 7 3 2 22.66 0.0 
119 3 7 3 3 6.53 0.00 
120 3 7 3 If 12.98 0.00 
121 3 1 3 5 16.21 31199. 99 
122 3 8 3 3 6.53 31199.99 
123 3 8 ,, 3 37 .03 0.0 
1211 3 9 3 3 2. 18 31199. 99 
125 3 9 3 4 8.63 0.00 
126 3 10 1 3 6.lt5 31t99."99 
1?7 3 10 1 1 -1100.00 3500.00 



Table IX.10 

Optimal Parts Assignment for FMS Configuration (7'10 '4 '5) - In Year Four 

36 2 2 2 3 29. 78 u.u 
37 2 2 3 2 311. 611 u.o 
38 2 2 3 3 16.90 16110.011 

1111 OPI IHUM IS 39 2 3 2 2 11. 211 o.o 
2 39')11110. OU llO 2 3 2 3 111. 79 0.01 

111 2 3 ,, 2 38. 16 o.o 
112 2 3 11 3 111. 71 1599.99 
113 2 II 2 2 26.23 0.00 

Ill( ASS I CNMIN Is OF PAR Is Alt[ AS mu.ow : 1111 2 11 2 11 36.88 0.0 '•5 2 11 3 2 311.611 0.0 
116 2 1, 3 II 211.00 1600.00 

VAR p K M ~ OBJ. Y(P,K,M,S) 117 2 II 11 2 811. 01 0.0 
CO[H. 118 2 11 11 II 73. 31 0.0 

119 2 1, 5 2 62.111 O.IJI 
1 I 1 3 1 17 .69 3799.99 50 2 11 5 II 73. Oil 0.0 
2 1 2 2 3 8.80 O.ll 51 2 5 3 2 311. 611 0.0 
3 1 2 3 3 5.63 3800.00 52 2 5 3 3 16.90 1599.99 
II 1 2 11 3 32. 51, 0.0 53 2 5 3 11 211.00 0.00 
5 I 3 3 2 23. 36 0.0 511 2 5 3 5 27. 55 0.0 
6 I 3 3 3 5.63 3800.0IJ 55 2 5 11 2 711.611 0.0 

I-' 1 I 3 3 11 12. 73 0.0 56 2 5 11 3 76. 39 0.IJ 
8 I 3 11 2 25.32 O.IJO 57 2 5 1, 11 611.20 0.0 Ln 
9 I 3 1, 3 26.61 0.0 58 2 5 11 5 67. 75 0.0 .p. 

IO l 3 11 II 111.67 o.oo 59 2 5. 5 2 611.811 o.o 
II I 3 5 2 25.89 0.0 611 2 5 5 3 68.39 0.0 
12 I 3 5 3 29.1111 IJ.O 61 2 5 5 11 75.119 0.0 
13 I 3 5 II 36. 511 o.o 62 2 5 5 5 57. 711 IJ.Oll 
Ill I 11 2 3 15. 5'• 3199.99 63 2 6 2 3 111. 79 1599.99 
15 I 11 2 11 22. 611 0.00 611 2 6 2 11 21.89 0.00 
16 I 11 2 5 26. 19 0.00 65 2 6 2 5 25.1111 o.n 
1 ·1 I 11 5 3 118.211 0.11 66 2 6 5 3 33.20 0.0 
18 1 11 5 11 55. 311 0.0 67 2 6 5 II 110. 30 0.0 
19 1 11 5 5 37.59 0.0 68 2 6 5 5 22.55 ll.00 
20 I 5 2 2 6.99 3799.99 69 2 I 1 2 3.55 1599.99 
21 1 5 2 5 23. 19 0.00 70 2 7 I 5 17. 75 0.01 
22 I 5 3 2 25.63 o.o 71 2 7 I 1 -llOO. 00 1600.00 
23 I 5 3 5 18.53 0.0 72 3 l 2 l 32.93 3385. 73 
211 I 5 11 2 38. 16 0.0 73 3 l 3 l 27. 55 1111. 26 
25 1 5 11 5 31.06 0.0 111 3 2 2 2 18. 711 33115. 73 
26 I 5 5 2 31. 91 11.0 75 3 2 2 3 22.29 o.o 
27 I 5 5 5 211. 81 0.0 16 3 2 3 2 311. 611 tl.O 
26 I 6 1 2 3.55 3800.1111 77 3 2 3 3 16.90 1111. 26 
29 I 6 l 3 7. 10 0.110 76 3 2 11 2 811. 01 tl.0 
311 I 6 1 11 Ill. 20 ll.1111 79 3 2 11 3 67. !>6 o.o 
31 I 6 I 5 l /. 75 0.110 80 3 2 5 2 59.113 ll.11 
32 1 6 1 l -310. (JI) 311110.110 81 3 2 5 3 62.98 IJ.O 
31 ., 1 2 I IJ0.113 0.00 82 3 3 2 2 7. 'l9 3 38!>. I J 
311 2 I 3 I 33. 18 1600.011 83 3 3 2 3 11.011 ll.O 
VJ 2 2 2 2 26.23 0.110 Bil 3 3 2 11 18. 111 o.u 



Table IX.10 (cont'd) 

85 3 3 2 5 21. 69 0.0 
86 3 3 3 2 23. 38 0.0 
87 3 3 3 3 5.63 114. 26 
88 3 3 3 I.( 12.73 0.00 
89 3 3 3 5 16.28 0.00 
90 3 3 11 2 38. 16 0.0 
91 3 3 11 3 111 . 71 0.0 
92 3 3 ,, 4 27.51 0.0 
93 3 3 4 5 31. 06 0.0 
911 3 4 2 2 6.00 3385.73 
95 3 11 2 3 9.54 0.0 
96 3 4 2 4 16.64 0.0 
97 3 11 3 2 26.20 0.0 
98 3 11 3 3 8 .115 1111. 26 
99 3 4 3 4 15.55 0.00 

100 3 5 2 2 14.99 0.00 
101 3 5 2 3 18.54 0.0 
102 3 5 3 2 31.83 0.0 
103 3 5 3 3 14.08 114. 26 
1011 3 5 5 2 44.69 3385.74 I-' 
105 3 5 5 3 48.211 0. 0 Vl 

106 3 6 2 2 6.00 0.00 Vl 

107 3 6 2 3 9.54 0.0 
108 3 6 2 5 20. 19 0.0 
109 3 6 3 2 22.25 0.0 
110 3 6 3 3 11. 51 114. 26 
111 3 6 3 5 15. 15 2002.99 
112 3 6 ,, 2 28.99 0.0 
11 3 3 6 11 3 32.54 0.0 
1 111 3 6 4 5 21. 89 0.0 
115 3 6 5 2 21. 23 0.0 
116 3 6 5 3 24. 78 0.0 
117 3 6 5 5 111.13 1382. 75 
118 3 7 3 2 26.20 0.0 
119 3 7 3 3 8. 115 2117.24 
120 3 7 3 4 15.55 0.00 
121 3 7 3 5 19. 10 1382.75 
122 3 8 3 3 8. 115 31199. 99 
123 3 8 4 3 45.38 (). 0 
1211 3 9 3 3 2.82 31199. 99 
125 3 9 3 4 9.91 0.00 
126 3 10 1 3 7 .10 3499.99 
127 3 10 1 1 -450.00 3500.00 
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through technological improvement, the difference is found to merit 

replacing defender A by challenger x. 

IX.6 SOME PARAMETRIC ANALYSIS 

IX.6.1 Time-value of Money 

The time-value-of-money used for the preceding analysis is 10%. To 

see how the optimal replacement sequence changes with respect to 

different values of the. time-value-of-money, the preceding problem is 

solved using a rate ranging from 0 to 100%. The results are shown in 

Table IX.11 and plotted in Figure IX.5. 

Between 0-25%, the sequence {(2,7,4,5), (2,7,4,5), (7,10,4,5); 

(7,10,4,5)} is recommended. This implies that it does not matter how 

inexpensive the opportunity cost is, acquisition of both machine Y in 

year one and machine X in year three remains the optimal replacement 

strategy. As the interest rate goes up to 26%, the cost of replacement 

becomes significant enough that the acquisition of machine X is delayed 

by one year. When the interest rate hits the 46% mark, the replacement 

cost reaches the point that it is no longer des~rable to replace machine 

2. Similarly, as the interest rate increases, replacement alternatives 

are inhibited. In fact, when the rate reaches 75%, no replacement is 

recommended. 
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IX.6.2 Different Deterioration Rates 

Instead of having a 10% deterioration ~ate for defender A, 

challenger X and challenger Y, in 5% deterioration 

these deterioration rates, the optimal replacement 

rate B used. For 

sequence remains 

unchanged. Table IX.12 lists the F-values for all configurations as 

well as the optimal sequence. The price-volume combinations for 

configurations in the optimal replacement sequence are: 

Year One 

Part One: 

Part Two: 

160 - 3800 

225 - 2200 

Part Three: 300 - 3500 

Year Two 

210 - 3800 

275 - 2200 

350 - 3500 

Year Three 

260 - 3800 

300 - 3000 

400 - 3500 

Year Four 

310 - 3800 

350 - 3000 

450 - 3500 

As can be observed, other than increasing the production level of part 

type two in year three from 2200 to 3000, the production levels for all 

part types within the planning horizon remained the same. 

IX.6.3 A 10% Obsolescence Rate for Both Challengers 

Instead of a 5% obsolescence rate, a 10% rate is used for both 

challengers X and Y. The resulting optimal return values are listed in 

Table IX.13. The optimal replacement sequence remains the same, 

indicating that the faster obsolescence rate does not alter either 

replacement candidates or the replacement frequency. 

combinations for each part type for each year are: 

The price-volume 
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Table IX.11 

Effects of Time-Value-of-Money on Replacement Policy 

TIME-VALUE- OPTIMAL REPLACEMENT F-VALUES 
OF-MONEY SEQUENCE 

(PERCENTAGE) 

0 (2,7,4,5/2,7,4,5/7,10,4,5/7,l0,4,5) 3,380,593 
4 3,465,093 
6 3,503,937 
8 3,540,366 

10 3,574,257 
12 3,605,501 
14 I I 3,633,969 
16 3,659,547 
18 3,682,099 
20 3,710,506 
22 3,717,628 
24 3,730,337 
26 (2,7,4,5/2,7,4,5/2,7,4,5/7,l2,4,5) 3,742,440 
28 3,758,491 
30 3,771,030 
36 I I 3,786,146 
40 3,775,942 
44 3,748,142 
46 (2,7,4,5/2,7,4,5/2,7,4,5/2,7,4,5) 3,728,215 
48 3,722,018 
50 3,711,363 
52 3,695,772 
54 I I 3,675,375 
56 3,649,888 
58 3,619,136 
60 3,582,922 
62 (2,3,4~5/2,3,4,5/2,9,4,5/2,9,4,5) 3,554,813 
66 3,497,819 
68 I I 3,463,430 
70 (2,3,4,5/2,3,4,5/2,ll,4,5/2,ll,4,5) 3,434,194 
72 I I 3,412,550 
74 3,387,864 
76 (2,3,4,5/2,3,4,5/2,3,4,5/2,3,4,5) 3,390,864 
80 3,418,341 
90 I I 3,444,192 

100 3,399,685 
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Table IX.12 

5% ~eterioration Rate for Defender A, Challenger X and Challenger Y. 
The Optimal Return Values (F-Values) for all Configurations: (Conf. F-Value) 

YEAR ONE 

1. 480180.000 2. 545646.000 3. 570568.875 4. 643097.500 5. 707226.312 6. 572645.1137 7. -1 397511. 625 
8. 717380.500 

YEAR TWO 

1. 1065876.00 2. 11863111L00 3 .. 1228663.00 4. 1177395.00 5. 1186235.00 6. 11105642. 00 7. 1544783.00 
8. 1288289.00 9. 1366748.00 10. 1196168. 00 11. -2813211. 375 12. 1217411.00 13. 340425.250 14. 1511946 3. 00 

15. 1522996.00 16. 1597506.00 17. 1401372.00 

YEAR THREE 

1 . 1707750. 00 2. 1908380.00 3. 19610111.00 11. 1932603.00 5. 1937215.00 6. 1884110.00 7. 1866055.00 
8. 2274325.00 9. 2491758.00 10. 2178396. 00 11. 2337700.00 12. 20128511.00 13. 2096496.00 14. 1103768.00 

15. -3922011.312 16. 1099436.00 17. 198855.375 18. 949413.562 19 .. 926121. 125 20. 2512171.00 21. 2502027.00 
22. 21135 727. 00 23. 2599893.00 211. 259112 30. 00 25. 2399485.00 26. 2332979.00 27. 24261186. 00 28. 2158707.00 

YEAR FOUH 

1. 2456594.00 2. 2779004.00 3. 2823654.00 4. 285i752.00 5. 2833477.00 6. 2844180.00 7. 2786432.00 
8. 27113551.00 9. 2688282.00 10. 329809 3. 00 11. 36300611. on 12. 3256081.00 13. 3511347.00 14. 312!1300.00 

15. 3300385.00 16. 2878701.00 17. 2975816.00 18. 1022918. 06 19.-489224.250 20. 997796.062 21. 76887. 5000 
22. 819641.187 23. 770047. 750 211. 15 79641 . 00 25. 1554231.00 26. 3657466.00 27. 3674763.00 28. 3629788.00 
29. 3 529202. 00 30. 3805 779. 00 31. 3822770. 00 32. 3775955.00 33. 3602287.00 34. 3556382.00 35. 3463112.00 
36. 3676927.00 37. 36112786.00 38. 34065 77. 00 39. 3321835.00 LIO. 31115830.00 41 . 3068648. 00 

THE OPTIMAL FMS SEQUENCE IS AS FOLLOW: 

YEAR 
1 
2 
3 
4 

CONF. 
5 
7 

24 
31 

F-VALUES 
70-r226.31 

151111783.00 
2594230.00 
3822770.00 

.,.... 
°' 0 
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Year One Year Two Year Three Year Four 

Part One: 160 - 3800 210 - 3800 260 - 3800 310 - 3800 

Part Two: 225 - 2200 275 - 2200 325 - 2200 400 - 1600 

Part Three: 300 - 3500 400 - 2700 400 - 3500 400 - 3500 

It appears also that the 10% obsolescence rate does not alter the 

production levels from the previous 5% case. 

IX.6.4 Change in Selling Prices 

In the previous illustrative example, the selling price of each 

part type was assumed to increase by $50 per year. Here, instead of 

having a fixed amount increase annually, an annual 10 percentage raise 

in selling price is used. That is, the selling prices of each part type 

at corresponding price breaks are described as follows: 

Part Type One: Part Type Two: Part Type Three: 

Price-breaks Price-breaks Price-breaks 

Year 1 200 180 160 250 225 200 400 350 300 

Year 2 220 198 176 275 247.5 2200 400 385 330 

Year 3 242 217.8 193.6 302.5 272 242 484 424 363 

Year 4 260.2 239.6 213 . 333 300 266 532 466 399 

The F-values as well as the optimal replacement sequence for this 

demand profile is listed in Table IX.14. ·Again, the optimal replacement 



Table IX.13 

A 10% Obsolescence Rate for the Entire Planning Horizon 
The Optimal Return Values (F-Values) for all Configurations: (Conf. F-Value) 

YI.All ONt: 

I. 11801110. 000 2. 51156116. 000 J. S7o568.875 ... 643097. 500 
8. /17380. 500 

YlAR lWO 

I. IOl8l211. l7 2. 1lll1190.UO 3. 1190669. 00 4. 11861911. 00 
8. 12871118.00 9. lll9952.00 10. 1101675.00 11. -2813211. 375 

15. 11197693.00 16. 1599112.00 17. 11120011.00 

YfAll TllllH 

1. 1519011. uo 2. I 7l 7l61t. OU 3. 11111857.00 11. 1887954.00 
8. 2091111811. OU 9. 23198119.00 10. ,2109064. 00 11. 2214160.00 

15. -19221111. 312 16. 1 lll7612.0ll 17. 198855. 375 18. 901865.937 
22. 2 328611(). 00 23. 25112115.00 211. 251116711.00 25. 2381995. 00 . 

YlAIC fOUR 

1. 211111121.011 2. 21111119211. uo 3. 2513618.00 It. 2679124.00 
8. 2618600.1111 9. 2115255 I. 00 10. 29151151. 00 11. 32111101. 00 

15. 30211523.00 16. 2103633.00 17. 26771196.00 18. 9281125. 125 
22. H2093. 562 23. 722500.125 211. 1 Ii 10922. oo 25. 1385512.00 
29. 1?60187.UO 30. 36115610. 00 3 I . 3699689 .. oo 32. 36111136.oo 
36. 36311•11.oo 37. 3551085.00 38. 3 3906117. 00 39. 3271079.00 

llll Ul'llHAI. fHS SlQUlNC[ IS AS FOLIOW: 

YfAll 
I 
2 
3 
11 

CONF. 
5 
7 

211 
31 

f-VAl.U[S 
/0'/226. l 1 

14901e11.oo 
251116711.00 
3699689.00 

s. 707226.312 6. 572645.437 7.-139154.625 

5. 1167801.00 6. 1352582.00 7. 1490184. 00 
12. 1225587.00 13. 3ltOlt25.25o lit. 150lt800.00 

5. 1857258.00 6. 1859660.00 7. 1780856.00 
12. 1951111.00 13. 1971036.00 lit. 1009275.06 
19. 878573.500 20. 2361021.00 21. 2397861.oo 
26. 2330377. 00 21. 21125819.00 28. 2151ltlt9.00 

5. 2625313.00 6. 27711107.00 7. 26011318.00 
12. 302811611 . Oo 13. 3200519.00 111. 2973938.00 
19. -11892211. 250 20. 10059 72. 06 21. 76887.5000 
26. 3310089.00 27. 11106823. 00 28. 3398025.00 
33. 311911665.0o 111. 31187105.00 35. 3360398.00 
40. 31601190.00 111. 29656111.00 

t-.& 
0\ 
N 
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sequence remains unchanged. The price-volume combinations for 

respective part types over the entire planning horizon are as follows: 

Part One: 

Part Two: 

Year One 

160 - 3800 

225 - 2200 

Part Three: 300 - 3500 

Year Two 

176 - 3800 

275 - 1600 

385 - 2700 

Year Three 

193.6 - 3800 

272.3 - 2200 

423.5 - 2700 

Year Four 

213 - 3800 

333 - 1600 

466 - 2700 

The production level of part type one remains constant throughout the 

entire planning horizon. That of part type two first drops from 2200 to 

1600 in year two; raises back to 2200 and in year four, drops back to 

1600. For part type three, its production drops from 3500 to 2700 and 

thereafter stays at this level. 

IX.6.5 Annual Increase in Unit Cost of Input 

Instead of having a 6% annual increase in the unit cost of indirect 

labor, assume that the rate of increase is 16%. Table IX.15 lists the 

results of this new rate. There is no change in the optimal replacement 

sequence. The price-volume combinations for the optimal replacement 

sequence are: 

Part One: 

Part Two: 

Year One 

160 - 3800 

225 - 2200 

Part Three: 300 - 3500 

Year Two 

210 - 3800 

275 - 2200 

400 - 2700 

Year Three 

260 - 3800 

350 - 1600 

400 - 3500 

Year Four 

310 - 3800 

400 - 1600 

500 - 2700 



Table IX.14 

A 10% Annual Increase in Selling Price for All Part Types 
The Optimal REturn Values (F-Values) for all Configurations: (Conf. F-Value) 

VIAii ONI 

I. 1111011111 .111111 ~~. ~·l~>t,IU1. UOU l. '.i /11!>611. 815 11. 64l09/ .5110 5. /07226. )12 6. 572645.tiH 7. - ll91511. 625 
II. llH811.51111 

VIAii 11111 

I. U'J 111t,11. 1;~~ ... IUl:'9/l!.UU J. IU(dllllll.1111 11. 10l l11l1 I .II l 5. 1111109 ll . 06 6. 12211158.0ll 7. ll525116.00 
8. 112/1111.1111 9. 1111/1111>.lltl IO. 10)9%6.25 11. -28 ll211. 315 12. 111811802. 00 ll. ]1101125. 250 .... I J611t11111.1111 I!"> . I 11199.l /. IJll 16. lt1?.98119.tlll 17. 12tl 111'.il .Oil 

YI Alt 1111111 

I. )~ 1 111111). OU 2. 111;~•1•116. ti() ]. 1~>11311119.tlll It. 1!>029!">~.oo 5. 151771111.00 6. 1115001).1111 7. ll1Jl1059.00 
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Resetting the 16% indirect labor rate back to 6%, now the annual 

increase of direct labor is assumed to be 18% instead of 8%. The 

results are listed in Table IX.16. Once again, there is no change in 

optimal replacement sequence. The price volume combinations are: 

Part One: 

Part Two: 

Year One 

160 - 3800 

225 - 2200 

Part Three: 300 - 3500 

Year Two 

210 - 3800 

275 - 1200 

400 - 2700 

IX.6.6 Machine Capacities of 360,000 hrs. 

Year Three 

260 - 3800 

350 - 1600 

400 - 3500 

Year Four 

310 - 3800 

400 - 1600 

500 - 2700 

To see the effect of changes in machine capacity the yearly machine 

capacities are all decreased from 480,000 hrs. to 360,000 hrs. The 

results of this change are shown in Table IX.17. Once more, no change in 

optimal replacement sequence is observed. The price-volume combinations 

are: 

IX.6.6 Machine Capacities of 360,000 hrs. 

To see the effect of changes in machine capacity the yearly machine 

capacities are all decreased fr·om 480,000 hrs. to 360,000 hrs. The 

results of this change are shown in Table IX.17. Once more, no change in 

optimal replacement sequence is observed. The price-volume combinations 

are: 



Table IX.15 

~6% Annual Increase in Unit Indirect Labor Cost 
The Optimal Return Values (F-Values) for All Configurations: (Conf. F-Value) 

YCAll ON[ 

1. 1180180.000 2. 51156116.000 3. 570568.875 ... 643097.500 5. 707226.312 6. 5726115.1137 7. -1397511. 625 
8. 717380.500 

Y[All lWO 

I. 'J'J838 7. 000 2. i 115936.00 3. 1173561.00 lj. 1111005 7. 00 5. 1152827.00 6. 1337297.00 7. 11176368.00 
8. 12117801. 00 9. 1326185. 00 10. 1091317 .00 11.-2813211.375 12. 1187790.00 13. 31101125. 250 111. 11192717 .00 

15. 11185550. 00 16. 1561967 .00 17. 1389151.00 

Y£AR llllll[ 

I. ll1 i•1·126.00 2. 1685099.00 3. HH506.00 Ii. 1779876.00 5. 1802967.00 6. 17311298.00 7. 17261199.00 ..... 8. 201151130.00 9. 22716711.00 10. 2009363.00 11. 2169209.00 12. 18113398.00 13. 1926635. 00 14. 998977.062 CJ\ 
15.-3922011.312 16. 1069815.00 17. 198855. 375 18. 881924.562 19. 858632. 125 20. 2317579.00 21. 2359250.00 CJ\ n. 2291112.00 23. :>1152•199. 00 211. 21t46813. 00 25. 2308795.00 26. 22116166.00 27. 23348110.00 28. 2062511 I. 00 

YfAR IOUR 

I. 196"16911 .110 2. 2285512.00 3. 2396711.00 4. 2477313.00 5. 21199728.00 6. 2517335.00 7. 21178618.00 
8. 2373165.00 9. 2321819.00 10. 27980311.00 11. 3130787.00 12. 2837301. 00 1 3 . 3098113. 00 14. 2741837.00 

15. 2918113. no 16. 21117111'19. 00 17. 2557145.00 18. 918127.125 19.-4892211.250 20. 968175.062 21. 76687. 5000 
22. 752152. 187 23. 102558. 750 24. 13116617. 00 25. 1321207. 00 26. 3210935.00 27. JJ2111lt8.00 28. 33132110.00 
29. llll781.00 30. 31138131.00 31. 311991148.00 32. 3111779•1. 00 33. 3 333813. 00 3•1. 3336079.00 35. 3193874.00 
36. 31111162 / .00 31; 3361502. 00 38. 3202665.00 39. 3081998.00 40. 3183419.00 ltl. 279011115.00 

111[ OPllHAL IHS S[Qll(NCE IS AS FOLLOW: 

YlAR CONF. f-VALUES 
1 5 707226.31 
2 7 11176368.00 
3 211 211116813. 00 
lj JI 34991148.00 
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18% Annual Increase in Unit Direct Labor Cost 
The Optimal Return Values (F-Values) for all Configurations: (Conf. F-value) 

VIAil ON[ 

I. 11601811.000 2. 51!5646.000 3. 570568.875 .. . 6113097. 5110 5. 707226. ]12 6. !H2645.lll7 1. -1)97511. 625 
8. 111l80.500 

VEAll IWO 

1 . 9996211. 750 2. 1116976.00 3. 1177698. 00 11. 1139961.00 5. 1157202.00 6. 1335838.00 1. 11116660.00 
8. 12•16535.00 9. 1326274.00 10. 1091)17 .00 11. -281324. l75 12. 1187382.00 13. 3401125.250 14. 1494208.00 

15. 11167163. 00 16. 1562960.00 17. 139001!11, 00 

YlAll rtlR[[ 

I. 111-/9028. 1111 2: 166599/.00 3. 17665115.00 4. 1777660.00 5. 181H•ll.00 6. 17311556.00 1. 1736652.00 
8. 20•111]1!0 .110 9. 2271591.00 10. 20011llO.00 11. 21691611.00 12. 1811121!5.00 13. 19271135.00 14. 996917. 062 

15. -3922011. 312 16. I0691101. 00 17. 196655. 375 18. 683162. 312 19. 659669.675 20. 23221188.00 21. 2363960.00 ...... 22. 22911166.00 23. 211552011. uo 211. 211119356. 00 25. 23112011.00 26. 22116554.00 27. 2336682.00 28. 20650113.00 0\ 
-...J 

Vf All I OUll 

I. 1975/8/.00 2. U86/17.0ll 3. 2•126321. 00 4. 211712116.00 5. 25329611.00 6. 2513503.00 1. 25101191.00 
8. 23130111.0ll 9. 21118992. Oil 10. 2/83359.00 11. 31291197 .00 12. 2823679.00 13. 3097721.00 111. 2732575.00 

15. 2917581.00 16. 211/6335.011 17. 2559512.00 18. 918067. 125 19. -•1892211 .250 20. 967767. 062 21. 76887. 5000 
22. 753389.931 23. 701796.500 24. 1350919. 00 25. 1325509.00 26. 3222621.00 27. 333005•1. 00 28. 3318111.00 
29. 1110•137 .00 30. 31•113315.00 31. 350•1•154 .00 32. 1•120757.00 33. 33112390.00 ]II. 3339219.00 35. 3191515.00 
36. 3111161"/0.IJO 37. 3 .69617.00 36. 3206669.00 39. 3061351. 00 40. 3165969.00 41. 2796091. 00 

Jiil OP I I MAI !"MS St QlllNC[ Is AS 0fOU OW: 

VIAii CONf. f-VALU[S 
1 5 707226. 3 I .. 7 11116660.00 
l 211 211119356. 00 
11 31 350111154. 00 
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Year One Year Two Year Three Year Four 

Part One: 160 - 3800 270 - 3800 260 - 3800 310 - 3800 

Part Two: 250 - 1600 300 - 1600 350 - 1600 400 - 1600 

Part Three: 350 - 2700 400 - 2700 450 - 2700 500 - 2700 

As can be observed, the production volume for each part type for the 

next four years remains the same, indicating a steady output policy. 

IX.6. 7 Summary 

Some preliminary parametric analysis were performed on the 

illustrative example. A summary of results is provided in Table IX.18. 

Although,the analysis is limited in scope, all indications show that the 

replacement policy' is quite insensitive to changes with respect to the 

parameters examined. Also, the output levels under the replacement 

policy remains relatively stable as well. While the parametric analysis 

is focused on this illustrative example, the main purpose, above all, is 

to demonstrate the robustness of the multi-year replacement model. 

Moreover, one can also observe the complex production environment within 

which this replacement model is cast. In fact, to derive any meaningful 

interpretations upon respective time dynamic production elements, a much 

more comprehensive parametric analysis is needed 

While conclusive interpretation could not be established in this 

sensitivity demonstration, therein lies an important question: "Can the 

fact that the replacement decisions are insensitive to parametric 



Table IX.17 

Machine Capacity of 360,000 for the Entire Planning Horizon 
The Optimal Return Values (F-Values) for all Configurations: (Conf. F-Value) 

YI 1111 UNI 

I. t1t1f> /l16. 'Jl>2 
8. 611118/I. 7'.ill 

Yl.1111 11111 

I. ')O{i;'~'U. l•f• 1J 
8. 116111! 7. 1111 

15. 1352693.Ull 

YI Ill< 1111<1 I 

I . 8 JL9'>U. (,U I 
8. 1833810,.llll 

15.-392;'1111. 31<' 
;~;>. 2im;~9~;9. on 

YI Ill< 1111111 

I . 8 Jf,9'>11. 611 / 
8. 16 ]U;>] l .1111 

l'i. 2(,{,9;>1111.1111 
22. {,(JUU;~ l. b I:~ 
29. 20~,90 11. uu 
36. l lll 111i'9. Ull 

2. 111111•18. 'jllll 

2. 911/U9'J. 6?'.i 
9. 1218:190.UO 

16. l112J'>38.00 

2. t ~>O'J'Jlf/. OU 
9. f~09'J;~U6. OU 

16. 21;>1119.312 
23. 22J5180.00 

2. .. .. /1111 /;' .1111 
9. 1£.J;•111u.1111 

16. I /(a•1•,t.u.uu 
;~]. "11111111. JI'> 
JO. l 12;'01111.011 
37. ]U~ /{.~Jtt. 00 

J. '.ilU/ 1.250 4. 60211 l / . 5110 

J. ltl'.i6698. U(J 11. 1026 !02. 12 
Ill. -21111111. 0110 11. -2813211. 315 
17. 12511128.110 

l. 1611.:lllO.OU 11. 15911199.110 
IO. 186!>1122.110 11. 199611113.00 
n. 1651121.937 18. 789796. 187 
211. 2230639.110 25. 2063391.00 

J. 2;•1 /1188.0U 11, 22;•7161. OU 
111. 2119 /;~62 .1111 11. 291117<'8. 1111 
1 l. 18111188 I. lllJ 10. -l10l686. 81'.i 
211. 1118850. 062 25. 68Jl1l10.062 
31. 31138113 .llll 32. J 12211(10.011 
38. 2811l'.i8ll.llll 39. 2112169.1111 

1111 Ill' I 111111 I MS 51 4111 NCI I$ 115 IOU 011: 

YI 1111 CONI. 1-VAIUIS 
I 'j 0~1111~.12 

;> 1 1358912.1111 
l 211 2230619.1111 
11 31 l l 71811 l . OU 

5. 6'.il 1112. 125 

5. 11158218.110 
12. 3302811.250 

'.i. 165'JOl16.UO 
12. 1693826.00 
19. 766503.750 
26. 20112562. 00 

'.i. 2l l'.i812 .IHl 
12. 25811718.011 
19. -11892211. 2'.iO 
26. 29113318. 00 
33. 2983906.00 
110. 28117819.00 

6. -116462. 187 

6. 1236628.011 
13. 306991. 812 

6. 1552.531. Oil 
13. 1156012.00 
20. 2093695.00 
27. 2113173.0ll 

6. 2211726l.110 
13. 28'.i5JllJ.OU 
20. 1111669. 37') 
21. 3006376.011 
311, 300111 ll . 011 
Ill. 199 I068. 00 

7. - I 39 /'Jl1. 625 

I. 1358912.00 
111. 1339819. 00 

1. 1573907.00 
111.-326836.937 
21. 2135902.00 
28. 181111197.00 

7. 228 3118 7. 00 
111. 2525666.00 
21. 11311'.ill.0625 
28. 299111111.00 
]'). 2905007.00 
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0\ 
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Table IX.18 

A Summary of the Price Volume Combinations for Different Parameters 

1• • ..-t ~ .. : Part 'l'wo l'art 1l1ree 

liai;u C...aut! Y.:a ,. I Y.:J ,. 2 Year ] Yc:ar 4 Year 1 Yeu1· 2 Year l Year 4 Yt:ar l Year 2 Year l Yt:ar 4 
:-i1H..:l &onu: 

160/31100 "J. I 0/ )llOO 260/ 31JOO 3!0/3000 22'j/2200 275/ 2200 325/2200 400/1600 ]00/3500 400/2700 400/3500 450/3500 

L.2 160/]llOO 210/ ".11100 260/31100 3IO/]UOO 225/2200 275/2200 300/3000 350/3000 300/3500 ]50/3500 400/3500 450/3500 
I-' 

'·. 'j 1611/ :11100 2111/ ]1100 260/ ]1100 )I0/]800 225/2200 215/ 2200 125/2200 1100/ 1600 300/ 3500 400/2700 400/3500 450/ 3500 '-I 
0 

b.11 160/ 'JllOO 176/)1100 l\ll.6/3h00 211/31100 225/2200 275/1600 272.3/2200 313/1600 300/3500 ]115/2700 423.5/2700 466/2700 

(I, '>(J) I W/ JllOO 2 Ill/ )11110 26u/ :woo 210/31100 225/ 22()0 275/2200 350/1600 400/ l 600 300/3500 /100/2700 400/3500 500/2700 

b. '>(h) 160/ ".11100 2 lll/ :tllUll 2i>O/ )1100 J I0/ 3UOO 225/ 2200 27'>/2200 350/ 1600 400/1600 300/3500 400/2700 400/3500 500/2700 

... ') I oO/llllJU 2111/ :111011 "J.60/ ·moo )I0/31100 "J.25/2200 275/ 2'/.00 150/ 1600 /100/ 1600 300/J'jOO 400/2700 400/3500 500/2700 

b. (1 too/ 1111111 J. I 0/ HlllO 26tl/ 3tl0ll 310/ 11100 250/2200 )00/1600 350/ l 600 400/1600 300/2700 400/2700 450/2700 500/2700 
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changes be property inherent in the FMS environment?" This is to say, 

can it be that since the FMS is flexible by nature, it provides freedom 

to react and to adapt to the various aspects of production demands 

placed upon the system? Analogous to the. shock-absorber of an 

automobile, the flexibility property behaves in a similar fashion that 

adjustments are made where appropriate so as to maintain the final 

outcome. 

Figure IX.6 shows the part assignments for configuration (7,10,4,5) 

in year three with different changes in parameters. Note that while the 

output levels are identical in the first two cases, there are 

adjustments in the assignment process. Namely, operation three of part 

type two is now shifted to machine 4; also, for part type three, while 

the route remains the same, the amount assigned differs. In fact, the 

parts assignment for part type three for each of the parametric changes 

highlights the adjustment capability of the system. Note that the 

production volume are all identical at 3500, but each has its unique 

parts assignment. Clearly, the system has adapted to the changes while 

maintaining the same output. 

other future research. 

IX.7 Summary 

The next chapter will discuss this and 

This chapter has presented the problem structure as well as the 

solution procedure for the determination of optimal replacement sequence 

for a multi-year FMS replacement problem. An illustrative example is 
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used to demonstrate the model and most importantly, some of the relevant 

production economics issues are addressed. A limited parametric 

experience was also documented in order to establish the possibilities 

of sensitivity analysis and hence future extensions of this type area. 

In the next and last chapter, a summary of 'this research is provided 

along with recommendations for extensions. 



CHAPTER X 

SUMMARY AND RECOMMENDATION 

In summary, the first chapter discussed the essence of an FMS 

around which the replacement model is built. Chapters two, three and 

four outlined the conceptual bases for general replacement problems. 

Chapter two outlined the nature of equipment replacement chapter three 

established the factors relevant for replacement decision and chapter 

four provided a survey of the general replacement literature. Next, 

chapter five identified the complexity of the FMS replacement 

environment whose interactive nature defied traditional replacement 

assumptions. That is, the FMS setting is one of a network of machines 

producing multiple products, which shares multiple inputs including a 

vital conveyance system. Chapter six developed a multi-year replacement 

model suitable for the FMS framework. There were two parts: (i) 

determination of maximum operating profit with respect to parts routing, 

parts demand profile, and input resources --for a given FMS 

configuration, and (ii) determination of optimal FMS sequence over the 

replacement horizon, this would establish the replacement policy as well 

as the output policy. Chapters seven, eight, and nine illustrated the 

problem of parts assignment and the problem of FMS replacement sequence. 

In these three chapters, relevant issues were 

appropriate. 

highlighted where 

Thus, in this research, a multi-year replacement model suitable for 

FMSs has been presented. Special attentions have been given to such 

174 
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considerations as input substitutions, machine utilization, iterrelated 

production activities and capacity expansion/contraction. While the 

model is focused on the characteristics of FMSs, the model's general 

framework enables it to be applied to many other production systems. 

For example, a transfer line system can be viewed as a special case of 

an FMS which has no pooling and no feedback of material. As such, the 

replacement policy of transfer lines or production systems of a serial 

nature can be similarly examined. Likewise, a conventional job shop 

environment can also be viewed as an FMS without the automated material 

handling system. The analysis of replacement policy of such system also 

follows similarly. Further, this model can be utilized to study the 

effects of machine groupings. 

From an adjustment-to-change perspective, this model can examine 

the effects of changes wth respect to input costs. For example, one can 

utilize this model to approach the question: "What would be the 

appropriate course of action if the unit cost of skilled labor increases 

drastically in the future?" Such issues (and others alike) about the 

changes of input values is a relevant aspect of production planning. 

For this directly addresses the issue of input substitution and, more 

importantly, the technology level which the system should operate at. 

Closely related and of equal significance is the planning 

the changes in the product demand as well as product mix. 

strategy for 

This model 

can be extended to study the replacement policy under such a scenario; 

the issue of capacity planning falls under this category. 
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While the economic interpretations and the analysis of the results 

presented in this work are deduced freom a contrived example and with 

limited parametric experience, it is believed that fruitful results can 

be obtained based on a set of more realistic parameters and a more 

comprehensive sensitivity analysis. As stated previously, the intent of 

the illustrative example is not so much to arrive at conclusive 

assessments, but to show both the possibilities and the directions for 

such an analysis. 

To conclude, a multi-year replacement model suitable for FMSs or 

systems of similar multiple inputs-multiple outputs-multiple machines 

interactive nature is developed. The model is believed to be robust and 

could be used as a planning tool. More importantly, the emphasis of 

this research has been conceptual and it orients towards the many 

production economic issues plaguing today's production planners. To 

that end, this work intends to provoke thoughts and interests in the 

long term design and planning of manufacturing systems under the light 

of equipment replacement. This dissertation concludes with the 

following recommendations fore future research in this topic area. 

(i) Performance of a compreh~~.sive sensitvity analysis on the 

the vital production/ economic factors. It is believed that 

fruitful interpretations on the vital parameters are likely. 

(ii) Comparison of FMS with other production systems. This, in 

fact, follows 

model could 

the preceding recommendation. 

help provide some interesting 

That is, this 

insights to such 
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questions as --Is transfer system preferred to FMS? Why and 

Why not?; Under what environment does FMS perform superior to 

other systems and so on. 

(iii) Creation of an unstable market environment with fluctuations in 

product demand as well as changes in product mix so as to 

examine the replacement policy under such a scenario. 

(iv) Analyzing the impact of the materials handling system. That 

is, one can treat the materials handling system as another 

machine and the analysis could proceed as such. Such issue as 

the number of AGVs can be approached under this scenario. 

(v) The large size of this problem places tremendous computational 

burden on exact solution procedures. Some effocoemt bounding 

strategy to this problem appears to be a need if large 

realistic problems are to be solved. Again, the curse of 

dimensionality does plague the solution process. 

(vi) Other issues such as budget, set-up times, inventory costs, 

etc. are appropriate elements to be further incorporated. 
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User M199ion W"'rk sralions ~.11~r1al tlandling Managem~t'lf & Conrrol Comment' I 
~-----------
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APPENDIX II 

Determination of the optimal FMS configuration sequence --
A backward recursive formulation 

Define fi J. t . ' as the optimal terminal wealth of the FMS (i,j,t) if 

an optimal replacement policy is pursued from hereon 

until T. 

The recursion relationships start at the end of the planning horizon and 

backtrack to the present. 

Starting Point: 

For t = T, 

(A) 

Recursive Relationship: 

For t = 1, 2, ••• , T-1 

f" ~ .... 1,J 't 

(B) f~ ~ "' = 1,J 't 

A A A A 

(B) if (i,j,t) £ {J1,t} 

(C) Otherwise 

T-1 
r {-Wij~ (r) + (1-p)(OPij~ - Dij~)}(l+r)T-t 

t=t 



( C) 

v 

f ,... ,.. ,.. 
i ]0 t = ' ' 
,.. 
i = 1, 2, 

"" j = 2, 2, 

"" t = 1, 2, 

:1-86 

,.. 
{-Wijf (r) + (1-p)(OPijt - Dijf)}(l+r)T-t 

... ' I 

"" ... ' t + 

... ' T-1 

MAX 

f. . l.,],t 

~,.,. 

V (i,j,t) € Iijt-1 

,. 
is all the feasible changes for configuration i 

Stopping Criterion: 

MAX: {ft, 11 V i = 1, 2, ••• , I} 
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APPENDIX III 



c 
c 
c 
cc 
c 

COMMON/WAR/NBASIC(150),RHS(150),NUPPER(150),SURROG(150),AVALU 
DOUBLE PRECISION IS USED 

/*ROUTE PRINf VM2. INOC105 
D MENS ON K(10),T(10,10,10),DD(10,10),XDL(20),POB(10) 
D MENS UN XIDL(20),XMTS(20),XMANT(20),PB(10),NON(6) 
D MFNS ON P( 10, 10), XLL( 10, 10), XUL( HI, 10), OBJ ( 150) 
D MENS ON llD(10,10,10,10),A(l50,150),B(l50) 
D MENS ON Blt(150),TEMP(150),NFLAG(300),XMIN(150),XOPT(150) 
D MENS ON XUB(150),XMAX(150),Y(150),BINV(150,150),RH(20) 
D MENS UN f(6,10U),OPPF(6,100) 
D MENS ON 11D(6, 100), INDE(20), ICH(20) 
D MrNS ON IRB(20), IDE(20), ITORE(20), 1 IMC( Hl, 10,20), IONE( 100) 
D MENS ON DEP(6, 100),MVALUE(6, 100),ELEM(6, 100,2), ITWO( 100) 
D MENS ON Pl32( 10),TDETf(20),DIDL(20),DDL(20),DMIS(20) 
D MENS ON DMANT(20),XLL2(10,10),XUL2(10,10),MDE(20),MCH(20) 
D MENS ON TIDL(20),TDL(20),TMIS(20),TMANT(20),PB3( 10) 
D MENS ON OIDL(20),0DL(20).0MIS(20),0MANT(20),TRH(20).CCOST(6, 100) 
D MENS ON TRH2(20),TRH3(20),TOBS(20),NCON(6),TDUAL(150) 
0 MENS ON P2(Hl,10),P3(10,10),XLL3(10,10),XUL3(10,10),IOBJ(150) 
D MENS ON PBll( 10), XLl_l1( 10, 10), XIJL4( 10, 10), P4( 10, 10), TRltll( 20) 
REAL IDIC2,DLC2,MISC2,MANTC2 

c 
c 
c 
c 
c 

REAL IDLC4,DLC4,MISC4,MANTC4 

REAL IDLC3,DLC3,MISC3,MANTC3 

c *************************************************************** 
c * * 
c * 1. TOT AL NUMBER or PART s IN TllE FMS- I PA * 
C * 2.101AL NUMBER OF OPERATIONS PER PART - K(P) * 
C * 3.TOTAL NUMBER OF MAClllNE STATIONS INCLUDING U/UL STATION * 
C * - MC * 
C * 4.COST OF AGV- PER IJNIT DISTANCE TRAVELLED- W * 
C ~ 5.AGV IJllLIZATION - ALPHA * 
C * 6.0PERATION l IMES PER M/C STATION PER PART- T( 1,J,M) .. 
C * 7.0ISTANCE MATRIX - D( I ,J) ·~ 

C * 8.DIRECT LABOR, - TDL( I) * 
C * INDIRECT LABOR, - TIDL( I) * 
C * MI SCELANEOUS, - TM IS( I) * 
C * MAINTENANCE - TMANT( I) ·~ 

C ·~ 9.IJNIT COSTS OF DIHfCT, - X$DL * 
C * INDIRF.CT LABOR, - X$1DL * 
C * MISCELANEOUS, - X$MIS 
C * MA I NTENANCE - X$MANT 

* 
* 

C * DEMAND PROFILE: * 
llOLD DATA D1 08/011/83 11:52 Hll D F 80 1823 RECS VA TECH PRINTED 08/04/83 05:06 PAGE 002 

...... 
00 
00 



c *HJ. 
c * 
c * c * 11. 
c * c l!· 

c * 
c * 

NUMBER OF PRICE-BREAKS FOR EACH PART 
TYPE 

UNIT SELLING PRICE OF ITll PART AT HIE 

- PB ( I ) 

JTH PRICE-BREAK- P( l,J) 
LOWEST PRODUCTION LIMIT OF IHI PART 

AT Tiff JTll PRICE-BREAK - XLL( I, J) 

C * HIGHEST PRODUCTION LIMIT OF IHI PART 
C* Al rllEJTliPRICE-BREAK -XUL(l,J) 
C * RESOURCES ALLOCAflON 
C *12. UPPER LIMIT OF DIRECT LABOR - TRll(l) 
C *13. UPPER LIMll OF INDIRECT LABOR - TRH(2) 
C *14. UPPER LIMll OF MISCELANEOUS INPUTS - TRH(3) 
c *15. UPPER LIMIT or MAINTENANCE INPUT - TRH( 4) 
C *16. UPPFH LIMIT Of MACHINE 2 - TfUt(5) 
C *17. UPPER LIMIT OF MACHINE 3 - TRH(6) 
C *18. UPPER LIMll OF MACHINE 11 - TRH( 7) 
C *19. UPPER LIMIT OF MACHINE 5 - TRH ( 8) 
C *20. UPPER LIMIT OF MACHINE 6 - TRH ( 9) 
C *21. UPPER LIMIT OF MACHINE 7 - lRH(lO) 
C *22. llPPEH LIMIT OF AGV - TRH(ll) 
C * MACHINE VAL.LIES 
C * INCUMBENTS: YEAR ONE 
C *23. VALUE OF MACHINE TWO AT YEAR ONE - MVALUE(2,l) 
C H211. VALUE OF MACHINE THREE AT YEAR ONE - MVALUE(3,1) 
C * YEAR TWO 
C ·*25. VALUE OF MACHINE TWO Al YEAR TWO - MVALUE(2,2) 
C *26. VALUE OF MACH I NE THREE AT YEAR TWO - MVALUE(3,2) 
C * CHALLENGERS:YEAR ONE 
C *27. VALUE OF MACHINE SIX Al YEAR ONE - MVALUE(6, 1) 
C *28. VALUE OF MACHINE SEVEN AT YEAR ONE 
C * YEAR TWO . 

- MVALUE(7, 1) 

C *29. VALUE OF MACHINE SIX AT YEAR TWO - MVALUE(6,2) 
C *30, VALUE OF MACHINE SEVEN AT YEAR TWO - MVALUE(7,2) 
C ·K 

c * 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
·K 

* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 

c *************************************************************** 
c 
c 
c 
c 
c 
c 

c 

Tiff FOLLOWING READ STATEMENTS READ IN NUMBER OF PART TYPES, 
NUMBER OF OPERATIONS PER PART TYPE, TOTAL NUMBER OF MACHINES 
IN THE FMS, COST PER UNIT TRAVEL OF AGV AND THE AGV UTILIAZATION 
RA TE. 

READ( 5, *)I PA 
READ(5,*)(K( I), 1=1, IPA) 
HEAD(5,*)MC 
READ(5,*)W 
HEAD(5,*) ALPll/\ 

...... 
00 
\0 



c 
c 
c 
c ****NOTE lHAl FREE FORMAT IS USED FOR AL.L ENTRIES**** 
c 
HOLD DATA ()1 08/011/83 L1:52 101 D f 80 1823 RECS 

C ****If A CERTAIN MACHINE STATION CANNNT PERFORM A PARTICULAR 
C OPERATION, ENTER THE VALUE OF 999**** 
c 
C (THIS WILL HELP LATER FOR THE IDENTIFICATION OF MATERIAL 
C FLOW) 
c 
C **NICUM - DENOTES THE TOTAL NUMBER OF DEFENDERS** 
c 

NICUM=2 
c 

17=MC+NICUM 
C THE FOLLOWING READS THE OPERATION TIMES PER MACHINE PART 

DO 10 I-= 1 , I PA 

c 
c 

IKK=K(I) 
DO 10 J=l, IKK 

10 READ ( 5, *)(TI MC( I , J, M), M= 1, 11) 

C TllE FOLL0\-11 NG READS THE DIS lANCE BETWEEN MCll INES 
DO 20 1=1,MC 

20 READ( 5, *)(DD( I , J), J= 1, MC) 
c 
c 
c 
c 
c 
C TUE FOLLOl-llNG READS THE CONSUMPTION RAlE OF RESPECTIVE INPUTS 
C PER UNIT OUTPUT OF THE RESPECTIVE MACHINE 
c 
c 

c 
c 
c 

DO 30 I= 1, I 7 
30 READ(5,*)TDL( I), TIDL( I), TMIS( I ),TMANT( I) 

C lllE UNIT COST OF RESPECTIVE INPUTS ARE DEFINED AS: 
c 
C HIHf UNIT COST OF Dl~f_CT LABOR -XSDL 
C UNIT COSl OF INDIRECf LABOR -XSIDL 
C UNIT COST OF MISCELLANOUS -X$MIS 
C UNlf COST Of MAINTENANCE -X$MANT*** 
c 

VA TECH PRINTED 08/04/83 05:06 PAGE 003 
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c 
c 
c 
c 
c 
c 
c 

READ(5,*)X$DL,X$1DL,X$MIS,X$MANT 

READING DEMAND PROFILE 

c 
c 
c 

SINCE rHE PRICE-VOLUME KELATIONSHIP JS DESCRIBED USING 
STEP-FUNCTION, THERE ARE A FINITE NUMBER OF PRICE-

BREAKS DENOTED AS PB(PA) 
c 
c 
llOLD DATA Dl 08/0~/83 4:52 101 D 

READ(5.*)(PB( I), 1=1, IPA) 
DO 40 I= 1, I PA 
JPB=PB(I) 

F 80 1823 RECS 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

TllE FOLLOWING READS lllE PRICE OF A GIVEN PART AT HIE COHHESP 
ONDING VOLUME LFVEL (PRICE-BREAK); ALSO THE UPPER ANO LOWER 
OUTPUT LIMIT AT HllS PHICE IS READ 

DO ltO J=l,,JPB 
40 READ(5, -H )P( I ,J) ,XLL( I ,J) ,XUL( I ,J) 

NNEW=2 . 
J 9oclt+MC+NNEW 

c 
C lHE FOLLOWING READS TllE UPPER LIMIT ON THE AVAILABILITY OF 
C THE RESPECTIVE RESOURCES 
c 
c 
c 

DO IJ9 I= 1, 19 
119 READ(5,") IRll(I) 

JFLAG=O 
C IFLAG AND EPS ARE PAHAMElERS FOR THE L.P. SUBROUTINE 

EPSc=0,00001 
J T= 1 
1=1 
J J.ooJT+l 

C Jill MACHINE VALUES ARE BEING READ llERE 
C NI CUM DENO HS TllE NUMBER OF I NCUMRENT S 
C NNEW DENOTES THE NUMBER OF CHALLENGERS FOR YEAR ONE 

VA TECH PRINTED 08/04/83 05:06 PAGE 004 
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DO 93 NL1=JT,Jl 
DO 94 N2=1,NICUM 
N3=N2+1 

94 HEA0(5,*)MVALU[(Nlt,N3) 

c 

00 92 N5= 1, NNEW 
N6=N5+MC 
READ(5,*)MVALUE(N4,N6) 

92 CONTINUE 
93 CONTINUE 

c 
c 
c 
C********************************************************************* 
C********************************************************************* 
C****** THE MAXIMUM OPERATING PROFIT FOR THE DIFFERENf ****** 
C****** FMS IN YEAR ONE ARE COMPUTED IN THE FOLLOWING ****** 
C********************************************************************* 
C********************************************************************* 
c 
HOLD DATA 01 08/04/83 11:52 101 D F 80 1823 RECS VA TECH 

c 
555 

c 
c 

2001 

c 
c 
c 
c 
Cl1352 
c 
Cl1353 

2311 

WRITE(6,555) 
FORMAT(25X, 'FMS CONFIGURATIONS IN YEAR ONE') 

NDE=O 
NCH=O 
Tiii FMS CONF I GUHA TI ON \-lllfRE NO CHALLENGERS EX I ST IS 

F IRSI COMPUlTD 
CALL MCONF( I PA, I<, MC, NCll, ICH, I HB, NDE, I TORE, T, T IMC, XI DL, XM IS, XMANI, 

* X D L , T I D L , TD I , TM I S , T MAN T , R 11, TR II , I , [LEM, ,JT, I 0 E , N I CUM, N NEW ) 
CALL SETUP( IPA,K,T,DD,X$DL,XDL,X$10L,XIOL,X$MIS,X$MANT,W,ALPliA, I ID 

*, ID,NC1,POB,OBJ,A,NC2,XMIS,XMANT,BH,RH,MC, INFEA) 
IF( INFEA.EQ.O)GOTO 2001 
CALL 0PflMU(A,Bli,OBJ,NC2, 10,EPS,OPT, IFLAG,XMIN,XUB,Y,XLl_,XUL,P,POB 

H-,PB,XOPT, IPA,MC, ID) 
CALL WHT( IO,NC2, IPA,K,MC,W,ALPllA, T,DD,A,OPT,OBJ,XOPT, 110,XDL,XIDL, 

*XMIS,XMANT, INFEA) 
00 11353 I =1111, 52 
FSUM=O. 
00 4352 J=l,82 
FSUM 0=FSUM+A( 1,J)"XOPT(J) 

CON f I NUE 
WI~ I TE ( 6, H-) FSUM 

CONT I NU~­
OPl'F ( 1, 1 )=OPl 
DO 234 J=l,NICUM 
MOE(J)=J+l 
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DO 233 J=l,NNEW 
233 MCH(J)=MC+J 

C THE FOLLOWING COMPUTES lllE ONE-DEFE~DER/ONE-CHALLENGER CASE 
1=1 
NDE=l 
NC floe 1 
DO 11111 J=l,NIClJM 
DO L1111 M= 1, NNE.W 
I= I+ 1 
I DE( 1 )=MOE( J) 
ICH( 1 )=MCll(M) 
IRB( 1 ) 00 MCll(M) 
ITORE(l)=MDE(J) 
CALL MCONF( I PA, K, MC, Nett, ICll, I RB, NOE, I TORE, T, T IMC, XI DL, XM I S,XMANT, 

"XOL,TIDL, lDL, TMIS, lMANf,RH,THH, 1,ELfM,.JT, IDE,NICUM,NNHI) 
CAl_l SffUP( IPA,K,l,DD,X$DL,XDL,X$1DL,XIDL,X$MIS,X$MANT,W,ALPHA, I ID 

*, ID,NC1,POB,OBJ,A,NC2,XMIS;XMANT,BH,RH,MC, INFEA) 
IF ( INFEA.EQ.U)GOTO 2002 
CALL OPTIMU(A,Bll,OBJ,NC2, ID,EPS,OPT, IFLAG,XMIN,XUB,Y,XLL,XUL,P,POB 

*,PB,XOPl, IPA,MC, ID) 
2002 CALL WRT( ID,NC2, IPA,K,MC,W,ALPHA,T,DD,A,OPT,OBJ,XOPT, I ID,XDL,XIDL, 

"XMIS,XMANT) 
OPl'F( 1, I )=OPT 

11111 CONl INUE 
C rill FOLLOWING FOOLOWING COMPUTES THE TWO-DEFENDEHS/ONE-
C CHALLENGER CASE 
c 
c 

N1Jf.co2 
HOLD DATA Dl 08/04/83 4:52 101 D F 80 1823 RECS VA TECH 

NCH=l 
DO 1111 Meo 1, NNEW 
1=1+1 
I DE( 1)=MDE(1) 
IDE(2)=MDE(2) 
ICll( 1 )=MCH(M) 
IRB( 1 ) 00 MCll(M) 
IHB(2)=99 
I TORE( 1)=MDE(1) 
CALL MCONF( IPA,K,MC,NCH, ICll, IHB,NDE, ITORf, l,TIMC,XIDL,XMIS,XMANT, 

*XDL,T I DL, TDL, TMI S, lMANT, Rll, TRll, I, fLEM,,JT, I OE, NI CUM, NNEW) 
CALL SETUP( IPA,K,T,OD,X$DL,XDL,X$10L,XIDL,X$MIS,X$MANT,W,ALPHA, I ID 

li, ID, NCl, POB, OB,J, A, NC2, XMI S, XMANT, BH, Rlf, MC, I NFEA) 
IF( INFEA.EQ.O)GOlO 2003 
CALL OPT IMlJ( A, BH, OBJ, NC2, I 0, f PS, OPT, I FLAG, XM I N,XUB, Y, XLL,XUL, P, POB 

*,PB,XOPl, IPA,MC, ID) 
200i CALL WRT( I 0, NC2, I PA, K, MC, W,ALPllA, T, DO, A, OPT, OBJ ,XOPT, I I D,XOL, XI OL, 

PRINTED 08/04/83 05:06 
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*XMIS,XMANT, INFEA) 
OPPF( 1, I )=OPT 

IJ11 CONTINUE 
c 
C TllE FOLLOWING COMPUTES TllE TWO-CHALLENGERS/TWO-DEFENDERS CASE 
c 
c 

NDf=2 
NCH~2 

1=1+1 
I DE( 1) 00 MDE(1) 
IOE(2)=MDE(2) 
I CH( 1 )=MCll( 1) 
I Cit( 2 )"-'MCll( 2) 
I RB( 1)=MCH(1) 
IHB(2)ocMCll(2) 
I HlRE( 1)=MOE(1) 
I JOHE( 2 )=MOE( 2) 
CALL MCONF( IPA,K,MC,NCH, ICH, I RB, NOE, I TORE, f,TIMC,XIDL,XMIS,XMANT, 

HXDL, TI DL, TDL, TM IS, lMANT, Rll, TRll, I, ELfM,JT, I DE, NI CUM, NNEW) 
CALL SETUP( IPA,K,T,DD,X$DL,XDL,X$1DL,XIDL,X$MIS,X$MANT,W,ALPHA, I ID 

*, ID,NC1,POB,OBJ,A,NC2,XMIS,XMANT,BH,RH,MC, INFEA) 
IF( INFEA.EQ.O)GOTO 20011 
CALL OPflMU(A,BH,OrlJ,NC2, ID,EPS,OPT, IFLAG,XMIN,XUB,Y,XLL,XUL,P,POB 

*,PB,XOPT, IPA.MC, ID) 
C T=2 

c 
c 

2004 CALL WRT( ID,NC2, IPA,K,MC,W,ALPHA,T,DD,A,OPT,OBJ,XOPT, I ID,XDL,XIDL, 
*XMIS,XMANT, INFEA) 

OPPF( 1, I )=OPT 
NCON(l)=I 
Kl=MC+2 

c 
C********************************************************************* 
C********************************************************************* 
C****** THE FOLLOWING COMPUTES THE MAXIMUM OPERATING ****** 
C**H*** PROFIT FOR ALL FMS CONFIGURATIONS IN YEAR TWO ****** 
HOLO DATA Dl 08/04/83 4:52 101 D F 80 1823 RECS VA TECH 

C**H****************************************************************** 
C********************************************************************* 
c 
C HERE THE RELEVANT PAHAMETERS ARE UPDATED FOR THE SECOND YEAR 
c 
c 

111111 
WRITE(6,444} 
FORMAT(25X, FMS CONFIGURATIONS IN YEAR TWO') 

PRINTED 08/04/83 05:06 PAGE 007 
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NNEW=NNEW*2 
JT=2 

W=w·11-1.1 
C*********************•***************************** 
CH-* ENTER DA TA IN fllE FOLLOW I NG ORDER ** 
C** 1. DETERIORAl ION RAlES OF RESPECTIVE MACHINES** 
C** 2. OElERIORATION RAfES OF DIRECT LABOR FOR ** 
C** RESPECTIVE MACHINES ** 
C** 3. DETERIORATION RAlES OF DIRECT LABOR FOR ** 
C** RSPECTIVE MACHINES ** 
C** 4. DETERIORATION RATES OF MISCELLANEOUS ** 
C** INPUfS FOR RESPECTIVE MACHINES ** 
C** 5. DEfERIORAllON RATES FOR MAINTENANCE ** 
C** 6. OBSOLESCENCE RAfES FOR RESPECTIVE MACHINES** 
C** OPERATIONS *" 
C** 7. THE NUMBER OF PRICE-BREAKS PER PART TYPE ** 
cu 8. OBSOLESCENCE RAT·'.-:S FOR I ND I RECT LABOR ** 
C** FOR RESPECTIVC MACHINES ** 
C** 9. OBSOLESCENCE RATES FOR MISCELLANEOUS ** 
C** INPUTS FOR RESPECTIVE MACHINES ** 
C** JO.OBSOLESCENCE RATES FOR MAINTENANCE FOR ** 
C** RESPECTIVE MACHINES** 
C** 11.THE PRICE-VOLUME RELATIONSHIP** 
C** 12.UNIT COST OF I DIRECT .LABOR, DIRECT** 
C** . LABOR, MISCLL. AND MAINTENCE FOR YEAR TWO** 
C** 13. HIE UPPEH LIM I TS OF RESOURCES (FIRST FOUR ON** 
C** INPUTS, THE NEXT FOUR FOR THE STATUS QUO** 
C** MACHINECAPACI rv, THE NEXT FOUR FOR THE IST** 
C** YEAR AND 2ND YEAR CHALLENGERS, AND THE LAST THIS** 
C** YEAR'S AGV CAPACITY** 
C** 111. TllE MACH I NE VALUES fOR ALL I ND IV I DUAL MACH INES** 
C** IN YEAR TWO. *·H-

HEAD( 5, * )( TDETE( M), M=l, Kl) 
READ( 5, 1t- )(DI DL ( M), Meo 1, KI ) 
RE A 0 ( 5 , 1t- ) ( DD L ( M ) , M= 1 , K I ) 
HEAD( 5, •·) ( DM IS ( M) , M= 1 , I< I ) 
HEAD( 5, *) ( DMANl ( M), M= 1, KI ) 
READ( 5, H-) ( TOBS( M) ,M= 1, Kl) 
READ(5,*)(PB2( I), l=l, IPA) 
HEAD(5,*)(0IDL(M),M=l,KI) 
READ(5,*)(0DL(M),M=1,KI) 
READ( 5., *) (OM IS( M), M= 1, KI ) 
READ( 5, * )( OMANT ( M), M= 1, KI ) 
DO 422 1=1, IPA 
KKccPC32( I) 
DO 1122 J= 1, KK 
RE AO( 5, *) P2 ( I , J ), XLl.2 ( I , J ) , XUL2 ( I , J ) 

HOLD DATA Dl 08/04/83 4:52 101 D F 80 1823 RECS VA TECH PRINTED 08/04/83 05:06 PAGE 008 
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422 

373 

1011 

102 
503 

c 
c 
c 

113 7 
c 

CONTINUE 
READ( 5, •·)I OLC2, DLC2, MI SC2, MANTC2 
I 3°0 l1+MC+NNEW 
DO 3 7 3 M= 1 , I 3 
READ(5,*) TRH2(M) 
J FJT+l 
DO 503 Nl1=JT,Jl 
DO 104 N2= 1, NI CUM 
N3=N2+1 
READ(5,*)MVALUE(N4,N3) 
00 102 N5=1,NNEW 
N6=,N5+MC 
READ(5,*)MVALUE(N4,N6) 

CONTINUE 
CONTINUE 

TllE FOLLOWING lJDAHS TllE PARAMETERS FOR YEAR TWO 

DO 437 J=l,NNEW 
MCH(J)=MC+J 

DO 721 1=1,IPA 
I K=K( I) 
DO 721 J=l, IK 
DO 7 2 1 M= 1 , K I 
IF(TIMC( l,J,M).EQ.999)GOTO 721 
I I MC ( I , J, M) = ll MC ( I , J, M) * TDET E ( M) 

721 CONT I NUE 
DO 722 M=l,KI 
TIOL(M)=l IDL(M)HDIDL(M) 
TDL(M)=TDL(M)*DOL(M) 
TMIS(M)=TMIS(M)*OMIS(M) 

722 TMANT(M)=TMANT(M)*DMANT(M) 
DO 7211 I= 1 , I PA 
KK=PB2( I) 
DO 723 J=l,KK 
P ( I ,.J ) = P2 ( I , J ) 
XUL( I ,J )=XUL2( I ,J) 
XLL( I ,J )=XLL2( I ,J) 

123 CONTINUE 
724 CONTINUE 

X$1DL=X$1DL*IDLC2 
X$DL=X$DLHDLC2 
X$MIS=X$MIS*MISC2 
X$MANT=X$MANl*MANTC2 
DO 725 M=l, 13 

725 IRH(M)=TRH2(M) 
IB=MC+2 
IA=MC+l 

....... 
\0 
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DO 726 1=1, IPA 
KKocK( I) 
DO 726 ,J=1, Kl< 
DO 726 M=IA,IB 
N=M+2 
IF(TIMC( l,J,M).EQ.J99)GOTO 762 

HOl.D DATA D1 08/04/83 4:52 101 D F 80 1823 RECS VA TECH 

TIMC( I ,J,N)=TIMC( I ,J,M)*TOBS(M)/TDETE(M} 
GOTO 726 

762 TIMC( I ,J,N)=999. 
726 CONTINUE 

DO 127 M=IA, IB 
N=M+2 
TIDL (N)=T IDL(M)l<OIDl (M)/DIDL(M) 
TDL(N)coTDL(M)*ODL(M)/DDL(M) 
TMIS(N)=TMlS(M)*OMIS(M)/DMIS(M) 
TMANT(N)=TMANT(M)*OMANT(M)/DMANT(M) 

7rt CONTINUE 
C T=2 
c 
C Tiff FOLLOWING COMPUTES lllE MAXIMUM OPERATING PROFIT FOR Tiff 
C SIAlUS QUO CONFIGURAI ION IN YEAH l~l 

NDE=O 

c 

NCtl=O 
I ~ 1 
CALL MCONf( IPA,K,MC,NCH, ICll, lRB,NDE, ITORE,l,llMC,XIDL,XMIS,XMANT, 

H X D L , T l D L , TD L , TM I S , 1 MAN T , R 11 , TIW , l , E LEM, J T , I DE , N I CUM , N NEW ) 
CALL SETUP( IPA,K,T,DD,X$DL,XDL,X$1DL,XIDL,X$MIS,X$MANT,W,ALPHA, I ID 

·H, ID, NC1, l'OB, OB,J, A, NC2, XMI S, XMANT, Bil, RH, MC, I NFEA) 
IF( INFEA.EQ.O)GOlO 2005 
CALL OPTIMU(A,Bll,OBJ,NC2, 10,EPS,OPT, IFLAG,XMIN,XUB,Y,XLL,XUL,P,POB 

11,PB,XOPT, IPA,MC, ID) 
2005 CALL WRl( lD,NC2, IPA;K,MC,W,ALPHA,T,DD,A,OPT,OBJ,XOPT, I ID,XDL,XIDL, 

*XMIS,XMANT, INFEA) 
OPPF(2, 1}=0PT 

C THE FOLLOWING COMPUTES HIE ONE-DEFENDER/ONE-CHALLENGER CASE 

c 

NDE=1 
NCH=! 

DO 514 J=1,NICUM 
DO 5111 M=1,NNEW 
I=- I + 1 

I DE ( 1 ) ooMDF ( J ) 
ICll( 1 )=MCll(M) 
IRB( 1 )~MCH(M) 

ITORE( 1 )=MDE(J) 

PRINTED 08/04/83 05:06 PAGE 009 
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CALL MCONF( I PA, K, M_:, NCH, I Cit, I RB, NDE, I TORE, T, T IMC, XI DL ,XMI S, XMANT, 
*XDL, T I DL, TDL, TM IS, TMANT, Rll, TRll, I , ELEM, J T, I DE, NI CUM, NNEW) 

CALL St TUI'( I PA, K, T, DD, X$DL,XDL, X$ I DL, XI DL, X$MI S,X$MANT, W,ALPllA, I ID 
*,ID, NCl, POB, OBJ, A, NC2, XMI S, XMANT, BH, RH, MC, I NFEA) 

IF( INFEA.EQ.O)GOTO 2006 
CALL OPTIMU(A,BH,OBJ,NC2, ID,EPS,OPT, lfLAG,XMIN,XUB,Y,XLL,XUL.,P,POB 

",PB,XOPl, IPA, MC, ID) 
2006 CALL WH f (ID, NC2, I PA, K, MC, W,ALPllA, T, DD, A, OPT, OBJ ,XOPT, I ID, XDL,XI DL, 

*XMIS,XMANT, INFEA) 
OPl'F(2, I )=OPT 

5111 CONTINUE 
c 
c 
c 
c 
HOLD 

c 

c 

c 

1 llE IOLLOW I NG COMPIJ rES HIE TWO-DE FENDER/ONE CHALLENGER CASE 

DATA 

NDF=2 
NCll= 1 

Dl 08/011/83 11: 52 101 D 

DO 51 I M" 1, NNFH 
I D l ( 1 ) ""MD E ( 1 ) 

I DF( 2 )=MDE( 2) 
ICll( 1 )=MCll(M) 

IHB( I )ocMCll(M) 
IHB(2)=99 
I TORE( 1)=MDE(1) 

I c= I+ 1 

F 80 1823 RECS VA TECH 

CALL MCONF( IPA,K,MC,NCH, ICll, IRB,NDE, ITORE,T, TIMC,XIDL,XMIS,XMANT, 
*XDL, l I DL, TDL, TMI S, IMANT, Hit, TRll, I, ELEM,JT, I DE, N ICUM, NNEW) 

CALL SETUP( IPA,K,l,DD,X$DL,XDL,X$10L,XIDL,X$MIS,X$MANT,W,ALPHA, I ID 
1+, ID, NCl, POB, OBJ ,A, NC2, XMI S,XMANT, BH, Rll,MC, I NFEA) 

IF( INFEA.EQ.O)GOTO 2007 
CALL OPTIMU(A,BH,OBJ,NC2, ID,EPS,OPT, IFLAG,XMIN,XUB,Y,XLL,XUL,P,POB 

*,PB,XOPT, IPA,MC, ID) 

2007 CALL WRT( ID,NC2, IPA,K,MC,W,ALPHA,T,DD,A,OPT,OBJ,XOPT, I 10,XDL,XIDL, 

c 
c 
c 

*XMIS,XMANT, INf EA) 
OPPF(2, I )=OPT 

511 CONTINUE 

C fllE FOLLOWING COMPUTLS TllE TWO-DEFENDER/TWO CHALLENTER CASE 
c 

NDE 00 2 
NCH=2 
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DO 1134 MM= 1, NNEW 
I THO( l )=MM 

,JMMooMM+l 
IF(MM.EQ.4)G010 434 

DO 11511 I KN=JMM, NNEW 
ITW0(2)=1KN 
Nl=MM+NCH 

IF(NT.EQ. IKN)GOTO 454 
DO 464 KK=l,NICUM 

IONE(KK)=KK 
IDE(Kl<)=MllE( IONf(KK)) 
I CM( KK )=MCH( I TWO( KK)) 
I RB( KK )=MCll( 11 WO( KK)) 

11611 ITORE(KK)=MDE(IONE(KK)) 

c 
l=l+l 

CALL MCONF( I PA, K, MC, NCH, I CH, I RB, NOE, I TORE, T, T IMC, XI DL,XMI S, XMANT, 
HXOL, llDL, lDL,lMIS, lMANl,RH, fRH, I ,ELEM,JT, IDE,NICUM,NNEW) 

CALL SEIUP( IPA,I<, T,DD,X$DL,XDL,X$1DL,XIDL,X$MIS,X$MANT,W,ALPHA, I ID 
*, IO,NC1,POB,OBJ,A,NC2,XMIS,XMANT,BH,RH,MC, INFEA) 

IF( I NFEA. EQ. 0 )GOTO 2008 
CALL OPT I MU( A, Bii, OBJ, NC2, ID, FPS, OPT, I FLAG, XM IN, XUB, Y, XLL, XUL, P, POB 

*,PB,XOPT, IPA,MC, ID) 
2008 CALL WRT( ID,NC2, IPA,K,MC,W,ALPHA,T,DD,A,OPT,OBJ,XOPT, I ID,XDL,XIDL, 
HOLD DATA Dl 08/04/83 4:52 101 D · F 80 1823 RECS VA TECH 

4511 
11311 

c 
c 
c 
c 

*XMIS,XMANT, INFEA) 
OPPF( 2, I )=OPT 

CONTINUE 
corn 1 NUE 

THIS IS WHERE TllE THIRD YEAR STARTS 

C********************************************************************* 
C** THIS SECTION CALCULATES !HE MAXIMUM OPERATING PROFIT 
C** FOR ALL FMS CONFIGURATIONS IN YEAR TWO 
C** THE REQUIREMENT or DATA AND THERE ORDER OF ENTRY IS 
C*H IDENTICAL TO TllAT OF YEAH TWO WITH HIE FOLLOWING 
C** EXCEPTION: 1.THE MACHINE CAPACITY OF THE NEW CHALLENGERS 
C*H IS INPUT RIGHT AFTER YEAR TWO'S CHALLENGERS 
cu 2. THE MAGii i NE VALUES OF THE NEW CHALLENGERS IS INPUT 
c·1t1t RIGHT AFTER YEAR TWO'S CHALLENGERS 
C******************************************* 

NNIW=4 
W=H·H 1 • 1 

WRITE(6,666) . 
666 FORMAT(25X, 'FMS CONFIGURATIONS IN YEAR THREE') 
c 

PRINTED 08/04/83 05:06 
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c 
c 

NCON(2)=1 
JT=3 
Kl=MC+NNEW 
NNEW=( 31+NNEW)/2 
READ( 5, * )( TDETE( M) ,M=l, Kl) 
HEAD( 5, *) (DI DL( M), M= 1, KI ) 
HEAD( 5, *) ( DDL ( M), M= 1, KI ) 
READ ( 5, * ) ( DM I S ( M) , M= 1 , KI ) 
READ( 5, *)(OMAN I ( M), M= 1, KI ) 
HEAD( 5, I+)( TOBS( M) ,M=l, Kl) 
HEAD(5,l+)(PB3( I), 1=1, IPA) 
HEAD( 5, * )( 0 I DL ( M), M= 1, KI ) 
HEAD( 5, * )( ODL ( M), M= 1, I( I ) 
READ(5,*)(0MIS(M),M=1,KI) 
READ( 5, * )(OMANT( M) ,M=l, Kl) 
DO 822 1=1, I PA 
KK,,PB3( I) 
DO 822 J=l,KK 
READ(5,*)P3( I ,J),XLL3( l,J),XUL3( l,J) 

822 CONTINUE 
READ(5,l+)IDLC3,DLC3,MISC3,MANTC3 

C WRIH(6,*)IDLC3,DLC3,MISC3,MANTC3 
J3°=NNH/+4+MC 
DO 257 M=1,J3 

257 HEAD(5,*)TRH3(M) 
DO 731 1=1, ll'A 
I K=K( I) 
DO 7 3 1 J = 1 , I K 
DO 7 3 1 M= 1 , K I 
IF( I IMC( 1,J,M). EQ.999)GOTO 731 

HOLD DATA Dl 08/04/83 4:52 101 D 

c 
llMC( 1,J,M)=TIMC( l,J,M)*TDETE(M) 

731 CONTINUE 

DO 732 M=l,KI 
TIDL(M)=TIDL(M)*DIDL(M) 

TDL(M)=TDL(M)*DDL(M) 
lMIS(M)=TMIS(M)*DMIS(M) 

732 lMANT(M)=TMANl(M)*DMANT(M) 
DO 7 34 I= 1 , I PA 

KK 00 PB3(1) 
DO 733 J=l,KK 

P( l,J)=P3( l,J) 
XIJL( 1,J)=XUL3( l,J) 
XLL( I ,J )=XLL3( 1,J) 

733 CONTINUE 

F 80 1823 RECS VA TECH PRINTED 08/04/83 05:06 PAGE 012 
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734 CONTINUE 
c 
c 
c 

X$10L=X$1DL*IDLC3 
><$OL=X$0L HOLC3 
X$MIS=X$MIS*MISC3 
X$MANT=X$MANT*MANTC3 
Kl=4+MC+NNEW 
DO 735 M=l,KI 

735 TRll(M)=TRll3(M) 
c 
c 

3 (}14 

302 
303 

c 
111 7 
c 

Jl=JT+l 
DO 303 N4=JT,Jl 
00 304 N2=1,NICLJM · 
N3=N2+1 
READ(5,*)MVALUE(N4,N3) 
DO 302 N5=1,NNEW 
N6=N5+MC 
READ(5,*) MVALUE(N4,N6) 
CONI I NUE 
CONTINUE 
WRI IE(6,*·)MVALlJf(l1,9) 
00 1117 J= 1, NNEW 

MCH(J)=MC+J 

c TllE IOLLOWI NG UPDATES I HE PARAMETERS FOR YEAR TliREE 
c 

I B c-MC+11 
IA=MC+3 
00 736 l=l, IPA 
KK=K( I) 
DO 736 J=l,KK 

00 736 M=IA,IB 
N=M+2 
IF(TIMC( l,_J,M).EQ.999)G010 763 
llMC( l,J,N)=TIMC( l,J,M)*TOBS(M)/TDElE(M) 
GOTO 736 

163 TIMC( l,.J,N)=999. 
HOLi> DAT A Dl 08/04/83 11: 52 101 D 

73~ CONTINUE 
DO 737 M=IA, IB 

N=M+2 
TIDL(N)=TIDL(M)*OIOl_(M)/DIDL(M) 

TDL(N)=TDL(M)*OOL(M)/DDL(M) 
TMIS(N)=lMIS(M)*OMIS(M)/DMIS(M) 
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TMANT(N)=TMANT(M)*OMANT(M)/DMANT(M) 
737 CONTINUE 

c 
c 
C THE FOLLOWING COMPUTES THE MAXIMUM OPERATING PROFIT 
C fOR THE STATUS QUO CONFIGURATION IN YEAR TllREE 
C T=3 
c 

I"' 1 
NDE 00 0 
NCH=O 
CALL MCONF( I PA, I<, MC, NCll, I CH, I RB, NDf, I TORE, T, T IMC, XI DL, XM IS, XMAN f, 

HXDI, TI DL, lDL, lMI S, TMANT, RH, lRll, I, ELEM,.JT, I DE, NI CUM, NNEW) 
CALL SETUP( IPA,K,T,DD,X$DL,XDL,X$1DL,XIDL,X$MIS,X$MANT,W,ALPHA, I ID 

*, ID,NC1,POB,OBJ,A,NC2,XMIS,XMANT,BH,RH,MC, INFEA) 
IF( I NFEA. EQ. 0 )GOTO 2101 
CALL OPTIMU(A,BH,OPJ,NC2, ID,EPS,OPT, IFLAG,XMIN,XUB,Y,XLL,XUL,P,POB 

*,Pfl,XOPI, IPA,MC, ID; 
2101 CALL HR f (ID, NC2, I PA, K, MC, W, ALPllA, T, DD, A, OPT, OBJ ,XOPT, I I D,XDL, XI DL., 

*XMIS,XMANT, INFEA) 

c 
c 
c 
c 

c 

OPPF( 3, 1 )=OPT 

TltE FOLL.OWING COMPUTES THE ONE-DEFENDER/ONE CHALLENGER 
CASE 
NDE 00 1 
NCll=l 
DO 145 J=l,NICUM 
DO 1'15 M" 1, NNEW 
I" I + 1 
I DE( 1 ) 0 MDf( J) 
ICH( 1 )=MCll(M) 
IHB( 1 )=MCll(M) 
ITORE(l)=MDE(J) 
CALL MCONF( IPA,K,MC,NCH, ICH, IRB,NDE, ITORE,T,TIMC,XIDL,XMIS,XMANf, 

·lfXDL,TIDL, TDL., TMIS, TMANT,Hlt, lRlt, I ,ELEM,JT, IDE,NICUM,NNEW) 
CALL SETUP( IPA,K, T,DD,X$DL,XDL,X$10L,XIDL,X$MIS,X$MANT,W,ALPHA, I ID 

*, ID,NC1,POB,OBJ,A,NC2,XMIS,XMANT,BH,RH,MC, INFEA) 
IF( INFEA.EQ.O)GOIO 2009 
CALL 0PflMU(A,BH,OBJ,NC2, ID,EPS,OPT, IFLAG,XMIN,XUB,Y,XLL,XUL,P,POB 

lf,PB,XOPT, IPA,MC, ID) 

2009 CAl.L HHI( ID,NC2, IPA,K,f·1C,W,ALPllA,T,DD,A,OPT,OBJ,XOPT, I ID,XDL,XIDL, 
*XMIS,XMANT, INFEA) 

145 OPPF(3,l)=OPT 
C THE FOLLOW I NG COMPUTES TllE TWO-DEFENDER/TWO-CHALL.E.NGERCASE 

NDE=2 
NCH= 1 
DO Jlt6 M=l,NNEW 

llOLD DATA Dl 08/0lt/83 11:52 101 D F 80 1823 RECS VA TECH PRINTED 08/04/83 05:06 PAGE 014 

N 
0 
N 



c 

c 

I DE( 1 )=MDE( I) 
IDE(2)=MDE(2) 
ICH( 1 }=MCll(M) 
IRB(2)=99 
I TORE( 1}=MDE(1) 

1°= I+ 1 
CALL MCONF( IPA,K,MC,NCH, ICH, IHB,NDE, !TORE, T,TIMC,XIDL,XMIS,XMANT, 
~XDL,TIDL, lDL, TMIS, lMANT,Rll, THll, l,EUM,JT, IDE,NICUM,NNE:W) 

CALL SETUP( IPA,K,T,DD,X$DL,XDL,X$10L,XIDL,X$MIS,X$MANT,W,ALPHA, I ID 
*, ID,NC1,POB,OBJ,A,NS2,XMIS,XMANT,Bll,RH,MC, INFEA) 

IF( I NFEA. EQ. 0 )GOTO 2010 
CALL OPTIMU(A,Blt,OBJ,NC2, IDS,EPS,OPr, IFLAG,XMIN,XUB,Y,XLL,XUL,P,PO 

*, PB,XOPT, I PA,MC, ID) 

2010 CALL WHT( ID, NC2, I PA, K, MC, W, ALPHA, T, DD, A, OPT, OBJ, XOPT, I ID, XDL, XI DL, 
*XMIS,XMANT, INFEA) . 

c 
OPPF( 3, I }=OPT 

1% CONTINUE 

C THE FOLLOW I NG COMPUTES THE TWO-DEFENDER/TWO-CHALLENGER CASE 
c 

c 

NDE=2 
NCllcc2 
DO 334 MM=l,NNEW 
I H/O( 1 )ocMM 

JMMccMM+l 
IF( MM. EQ. 6 )GOTO 3311 
DO 365 IKN=JMM,NNEW 
ITW0(2)=1KN 
Nl=MM+NCll 
I NT=NC11*·2+MM 
IF(NT.EQ. IKN.OR. IKN.EQ. INT}GOTO 365 
DO 364 KK=l,NICUM 
IONf(KK}=l\K 
IDE( KK}=MDE( !ONE( KK)) 
!Cit( Kl<)=MCH( 1IWO(1\1\)) 
I RB( l\K )=MCll( 1 IWO( Kl<)) 

361 ITORE(KK}=MDE( IONE(KK)) 
1=1+1 

CALL MCONF( IPA,h,MC,NCll, ICH, IRB,NDE, ITORE,T,TIMC,XIDL,XMIS,XMANT, 
*XDL, TI DL, TDL, TMI S, lMANT, Rll, TRll, I, ELEM, JT, I DE, NI CUM, NNEW) 

CAl.L SETUP( IPA,l<,T,DD,X$DL,XDL,X$1DL,XIDL,X$MIS,X$MANT,W,ALPHA, I ID 
*, ID,NC1,POB,OBJ,A,NC2,XMIS,XMANT,BH,RH,MC, INFEA) 

IF( INFEA.EQ.ll)GOTO 2011 
CALL OPTIMU(A,Bll,OBJ,NC2, ID,EPS,OPT, IFLAG,XMIN,XUB,Y,XLL,XUL,P,POB 

*,PB,XOPT,IPA,MC,ID) . 
2011 CALL WRT( ID,NC2, IPA,K,MC,W,ALPHA,T,DD,A,OPT,OBJ,XOPT, I ID,XDL,XIDL, 

N 
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c 
c 

365 
3311 
HOLD 

c 
c 
c 

*XMIS,XMANT, INFEA) 
OPPr( 3, I )=OPT 

CONTINUE 
CONTINUE 

DATA Dl 08/04/83 It: 52 101 

C THIS IS WllEHE lllE FOURlll YEAR STARTS 

D 

C********************************************** 
C** THIS SEC! ION COMPUTES THE MAXIMUM OPERATING 
C** FOR ALL FMS CONFIGURAl IONS IN YEAR THREE 
CK* lllE DA 1 A REQUIREMENT AND OIWER Of EN TRY ARE 
C** ARE SIMILARLY APPROACHED AS IN YEAR FOUR 
C*********************************************** 
c 
c 
c 

F 80 

766 

J.= lj 
WRITE(6,766) 

roRMAT(25X, 'FMS CONFIGURATIONS IN YEAR FOURTH') 
NCON(3)=1 

c 

802 

c 

J T=lt 
H~WKl. 1 

KI :MC+NNFW 
NNH/=11*( NNni/3) 
HEAD( 5, *) ( IDEH ( M), Meo 1, KI ) 
RE.AD( 5, *) (DI DL( M), M=l, >\I) 
RE AD ( 5 , * ) ( DD I ( M ) , Moc 1 , I<. I ) 
READ( 5, *) ( DM IS( M), M" 1, KI ) 
HEAD(5,ll)(DMANl(M),M=l ,Kl) 
READ(5,*)(TOl3S(M),M=1,KI) 
READ(5, *)( PBll( I), I col, I PA) 
WI\ IT E ( 6, *) ( PBll ( I ) , I"' 1 , I PA) 
READ(5,*)(0IDL(M),M=1,KI) 
READ( 5, *) ( ODL ( M), M= 1, KI ) 
l\EAD(5,*)(0MIS(M),M=1,KI) 
HEAD( 5, *) (OMAN l ( M), M= 1, KI ) 
DO 802 I 0= 1 , 1 l'A 
KK=PB4(1) 
DO 1302 J= 1, l<K 
l\fAD( 5, *) Pll( I, J), XII II ( I, J), XlJl_ll ( I, J) 
CONTINUE 
REA0(5,*)IDLC4,DLC4,MISC4,MANTC4 
WR I TE. ( 6, K) I OLCll, DLClt, MI SC4, MANTC4 
,JL1=NNEW+l1+MC 
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DO 20 7 M= 1 , J 11 
207 HEAD(5,~)TRll4(M) 

c 

D0934 1=1,IPA 
I K=K( I ) 
00 9 311 J= 1, I K 
00 934 M=l,KI 
IF(TIMC( 1,J,M).EQ.999)GOTO 934 
flMC( l,J,M)=TIMC( l,J,M)*TOEH(M) 

93;1 CONTINUE 

DO 932 M=ol,KI 
TIDL(M)=TIOL(M)KDiDL(M) 
lOL(M)~JOL(M)*UOL(M) 

TMIS(M)=TMIS(M)*OMIS(M) 
932 TMANl(M)=TMANl(M)*OMANT(M) 

llOLD DATA Dl 08/011/83 4: 52 101 D 

783 
7811 
c 
c 
c 

DO 7811 1=1, I PA 
l<I<~ PBll ( I ) 
00 783 J=l,l<K 

I'( l,J)=P4( l,J) 
XUL( I ,.J )=XlJLll( I ,J) 
XLL( 1,J )=XLL4( I ,J) 

CONTINUE 
CONTINUE 

X$ I OL=XS I OL~ I OLCl1 
X$Dl=X$DLKDLCll 
X$MIS=X$MIS*MISC4 
X$MANJ=X$MANl*MANTC4 
KI =l1+MC+NNEW 
DO 785 M=l,KI 

735 THll(M)=TRH4(M) 
c 
c 

3.311 

332 
383 

c 

Jl=JT+l 
DO 383 Nll=JT,Jl 
DO 384 N2=1,NICUM 
N3=N2+1 
READ(5,*)MVALUE(N4,N3) 
00 382 N5=1,NNEW 
N6~N5+MC 
REA0(5,*) MVALUE(N4,N6) 
CONTINUE 
CONTINUE 
WRITE(6,*)MVALUE(5,9) 
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3000 

863 
836 

837 
c 
c 
c 
HOL[) 

c 

DO 3000 J~l,NNEW 
MCH(J)=MC+J 
IB =MC+6 

IA=MC+5 
DO 836 1=1, I PA 
l\l(o=K( I ) 
DO 836 J=l,KK 

DO 836 M=IA, IB 
N=M+2 
IF(TIMC( l,J,M).EQ.999)GOTO 863 
TIMC( I ,J,N)=TIMC( I ,J,M)*TOBS(M)/TDETE(M) 
GOTO 836 
TIMC( 1,J,N)=999. 

CONTINUE 
DO 837 M=IA, IB 

N=M+2 
TIDL(N)=TIDL(M)*OIDL(M)/OIDL(M) 

lbl(N)=TOL(M)*OOL(M)/DOL(M) 
lMIS(N)=TMIS(M)*OMIS(M)/DMIS(M) 
TMANT(N)=TMANr(M)*OMANr(M)/DMANT(M) 
CONTINUE 

T=l1 
DATA Dl 08/011/83 IJ:52 101 D F 80 1823 RECS VA TECH 

C TllE FOLLOWING COMPUTES THE MAXIMUM OPERATING PROFIT FOR 
C TllE STATUS QUO CONFIGURATION FOR YEAR FOUR 
c 

I "1 
NDE=O 
NCH 0=lJ 
CALL MCONF( IPA,K,MC,NCH, ICH, IRB,NDE, ITORE,T,TIMC,XIOL,XMIS,XMANT, 

~X[)L, TI OL, TDL, TM IS, lMANT, Hll, TRll, I, ELEM, JT, I DE, NI CUM, NNEW) 
CALL SETUP( IPA,K, T,DD,X$DL,XDL,X$1DL,XIDL,X$MIS,X$MANT,W,ALPHA, I ID 

*, ID,NC1,POB,OBJ,A,NC2,XMIS,XMANT,BH,RH,MC, INFEA) 
IF( INFEA.EQ.O)COlO 3101 
CALL OPTIMU(A,BH,OBJ,NC2, ID,EPS,OPT, IFLAG,XMIN,XUB,Y,XLL,XUL,P,POB 

*,PB,XOPT, IPA,MC, ID) 
3101 CALL WRT( ID,NC2, IPA,K,MC,W,ALPHA,T,DD,A,OPT,OBJ,XOPT, I 10,XDL,XIDL, 

*XMIS,XMANl, INFEA) 

·c 
c 

OPPF(IJ, 1 )=OPl 

NDE=l 
C lllE FOLLOWING COMPUTES HIE ONE-DEFENDER/ONE-CllALLENGER CASE 
c 

PRINTED 08/0IJ/83 05:06 
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c 

NCH=l 
DO 6115 J=l,NICUM 
DO M5 M=l,NNEW 
1=1+1 
IOE( 1 )=MDE(,I) 
I Cll( 1 )=MCH( M) 
IRB( 1 )=MCll(M) 
ITORE( 1 )=MOE(J) 
CALL MCONF( IPA,K,MC,NCll, ICH, IRB,NDE, ITORE,T,TIMC,XIDL,XMIS,XMANT, 

*XDI , TI DL, TDL, TM IS, TMANT, Rll, TRll, I , ELEM, J T, I DE, NI CUM, NNHI) 
CALL SETUP( IPA,K,T,DD,X$DL,XDL,X$1DL,XIDL,X$MIS,X$MANT,W,ALPHA, I ID 

*, ID,NC1,POB,OBJ,A,NC2,XMIS,XMANT,BH,RH,MC, INFEA) 
IF( INFEA.EQ.O)GOTO 3009 
CALL OPTIMU(A,Bll,OBJ,NC2, ID,EPS,OPT, IFLAG,XMIN,XUB,Y,XLL,XUL,P,POB 

*,PB,XOPT, IPA,MC, ID) 

3009 CALL WRT( ID,NC2, IPA,K,MC,W,ALPHA,T,DD,A,OPT,OBJ,XOPT, I ID,XDL,XIDL, 
*XMIS,XMANT, INFEA) 

645 OPPF( 11, I )=OPl 
c 
C THE FOLLOWING COMPUTES THE TWO-DEFENDER/ONE-CHALLENGER CASE 
c 

c 

NDE=2 
NCll=l 
00 6116 M'-'1,NNEW 
I DE( 1)=MDE(1) 
IDE(2)=MDE(2) 
ICH( 1 )=MCH(M) 
IRB(2)=99 
I TORE( 1)=MDE(1) 
I= I +1 

CALL MCONF( IPA,K,MC,NCH, ICH, IRB,NDE, ITORE,T,TIMC,XIDL,XMIS,XMANT, 
HOLD DATA Dl 08/04/83 11:52 101 D F 80 1823 RECS VA TECH 

c 

HXDL,TIDL, fLJL,IMIS,TMANT,Hll, TRI!, 1,ELEM,JT, IDE,NICUM,NNEW) 
CALL SETUP( IPA,K,T,DD,X$DL,XDL,X$1DL,XIDL,X$MIS,X$MANT,W,ALPHA, I ID 

*, ID,NC1,POB,OBJ,A,NC2,XMIS,XMANT,BH,RH,MC, INFEA) 
If( I NFEA. EQ. 0 )GOTO 3010 
CALL OPTIMU(A,BH,OBJ,NC2, IDS,EPS,OPT, IFLAG,XMIN,XUB,Y,XLL,XUL,P,PO 

*,PB,XOPT, IPA,MC, ID) 

3010 CALL WRT( ID,NC2, IPA,K,MC,W,ALPllA, T,DD,A,OPT,OBJ,XOPT, I ID,XDL,XIDL, 
*XMIS,XMANT, INFEA) 

OPPF(4, I )=OPT 
646 CONTINUE 

C THE FOLLOW I NG COM PUT ES THE H/0-DEFENDER/TWO-CHALLENGER CASE c . 
c 
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c 

NUE=2 
NCllc-2 

DO 674 MM=l,NNEW 
I TWO( 1 )=MM 
JMM=MM+l 
IF(MM.EQ.8)GOIO 6711 
DO 465 IKN=JMM,NNEW 
llW0(2)=1KN 
Nl=MM+NCH 
INT=NCllit2+MM 
KNT=NC111t3+MM 
IF( IKN.EQ.KNT)GOTO 1165 
IF(NT.EQ. IKN.OR. IKN.EQ. INT)GOTO 465 
DO 874 KK=l,NICUM 
IONE(KK)=KK 
IDE(KK)=MDF( IONE(l\K)) 
I CH( KK) =MCI!( I THO( Kl<)) 
I RB( KK )=MCll( I TWO( KK)) 

8711 ITORE(KK)=MDE(IONE(KK)) 
I'"" I+ 1 

CALL MCONF( IPA,K,MC,NCll, ICll, IRB,NUE, ITORE, f,TIMC,XIUL,XMIS,XMANf, 
*XDL,TIDL,TDL,TMIS,TMANT,RH,TRll, l,ELEM,JT, IDE,NICUM,NNEW) 

CALI SETUP( IPA,K, J,OO,X$DL,XDL,X$1DL,XIOL,X$MIS,X$MANT,W,ALPllA, I ID 
*,ID, NCl, POB, OBJ, A, NC2, XMI S, XMANT, Bii, RH, MC, I NFEA) 

IF( INFEA.EQ.O)GOTO 3011 
CALL OPTIMU(A,Bll,OBJ,NC2, ID,EPS,OPT. IFLAG,XMIN,XUB,Y,XLL,XUL,P,POB 

*,PB,XOPJ, IPA,MC, ID) 
3011 CALL WRT( ID,NC2, IPA,K,MC,W,ALPllA,T,00,A,OPT,OBJ,XOPT, I 10,XDL,XIDL, 

*XMIS,XMANT, INFEA) 

c 
c 

c 

OPPF(ll, I )=OPT 

1165 CONT I NllE 
671t CONTINUE 

NCON(4)=1 

c 
(;********************************************* 
C**~* ENTER THE TIME VALUE or MONEY**** 
c 
HOLD DATA Dl 08/011/83 4: 52 101 D 

c 
IAX=.5 

HEAD( 5, *)RAH 
c 

F 80 1823 RECS 
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C CONFIGURATION SEQUENCE. THAT IS, THE OPTIMAL REPLACEMENT 
C POLICY 
C************************************************************* 
c 
c 

c 

ICON DENOlES 
ll=NCON(l) 
12=NCON(2) 
13=NCON(3) 
I ll=NCON( It) 

THE NUMBER OF CONFIGURATIONS IN YEAR I 

C THE FOLLOWING COMPUfES THE OPTIMAL RETURN VALUES FOR 
C ALL FMS CONFIGURATIONS IN YEAR ONE 
c 

N Jc- 1 
DO 11 n I = 1 , I 1 
CAL.L CAPCOS(NT, I ,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 

471 F( 1, I)=( OPPF( 1, I )-(OPPF( 1, I )-DEP( 1, I) )*TAX-DEP( 1, I )-CCOST( 1, I))*( 
Kl+RATE)-K·K3 

C THE FOLLOWING COMPUTES THE OPTIMAL RETURN VALUES FOR 
C ALL FMS CONFIGURATIONS IN YEAR TWO 

N f=2 
DO 1172 I= 1, 12 
111~0 

DO 117 4 N= 1 , I 1 
()() 4 7 3 J = 1 • 2 
I r ( El EM'( 2, I , J ) . FQ. FLEM( 1 , N, J) ) I H= Ill+ 1 

1t73 CONTINUE 
I f( 111. f,Q. 2 ) GO IO L175 
IH=O 

11711 CONllNUE 
DO 1176 J = 1 , 2 

ll(UEM(2, l,J).EQ.6.0R.ELfM(2, l,J).EQ.7)GOfO L177 
L176 CONTINUE 

CALL CAPCOS(Nl, l,OEP,MVALUE,TAX,RATE,ELEM,CCOST) 
F(2, I )=F( 1, 1 )+(OPPF(2, I )-(OPPF(2, I )-DEP(2, I) )*TAX-DEP(2, I )-CCOST(2 

*' I ) ) K ( 1+RA1 E ) KK2 
l I 0 ( 2 , I ) cc 1 . 
GOTO 472 

4-15 CALL CAPCOS(NI, I ,OEP,MVALUE, TAX,RAlE,ELEM,CCOST) 
f ( 2, I ) = f ( 1 , N) + (OPP F ( 2, I ) - ( OPPF ( 2, I ) -DE P ( 2, I ) ) *TAX-DE P( 2, I )-CCOST ( 2 

K , 1 l l K ( 1 +RATE l -K * 2 
TI0(2, I )~N 
GOTO It 72 

L177 IF(ELEM(2,l,J).EQ.6)GOIO 480 
I F ( F ( 1 , 3 ) • G I . F ( 1 , 5 ) ) GO IO L1 7 9 

c 
HOLD 

CALL. CAPCOS( NI, I, DEP, MVALUE, TAX, RATE, ELEM, CCOST) 
F(2, I )=F( l,5)+(0PPF(2, I )-(OPPF(2, I )-OEP(2, I) )*TAX-DEP(2, I )-CCOST(2 

H • I ) ) H ( 1 +RATE ) K H ;> 
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110(2,1)=5 
GOTO 1172 

479 CALL CAPCOS(NT, 1,0EP,MVALUE,TAX,RATE,ELEM,CCOST) 
f(2, I )=f( 1,3)+(0PPf(2, I )-(OPPf(2, 1 )-DEP(2, I) )*TAX-OEP(2, I )-CCOST(2 

it, I) )it( 1+RATE)**2 
110(2, I )=3 
GOTO 1172 

1181) If( F( 1,2) .GI. F( I ,11) )GOTO 481 
CALL CAPCOS(NT, l,OEP,MVALUE,TAX,RATE,ELEM,CCOST) 
F(2, I )=F( 1,4)+(0Pl'F(2, I )-(OPPF(2, I )-DEP(2, I ))*TAX-DEP(2, I )-CCOST(2 

*'I)) It( !+RATE) Hi!·~) 
T I 0 ( 2, I ) =II 
GOTO 1172 

481 CALL CAPCOS(Nf, 1,0EP,MVALUE, fAX,RATEiELEM,CCOST) 
F(2, I )=F( 1,2)+(01'Pf(2, I )-(OPPF(2, I )-DEP(2, I ))*TAX-OEP(2, I )-CCOST(2 

*,I))*( l+RAH )**2 
TID(2,J)=2 
GOTO 1172 

1172 CONTINUE 
C Tiff FOLLOW I NG DU ERMINES TllE OPT I MAL RETURN FUNCTION FOR 
C ALL FMS CONFIGURATIONS IN YEAR THREE 
c 

NT=3 
DO 1182 l=l, 13 

I HcoO 
DO 484 N=l,12 
DO 118 3 J = 1 , 2 
I f ( EL EM( 3, I , J ) . EQ. ELEM( 2, N, J) ) I H= I H+ 1 

1183 CONTINUE 
IF( 111.FQ.2) GOTO 1185 
111=0 

11811 CONT I NUE 
DO 1186 J=l,2 
IF(EIEM(3,l,J).EQ.6)GOTO 1191 
IF( ELEM( 3, I ,J). fQ. 7 )GOIO 1192 
IF(ELEM(3,l,J).EQ.8)GOTO 1193 
lf(ELEM(3, l,J).FQ.9)GOTO 11911 

1186 CONT I NUE 
CALL CAl'COS( NI, I , OE P, MVALUE, TAX, RA TE, ELEM, CCOST) 
F ( 3 , I ) = F ( 2 , 1 ) + ( 0 P PF ( 3 , I ) - ( 0 PP F ( 3 , I ) - DE P ( 3 , I ) ) *TAX - 0 E P ( 3 , I ) - CC 0 ST ( 3 

*,I))*( 1 +RATE )It-Ill 
110(3,1)=1 
GOTO 1182 

485 CALL CAPCOS(Nf, I ,UEP,MVALUE,TAX,RATE,ELEM,CCOST) 
F ( 3 , I ) = F ( 2 , N ) + ( 0 PP F ( 3 , I ) - ( 0 P P F ( 3 , I ) - DE P ( 3 , I ) ) *TAX- 0 E P ( 3 , I ) - CCO ST ( 3 

H·, I) )H( l+RAfE)ltHl 
T I D ( 3 , I ) oc N 

Goro 11a2 
IJ91 IF(F(2,2).GT.F(2,6))GOTO 1196 

N ._. 
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CALL CAPCOS(NT, l,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 
F( 3, I )=F(2,6)+(0PPF( 3, I )-(OPPF( 3, I )-DEP( 3, I) )*TAX-DEP( 3, I )-CCOST( 3 

it • I ) ) H-( 1 +RA TE) Hit 1 
T10(3,1)=6 
GOTO 482 

1196 CALL CAPCOS( NT, I , OE P, MVALUE, TAX, RA TE, ELEM, CCOST) 
HOLD DATA D1 08/04/83 4:52 101 D F 80 1823 RECS VA TECH 

Ll92 

497 

L193 

1198 

L194 

1199 

1182 
c 
c 
c 

F ( 3, I ) = F ( 2, 2) + (OP PF ( 3, I ) - (OP PF ( 3, I ) -DE P( 3, I ) ) it·T AX-DE P( 3, I ) -CCOST (.3 
*, I ) ) it ( 1 +RATE)** 1 

110(3, I )=2 
GOIO 1182 
If ( f( 2, 3). Gl. f ( 2, l)) GOTO 1197 
CALL CAPCOS(NT, l,OEP,MVALUE,TAX,RATE,ELEM,CCOST) 
F ( 3, I ) = F ( 2, 7) + ( OPPF ( 3, I ) - ( OPPF ( 3, I ) -DE P( 3, I ) ) *TAX-DE P( 3, I )-CCOS T ( 3 

*. I ) ) * ( 1 +RA l E ) *H- J 
110(3,1)=7 
GOTO L182 
CALL CAPCOS(Nl, 1,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 
F(3, I )=f(2,3)+(0PPF(3, I )-(OPPF(3, I )-DEP(3, I ))*TAX-OEP(3, I )-CCOST(3 

*,I))*( l+RATE)**1 
llD(3,1)=3 
GOTO L182 

IF(f(2,4).GT.F(2,8))GOTO 1198 
CALI. CAPCOS(Nl, l,OEP,MVALUE,TAX,RATE,ELEM,CCOST) 
F(3, I )=f(2,8)+(0PPF(3, I )-(OPPF(3, I )-DEP(3, I ))*TAX-DEP(3, 1 )-CCOST(3 

it, I))*( l+RAlE )H-H·1 
flDD,1)=8 

GOTO L182 
CALI CAPCOS(NT, l,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 
F(3, 1 )=F(2,4)+(0PPF(3, I )-(OPPF(3, I )-DEP(3, I ))*TAX-DEP(3, I )-CCOST(3 

*. I ) ) H ( 1 +RA TE)** 1 
TIO( 3, I )=4 
GOTO 1182 
IF(F(2,5).Gl.F(2,9))GOTO 499 
CALL CAPCOS( Nl, I, DEP, MVALUE, TAX, RATE, ELEM, CCOST) 
F( 3, I )=F(2,9)+(0PPF( 3, I )-(OPPF( 3, I )-DEP( 3, I) )*TAX-DEP( 3, I )-CCOST( 3 

*,I))*( 1+RATE)H·H1 
TID(3,1)=9 

GOIO 1182 
CALL CAPCOS(NI, 1,0EP,MVALUE, TAX,RAIE,ELEM,CCOST) 
F(3, I )=F(2,5)+(0PPF(3, I )-(OPPF(3, I )-DEP(3, I ))*TAX-DEP(3, I )-CCOST(3 

it, I) )·H-( 1+RATE)H-H-1 
llD(3,1)=5 
CONI INUE 

TllE FOLLOW I NG COMl'UHS TllE OPT I MAL RETURN FOR ALL fMS 
CONFIGURATIONS IN YEAR 
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NI =11 
DO 882 I= I , 111 

IH=O 
DO 884 N= 1 , I 3 
DO 883 J=l,2 
I F ( ELEM( 11, I , J ) . EQ. HEM( 3, N, J ) ) Ill= I H+ 1 

883 CONTINUE 
IF( IH.EQ.2) GOTO 885 
llt=O 

884 CONTINUE 
DO 886 J=l,2 
IF(ELEM(ll, l,.J).LQ.6)GOTO 891 
IF( HEM(ll, I ,J). [Q. 7)GOTO 892 
IF(ELEM(ll, l,,J).EQ.8)GOIO 893 
IF( EUM(ll, 1,J). fQ.9)GOTO 894 

HOLD DATA Dl 08/011/83 4:52 101 D 

IF(ELEM(ll,l,J).EQ.lO)GOTO 895 
IF (El EM( 11, I , J). EQ. 11 ) GOTO 8906 

886 CONTINUE 

F 80 

CALL CAPCOS(NT, l,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 

1823 RECS VA TECH 

F(ll, I )=F( 3, 1 )+(OPPF(ll, I )-(OPPF(4, I )-DEP(4, I) )*TAX-DEP(4, I )~CCOST(4 
·If, I ) ) 1t ( 1 +RA TE)** 1 

I ID( 11, I ) = 1 
GOTO 882 

885 CALL CAPCOS(Nf, 1,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 
f(ll, I )=F(3,N)+(OPPF(4, I )-(OPPF(LI, I )-DEP(l1, I ))*TAX-DEP(ll, I )-CCOST(ll 

*,I) )ll( 1+RATE)H 11 1 
TID(ll, I )=N 

GOJO 882 
891 I F ( F ( 3, 2) . GI . f ( 3, 8) ) CO ro 896 

CALL CAPCOS(NT, l,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 
F(4, I )=f(3,8)+(0PPf(ll, I )-(OPPF(4, I )-DEP(4, I) )HTAX-DEP(ll, I )-CCOST(4 

H. I)) H( l+RATE )**1 
11D(11, I )'-'8 
GOTO 882 

896 CALL. CAPCOS(Nl, I ,DEP,MVALUE, TAX,RATE,ELEM,CCOST) 
f(ll, I )=F(3,2)+(0PPF(l1, I )-(OPPF(4, I )-DEP(4, I) )llTAX-DEP(ll, I )-CCOST(ll 

·>t, I))*( l+RATE)ll*l 
TI[) ( 4, I ) 7c2 
GOTO 882 

892 IF(F(3,3).Gl.F(3,9))GOTO 897 
CALI. CAPCOS(NT, l,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 
F(ll, I )-=F(3,9)+(0PPF(4, I )-(OPPF(ll, I )-DEP(4, I) )*TAX-DEP(4, I )-ccosr(ll 

"•I) )·H( l+RATE) 11 "1 
TID(ll, I )=9 
GOTO 882 

897 CALL CAPCOS(NT, l,OEP,MVALUE,TAX,RATE,ELEM,CCOST) 
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f(ll, I )=F(3,3)+(0PPF(l1, I )-(OPPF(4, I )-DEP(4, I ))*TAX-DEP(4, I )-CCOST(4 
·H-, I ) ) M ( 1 +RA f E ) * H-1 

T I D ( 11, I ) = 3 
GOTO 882 

893 IF(F(3,4).Gf.F(3,10))G010 898 
CALL. CAPCOS(Nf, l,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 
F ( 11, I ) = F ( 3, 10) + ( 0 PP F ( 11 , I ) - ( 0 PP F ( It, I ) -DE P ( 11, I ) ) tt-T AX-DE P( 11, I ) -CCOST ( 

tt-11, I) )ii( l+RATE)*M-1 
Tl0(4, I )=Hl 

GOTO 882 
898 CALL CAPCOS(NT, l,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 

F ( 4, I ) = F ( 3, It)+ (OPP F ( 11, I ) - ( OPPF ( 4, I ) -OE P ( 11, I ) ) *TAX-OE P ( 4, I )-CCOST ( 4 
tt-, I) JM( l+RAlE)M-*1 
TID(ll, I )=4 
GOlO 882 

8911 lf(F(3,5).Gf.F(3,1l))GOTO 899 
CALL CAPCOS(Nl, I ,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 
f(l1, I )=f( 3, 11 )+(OPPF(ll, I )-(OPPF(ll, I )-DEP(4, I) )*TAX-DEP(ll, I )-CCOST( 

*LI, I) )M-( l+RATE)**l 
TID(ll, I )=11 

GOTO 882 
899 CALL CAPCOS(NT, l,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 

F(l1, I )=F(3,5)+(0PPF(11, I )-(OPPF(4, I )-OEP(4, 1 ))*TAX-DEP(li, I )-CCOST(4 
*,I))*( l+RAlE)M·tt-1 

11010 DATA Dl 08/011/83 4:52 101 0 F 80 1823 RECS VA TECH 

TID(ll,1)=5 
GOlO 882 

895 IF(F(3,6).GT.F(3,12))G010 818 
CALL CAPCOS(NI, l,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 
F(4, I )=F(3, 12)+(0PPF(li, I )-(OPPf(li, 1 )-DEP(l1, J) )*TAX-DEP(4, I )-CCOST( 

*4, I) )ii( l+RATE)il·tt-1 
TI0(4,1)=12 

GOTO 882 
818 CALL CAPCOS(Nl, 1,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 

f(l1, I )=F( 3,6)+(0PPF(l1, I )-(OPPf(lt, I )-DEP(4, I) )*TAX-DEP(ll, I )-CCOST(ll 
·H, I) )•M( l+RAlE)M-M-1 

TI D( 11, I )=6 
GOTO 882 

89<Vi IF(F(3,7).Gl.r(3,13))GOTO 819 

c 

CALL CAPCOS(NI, l,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 
f(l1, I )=F(3,13)+(0PPF(4, I )-(OPPF(4, I )-DEP(4, 1 ))*TAX-OEP(ll, I )-CCOST( 

*4, I) )ii( l+RATE)MMl 
TID(ll, I )=13 

GOlO 882 
819 CAL.L CAPCOS(NT, l,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 

F(4, 1 )=F(3,7)+(0PPF(4, I )-(OPPF(4, I )-DEP(ll, 1 ))*TAX-OEP(li, I )-CCOST(4 
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H • I ) ) H ( 1 +RA I E ) ii H 1 
T I D (II, I ) = 7 

882 CONTINUE 
c 
c 
c 
c 

WRITE(6,86%) 
8656 FORMAl(///,25X, 'THE OPTIMAL RETURN VALUES (F-VALUES) FOR ALL CONFI 

HGUHATIONS:') 

2222 
c 
c 
c 
c 
c 
c 

9001 

8001 
7001 

c 
c 

c 
c 
HOLD 

DO 2222 1=1,11 
I HJ=NCON( I) 
HRITE (6,*)(F( l,J),J=l, IH.J) 

TllE fOUOHING COMPUTES Tiff MAXIMUM OPTIMAL RETURN 
VALUE FOR THE FINAL PERIOD. THEN THE OPTIMAL 

REPLACEMENT SEQUENCE IS TRACED 
NY=l1 
CALL DPOPT(F, TID,NCON,NY,NON) 
1-/R I TE( 6, 9001) 

FORMAT ( llll. 2 3X, I YEAR' • BX. I CON F. I • 6X, IF-VALUES I ) 
DO 8001 I= 1 , NY 
WR I TE ( 6, 7001 ) I , NON ( I ) , F ( I , NON ( I ) ) 
FORMAT( 25X, 11, lOX, 13 ,6X, F12. 2) 

CONTINUE 
STOP 
END 

DAIA Dl 08/04/83 4:52 101 D F 80 1823 RECS 

C***************************************************************** 
C** 11115 SUBROUTINE COMPUlES THE MAXIMUM OPTIMAL RETURN VALUE * 
c1t1t FOR ALL FMS CONF I GUA f I ON * 
C** AT TllE END OF HIE PLANNING HORIZON. THE OPTIMAL REPLACEMENT * 
C"* POL I CY IS THEN TRACED * 
C****************************************************************** 

SUBROUTINE DPOPT(F,TID,NCON,NY,NON) 
DIMENSION F(6,100),TID(6,100),NCON(6),NON(6) 
MAXIM~F(NY,1) . 
IY=NCON(NY) 
ICON=l 

DO 1 I =2, I Y 
IF (MAX IM. GT. F (NY, I ) ) GOTO 
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MAX IM-= F (NY, I ) 
ICON=I 
CON f I NUE 

WRITE(6,*)MAXIM, ICON, NY 
NON( NY)= ICON 
NY=NY-1 
McclCON 
DO 2 J=l,NY 
1<,=NY-J+2 
N=K-1 
NON ( N ) =, f I D ( K, M ) 
M=NON(N) 

2 CONTINUE 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 

NY= NY+l 
RU URN 
END 

***************~*************************************************** 
*** THIS SUBROUTINE PRINTS OUT THE RESULTS OF EACH *** 
*** FMS CONFIGURATION : *** 
*** PARTS ASSIGNMENT, OPTIMAL OPERATING PROFIT *** 
H~ PRICE OF EACH PART TYPE ... ETC. *** 
****************************************************************** 

surmourlNE WllT( ID,NC2, IPA,K,MC,W,ALl'liA, T,DD,A,OPl,OBJ,XOPT, I ID,XDL 

*,XIOL,XMIS,XMANT, INFEA) 
DI MENS I ON K( 10), T ( 10, 10, 10), DD( 10, 10), A( 150, 150), OBJ ( 150) 
DIMENSION XOPT( 150), I ID( 10, 10, 10, 10).XDL(20) 
DIMENSION XIDL(20),XMIS(20),XMANT(20) 

11-(0PT.EQ.U)GOTO 523 
IF( INFEA.EQ.O)GOTO 523 

C WR I l E ( 6, 801 ) ID 
HOLD DATA Dl 08/04/83 4:52 101 D F 80 1823 RECS 

C801 
c 
c 81)2 
c 
C201 

FORMAT(1H1,25X, 'THE NUMBER OF VARIABLES IS',2X, 13,////) 
Y/RITE(6,802/NC2 
FOHMAT(25X, Tiff NUMBEH OF CONSTRAINTS IS' ,2X, 13,///) 
WR I lE ( 6, 201 ) I PA 
FORMAT( 1Hl, 15X, 'lllE TO"YAL NUMBER OF PART TYPES IS : 1 , 13) 
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C HRl1E(6,203)(K( IP), IP=l, IPA) 
C WRITE (6,204)MC 
C204 FORMAT(//,15X, 'THE TOTAL NUMBER OF MACHINE STATIONS (INCLUDING LOA 
C +ID AND UNLOAD STATION IS ; 1 , 2X, 12) 
C HRITE (6,205)H 
C205 FORMAT(//,15X, 'TllE MATERIAL HANDLING COST( PER UNIT FOOT TRAVELLED 
C *Tiff AGV) IS: 1 ,2X,f5.2,1X,'DOLLAR 1 ) 

C HR 11E(6, 206 )ALPHA 
C206 FORMAT(//, 15X, 'THE UTILIZATION RATE OF THE AGV IS : ',2X,f5.2) 
C 2113 FORMAT(//,15X, 'TOTAL OPERATIONS FOR EACH PART TYPE RESPECTIVELY IS 
C I+ :',2X,10(12,2X)) 
C HRITE (6,208) 

208 FORMAT(1Hl,15X, 'THE OPERAl ION TIMES PER MACHINE TYPE PER PRl IS AS 
l+fOLLOWING ,STARTING HITH THE FIRST PART TYPE : 1 ,//) 

D0217 l=l,IPA 
I Kl<.=K( I) 
DO 20 7 I K= 1, I KK 

20 7 HR I TE ( 6, *) ( T ( I , I K, M) , M= 1 , MC) 
HRITE(6,285) 

285 FOHMAT(//) 
217 CONTINUE 

C WHITE(6,209) 
C 2ll9 FORMAT(lltl,15X, 1 TllE DISTANCE MATRIX FOR THE LAYOUT IS AS FOLLOW 
C J+I '//) 

C WH I Tf ( 6, 210 )( I , I= 1 , MC) 
C211) FOHMAT(25X, 12, 10(5X, 111),//) 
C DO 21 1 I = 1 , MC 
C HHITE(6,212)1,(DD( 1,J),J=l,MC) 
C2L' FOHMAl( 20X, 12, 10( 3X, f6. 2), //) 
C211 CONTINUE 

WRIH (6,286) 
286 FORMAT(1Hl,25X,'TllE UNIT COST OF RESPECTIVE INPUTS PER MACHINE ARE 

+! ; I'//) 
r/R I TE ( 6, 28 7) 

287 FOflMAT ( 15X, 'DIRECT LABOR' ,5X, 1 INDIRECT LABOR' ,5X, 'MISCELLANEOUS', 

213 
21 'I 

c 
C118 7 
c 
C223 
C23:~ 

*5X, 'MAINTENANCE',//) 
DO 2 111 I = 1 , MC 
HRITE(6,213) 1,XDL( I ),XIDL( I ),XMIS( I ),XMANT( I) 
FORMAT( lOX, 12, 10( lOX, F5. 2), //) 
CONllNUE 
WRITE(6,l187) 
FORMAT(1Hl,35X, 'THE FOLLOWING IS THE A-MATRIX',///) 
DO 223 1=1,NC2 
WR I TE ( 6 , 2 3 2 )( A ( I , J ) , J = 1 , I D ) 
FORMAT ( 2X, 30 ( F 3. 0, 1 X), I, 2X, 30 ( F 3. 0, 1X),I,2X, 30 ( F 3. 0, 1 X), I I) 
r/HITE(6,876) 

876 FOHMAT(lli1,35X,'TllE OPTIMUM IS') 

11321 
HRITE(6,4321 )OPT 

FORMAT(39X,f12.2) 
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WRITE(6,878) 
HOLD DATA Dl 08/011/83 4:52 101 D F 80 1823 RECS VA TECH 

873 

1 3 I 

~>312 

c 
c 
c 

532 
531 

523 

51'3 

9t17 

917 
5112 

FORMAl{///,25X, 1 TllE ASSIGNMENTS OF PARTS ARE AS FOLLOW : ',//) 
WR I TE ( 6 , 1 3 1 } 
FOR MA i ( 2 3X. VAR' • 11x. ' P' , 11x, 'K' • 11x, 'M • , 11x, 's' , 6X. 'OBJ. ' , 11x. 'Y( p, K, M 

It. S) I) 
00 5 3 1 I X= 1 , I 0 

DO 5 3 2 I= 1 , I PA 
I Kl<=K( I) 
DO 532 ,J=l, ll<K 
DO 532 M=l,MC 
DO 532 IM~l,MC 
IF(IX.NE.llD(l,J,M,IM))GOTO 532 
WRIH(6,5312) IX, 1,J,M, IM,OBJ( IX),XOPT( IX) 

FORMAT(23X, 13,3X, 12,3X, 12,3X, 12,3X, 12;3X,F8.2,3X,F8.2) 
GO TO 531 

CONTINUE 
CONllNUE 

GOTO 5112 
OPT=O. 

WRITE(6,513) 
fORMAT(25X,' IHIS CONFIGURAl ION IS INFEASIBLE 1 ) 

WRITE(6,208) 
DO 91 7 I = 1 , I PA 
I Kl<=K( I) 
DO 907 IK=l, IKK 
WR I TE ( 6, *) ( T ( I , I K, M), M= 1 , MC) 
WHITE(6,285) 

CONllNUE 
CONTINUE 

HUUHN 
END 

c ******************************************************************* 
C *** THIS SUBROUTIHE CALCULATES THE CAPITALIZED COST *** 
C *** OF EACH FMS CONFIGUHATION *** 
c *******************************************~*********************** 
c 
c 

SUBROUllNE CAPCOS(NT, l,DEP,MVALUE,TAX,RATE,ELEM,CCOST) 
DIMENSION DEP(6,lOO),MVALUE(6,lOO),ELEM(6,100,2),CCOST(6,100) 
MVALUE(NT,99)=0 
MT~NT+l 

MVALUE(MT,99)=0 
DEP( NT, I )=MVALUE( NT, ELEM( NT, I, 1) )-MVALUE( MT, ELEM( NT, I, 1) )+MVALUE( N 
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c 
c 
c 
c 
c 

K l , E LEM ( N f , I , 2 ) ) - MV ALU E ( M 1 , ELEM ( NT , I , 2 ) ) 
CCOST( NT, I)=( MVALUE( NT, ELEM( NT, I, 1) )+MVALUE( NT, ELEM( NT, I, 2)) )*RATE 
RETURN 
END 

c 
llOLD 

******************************************************************* 
DATA 01 08/011/83 4: 52 101 () F 80 1823 RECS VA TECH 

c 
c 
c 
c 
c 
c 

c 
c 

c 

IHHt 

*It* 
fHIS SUBl!OUTINE ESTABLISHES THE MAJOR PARAMETERS 

OF A GIVEN FMS CONFIGURATION 
•·•·* 
**•* 

******************************************************************* 

SUBROllflNE MCONF( IPA,K,MC,NCH, ICH, IRB,NDE, ITORE,T,TIMC,XIDL,XMIS,X 
*MANT,XDL,TIDL,TUL,TMIS,TMANT,RH,TRH,Nl,ELEM,JT, IDE,NICUM,NNEW) 

DIMrNSION INlH( 100),K( Hl). IC11(20), IRB(20), IDE(20) 
DIMENSION ITOR£(20), T( 10, 10, 10), 1IMC(10, 10,20),XMIS(20) 
DIMENSION XMANT(20),XDL(20),TIDL(20),TDL(20),TMIS(20) 
DIM£NSION 1MANf(20),RH(20),TRH(20),XIDL(20),ELEM(6,100,2) 

HRI H( 6, * )NCll, NDE, I TORE( 1), ICH( 1) 
DO 222 M=l,MC 

222 INUE(M)=M 
IF(NCll.EQ.O)GOTO 282 
IF(NCll.LT.NDE)GOTO 275 
DO 272 I= 1, NCH 

272 I ND[( I TORE( I))= I Cll( I) 
GO ro 282 

275 UO 273 1=1,NCH 
273 INDE(ITORE(l))=ICH(I) 

DO 2711 J= 1, NDE 
IF( IRB(J).NE.99)GOTO 274 
INDE( IDE(J))=99 

274 CONTINUE 
282 DO 292 1=1, IPA 

I K=K( I) 
D0292J=1,IK 
DO 292 M=l,MC 
IF( I NDE( M). EQ. 99 )GOro 262 
1( 1,J,M)=TIMC( l,J, INDE(M)) 
GOTO 292 
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c 
c 

262 T( I ,J,M)=999 2n CONT I NUE 

XIDL(l)=O. 
XDL(l)'-"O. 
XMIS(l)=O. 
XM/\NT ( 1 )=O. 
DO 293 M=2,MC 
I f ( I NDE (M). EQ. 99) GOTO 2911 
XIDL(M)=TIDL( INDE(M)) 
XDL(M)c=TDL( INDE(M)) 
XMIS(M)~TMIS( INDE(M)) 

· XMANT ( M) =TMAN l ( I NOE ( M) ) 
Jl<=3+M 
.JM=INDE(M)+3 
RH(JK)=TRH(JM) 
COTO 293 

2911 XI DL( M )=99 
HOLD DATA Dl 08/04/83 4:52 101 D 

XDL.(M)=99 
XMIS(M)=99 
XMANT(M)=99 
Jl<=3+M 
Rlt(.JK)=O 

213 CONT I NUE 
DO 3 1 7 I Ccc 1 ' lj 

311 RH( IC)=TRH( IC) 
Ml ccl1+MC 
M2=l1+MC+NNEW 
RH( Ml )=TRll( M2) 

DO 51 111=1,NICUM 
15= 111+ 1 

r 80 1823 RECS VA TECH 

ELEM(.JT,NI, 111)= INDF( 15) 
WRITE(6,832) 14, INDE( 15) 

83.~ FORMAT( 1Hl,25X, 'MACHINE PLACED IN 1 , 12,' INCUMBENT MACHINE POST ION 

c 
c 
c 
c 

·H- Is I • 5X. 12) 
51 CONTINUE 

RETURN 
END 

c ******************************************************************* 
C *** THIS SUBROUTINE SETS UP THE PARTS ASSIGNMENT PROBLEM *** 
C IHH BASICALLY, IT DOES THE FOLLOWING: **M-
C *** A. TRANSFORM THE PROBLEM INTO ITS MINIMIZATION *** 
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C *** EQUIVALENT ·""** 
C llH-* B. TH/\NSFORM THE FOUR-VAR I ABLE ARRAY INTO A *""* 
C *""* ONE-VARIABLE ARRAY. ALL VARIABLES WITll ZERO *""* 
C *H* VALUES ARE TAKEN OU f. *** 
c *ll***************************************************************** 
c 
c 
c 
c 

SUUROUTINE SEfUP( IPA,K,T,DD,X$DL,XOL,X$1DL,XIDL,X$MiS,X$MANT,W,ALP 

c 
c 

llllA, I ID, ID, NCl, POB, OBJ, A, NC2 ,XM IS, XMANT, BM, Rll, MC, I NFEA) 
DI MENS I ON K( 10), T ( 10, 10, 10), DD( 10, 10), XDL( 10), XI DL( 10) 
DI MENS I ON XM IS( 10), XMANT ( 10), I ID( 10, 10, 10, 10), POB( 10) 
DI MENS I ON A ( 1 50, 150 ) , OBJ ( 150) , Bfl ( 150) , Rll ( 20) , XM I N ( 150 ) 

C NCl IS THE lOTAL NUMBER OF BALANCE EQUATIONS 
DO 103 l=l, IPA 
JIN=K(I) 
DO 103 J= 1, ,JIN 
DO 103 M=l ,MC 
DO 103 N= 1, MC 

103 I ID( I ,J,M,N)=O 
I lc-0. 

c 
llOLD 

ID=O. 
NCl~O. 

DATA 01 08/0lt/83 t1:52 101 D 

DO 86 I f'co 1 , I PA 
11<1\=K( IP) 
DO 86 I K= 1, I KK 

INFE/\=O 
DO 60 M=cl,MC 
IF(T( IP, IK,M).EQ.999)GO TO 60 
I NIEA= I NFEA+l 
IF (IK.NE.l)GO TO 65 
NCl~NCl+l. 

ID 0=ID+l. 

F 80 1823 RECS 

DIS=DD(l,M) 
XYZ=X$DL*XDL(M)+XSIDL*XIDL(M)+X$MIS*XMIS(M)+X$MANT*XMANT(M) 
OBJ( ID)=DISHWl+ALPllA+ T( IP, IK,M)*XYZ/(60.) 
I ID( IP, IK,M, 1 )=ID 
GOTO 60 

65 NCl=NCl+l 
DO 66 LJ K= 1 , MC 
J K= I K-1 
IF( T( I P,JK, l,JK). EQ.999)GOTO 66 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

ID=ID+l 
DIS=OD( IJl<,M) 
XYZ=X$DL*XDL(M)+X$1DL*XIDL(M)+X$MIS*XMIS(M)+X$MANT*XMANT(M) 
OBJ( ID)=cDIS*HHALPllA+ T( IP, IK,M)·*XYZ/(60.) 
I ID( 11', IK,M, IJK)=ID 

66 CONTINUE 

6'l 

·BG 

71 

IF( IK.NE. IKK)GO TO 60 
I [)co ID+ 1 • 
OB.I (ID )=0. 
POB( IP)= ID 
I ID( IP, IK, l, 1 )=ID 
CONTINUE 

IF( INFEA.EQ.O)GOTO 940 
CONllNUE 

THE TOTAL NUMBER OF VARIABLES TO BE SOLVED IS ID 

lllf A-MATRIX IS NOW CONSTRUCTED 
TllE PART FOR THE BALANCE EQUATIONS IS FIRST CONSTRUCTED 
TlllS PART OF THE A-MATRIX CONSISTS OF SOLELY 1,0,-1. 

INITIALIZE 

KNC'-'NC 1 +11+MC 
00 71 I= 1 , KNC 
DO 71 J= 1, ID 
A(l,J)=O. 
I =O. 
00 70 I Pco 1 , I PA 
IKK=K( IP) 
DO 70 IK=l, IKK 

HOU) DATA 01 08/0IJ/83 4: 52 101 D F 80 1823 RECS 

DO 70 M=l,MC 
IF (T( IP, IK,M).EQ.999)GOTO 70 
IF( I K. NE.1 )GOTO 75 
l=l+l 

l,J=l ID( IP, l,M, 1) 
A(l,IJ)=l. 
,JKc.o I K+l 
DO 76 J=l,MC 
IF(T( IP,JK,.J).EQ.999)GOTO 76 
IJ=l ID( IP,JK,J,M) 
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c 
c 

A( I, IJ )=-1. 
76 CONTINUE 

GOTO 70 
75 CONTINUE 

1=1+1 
JKoolK-1 
DO 77 J= 1, MC 
I F ( l ( I P, J K, J ) . EQ. 999) GO TO 77 
IJ=-1 ID( IP, IK,M,.J) 
A(l,IJ)=l. 

77 CONJ INUE 
JK=ll\+1 
IF( 11<.EQ. ll<K)GOlO 711 
DO 78 J= 1, MC 
IF(T( IP,JK,J).EQ.999)GOTO 78 
IJ.=-1 ID( IP,JK,J,M) 
A(l,IJ)=-1 

78 CONTINUE 
GOTO 70 

74 IJ=llD(IP,ll\,1,1) 
A( I, IJ )=-1. 

70 CONJINUE 

c THE REMAIN or lllE A-MATRIX IS NOW CONTRUCJED 
c 
C 1+l+T11AI IS, COMPLETE THE COEFFICIENTS FOR TllE ALLOCATIONS 
C CONTRAINTS** 
c 

DO 90 IP~ 1, I PA 
I l<I\= K ( I P ) 
DO 90 I K~ 1, I KK 
DO 90 M=l,MC 
DO 90 J=l,MC 
IF( I ID( IP, IK,M,.J).EQ.O)GOTO 90 
IJ=l ID( IP, IK,M,J) 
N~NC1+1 • 
A(N, IJ)=T( IP, ll<.M) 11 XDL(M) 
NcN+l 
A(N, l.J)=T( IP, 11<,M)l+XIDL(M) 
N=-N+l 
A(N, l,J)=T( IP, IK,M)l+XMIS(M) 
N=N+l 
A(N, IJ)=T( IP, IK,M)HXMANT(M) 
DO 951 MJ=2 ,MC 

HOLD DATA 01 08/04/83 4:52 101 D 

IF (MJ.NE.M)GOIO 951 
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c 

951 

90 

902 

903 

90ll 
9110 

NJ=N+MJ-1 
A ( NJ , I J ) = T ( I P, 11<, M) 
CONTINUE 
NccN+MC 
A(N, IJ)=DD(J,M)*ALPHA 
CONTINUE 
NC2=N 
DO 902 I'-" 1 , NC 1 
Bii( I )=O. 
N=NC1+1 
JN=O 
DO 903 I =N, NC2 

JN=JN+l 
BH( I )ccc-1-HHll(JN) 
DO 9011 I =N, NC2 
DO 9011 J = 1 , I D 
A( 1,J)=-l*A( l,,J) 

CONTINUE 
RETURN 
END 

,I 

C***************************************************************** 
C**** TlllS SUBHOUllNL DETERMINES THE PRICE-VOLUME **** 
C**** RELATIONSlilP WHICH RESULTS IN THE MAXIMUM **** 
C**** OPERATING PROFIT **** 
C***************************************************************** 
c 
c 

SUBIWUT I NE OP! I MU( A, Bfl, OBJ, M, N, EPS, OPT, I FLAG,XM IN, XUB, Y, XLL, XUL, P 
*,POB,PB,XOPT, IPA,MC, ID) 

DI MfNS I ON I COUN ( 10) , I TEMP ( 10) , A( 150, 150), BH ( 150), OBJ ( 150) 
DI MENS I ON XM IN ( 150), XUB( 150), Y( 150), XLL ( 10, 10), XUL( HI, 10) , P( HJ, 5) 
DI MfNS ION POB( 10), PB( 10), XOPT( 150), TOBJ( 150), TDUAL( 150), DUAL( 150) 
TOPT=O. 
00 1 1 9 I = 1 , N 

119XMIN(l)=O. 
11<1=-PB(l) 
DO 182Jl=l,11<1 
ICOUN(l)=Jl 
l.J=l'OB( 1) 
OBJ( IJ )=(-1)H-P(1,Jl) 
XM I N ( I J ) =XL L ( 1 , .J 1 ) 

00 8 1 9 I< 1 "-' 1 , I J 
819 XUB(l\l)=XUL(l,Jl) 

lf(2.Gl. IPA)GOTO 191 
IK2°=1'B(2) 
DO 183 J2=1, I K2 
Ml=POB( 1 )+1 
l.J=POB(2) 

N 
N w 



ICOUN(2)=J2 
OB.J ( I J ) ~ ( -1 ) HP ( 2, J 2) 
XM I N ( I J ) =XL L ( 2 , J 2 ) 

DO 829 K2=M I , I J 
829 XUB(K2)=XUL(2,J2) 

HOLD DATA 01 08/04/83 4:52 101 D 

IF(3.GT. IPA)GOTO 192 
I K3= PB( 3) 
DO 1811 J 3= 1 , I K3 
Ml=POB(2)+1 
ICOUN(3)=J3 
IJ-,POB( 3) 
OBJ ( I J) = ( -1 ) * P( 3, J 3) 
XMIN( IJ)=XLL(3,.J3) 
DO 839 K3=M I , I J 

839 XUB(K3)=XUL(3,J3) 
IF(l1.Gf. IPA)GOIO 193 
IKl1=PB(4) 
DO 185 J4=1, IK4 
Ml=l'OB(3)+1 
ICOUN(ll)=Jll 
I ,I 0= PO B ( !1 ) 
OBJ ( I J ) = ( -1 ) * P ( 11, ,J 4) 
XMIN( IJ)=XLL(4,Jll) 
DO 8119 Kl1=M I , I J 

8119 XIJB(l<l1)=XUL(4,Jl1) 
IF( 5. GT. I PA)GOTO 1911 
ll\5=PB(5) 
DO 186 J5= 1, I K5 
MI cc POB ( 1, ) + 1 
ICOUN(5)=J5 
I J= POB( 5) 
OBJ ( I J ) = ( -1 ) HP ( 5, J 5) 
XMIN( IJ)=XLL(5,,J5) 
DO 859 1<5 00 MI, IJ 

859 XUB(K5)=XUL(5,J5) 

F 80 1823 RECS 

CALL LNCAPY(A,BH,OBJ,M,N,EPS,OPT, IFLAG,XMIN,XUB,Y,DUAL) 
IF(OPT.EQ.999)GOTO 185 
OPT=-OPT 

IF(TOPT.GT.OPT)GOTO 186 
IOPT=OPT 
DO 569 I I= 1 , I PA 

569 I fEMP( 11 )= ICOUN( 11) 
DO 56 7 I Mo= 1 , ID 

567 XOPT( IM)=Y( IM) 
DO 12311 IE=l, IPA 

12311 TOBJ ( POB( IE) )=OBJ ( POB( IE)) 
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DO 2345 IH=l,M 
23115 TOUAL( lll)=DUAL( Ill) 

186 CONTINUE 
GOTO 185 

194 CALL LNCAPY(A,1311,0BJ,M,N,EPS,OPT, IFLAG,XMIN,XUB,Y,DUAL) 
IF(OPf.EQ.999)GOf0 184 
OPT=-OPT 
IF( TOPT.GT.01'1 )GOTO 185 
TOPT=OPT 

DO 519 I I= 1, I PA 
519 ITEMP(ll}=ICOUN(ll) 

DO 5 1 7 I M= 1 , I [) 
5 1 7 XO PI ( IM)= Y ( IM) 

DO 1 2 3 5 I E = 1 , I PA 
MOLD DATA Dl 08/011/83 t1:52 101 D F 80 1823 RECS 

1235 TOBJ ( POB( I [))=OBJ ( POB( IE)) 
DO 23116 IH=l,M 

2346 TDUAL( lll)=DlJAL( Ill) 
185 CONTINUE 

GOTO 184 
193 CALL LNCAPY( A, Bii, 013,J, M, N, EPS, OPT, I FLAG, XMI N, XUB, Y, DUAL) 

lf(OPT.EQ.999)GOTO 183 
OPT.cc-OPT 
ll(TOPl.GT.OPl)GOTO 184 
TOPT=OPT 
DO 529 I I= 1, I PA 

529 ITEMP(ll)=ICOUN(ll) 
DO 527 IM=l,ID 

527 XOPT( IM)=Y( IM) 
DO 1236 IF=l, IPA 

1236 TOBJ(POB( IE))=OBJ(POB( IE)) 
DO 23117 111=1,M 

23117 TDUAL( Ill )=DUAL( Ill) 
181J CONT I NUE 

GO TO 183 
192 CALL LNCAPY(A,Bll,OBJ,M,N,EPS,OPT, IFLAG,XMIN,XUB,Y,DUAL) 

IF(OPT.EQ.999)GOTO 182 
OPl =-OPT 
IF(TOPT.GT.OPT)GOTO 183 
TOPlccOPT 
DO 539 11=1,IPA 

539 ITfMP( 11)=ICOUN(11) 
00 5 3 7 I M= 1 , I D 

537 XOPT(IM)=Y(IM) 
DO 12 3 7 IE= 1 , I PA 

1237 TOBJ(P013( IE))=OBJ(POB( IE)) 
DO 23118 111=1,M 

23118 TDUAL( I H )=DUAL( HI) 
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183 

191 

51,9 

547 

1238 

2337 
182 

989 

1239 
c 
c 
c 
llOLD 

c 
C56L16 
c 
c 

2212 

c 

CONTINUE 
GOIO 182 
CAL.L LNCAPY(A,Bll,OBJ,M,N,EPS,OPT, IFLAG,XMIN,XUB,Y,DUAL) 
IF(OPT.EQ.999)G010 989 
OPT=-OPT 
IF(TOPT.GT.OPT)GO TO 182 
TO Pl= OPT 
UO 5119 11=1,IPA 
I TEMP( I I )=I COUN( I I ) 
DO 5117 IM= 1, ID 
XOPT( IM)=Y( IM) 
DO 1 2 3 8 I E = 1 , I PA 

TOEU ( POB( IE) )=OB.I ( POB( IE)) 
DO 2337 111=1,M 

TDUAL( IH)coDUAL( IH) 
CONTINUE 

OPTc=TOPT 
DO 1 2 3 9 I E = 1 , I PA 

OB,J ( POB( IE) )=lOfU ( POB( IE)) 
NC,J=M-9 

WR I TE ( 6, 56t16) 
DO 2212 IL=l,M 

DATA Dl 08/011/83 11:52 101 D F 80 1823 REGS 

I W-~NCJ+ IL 
FORMAT(25X,' fHE [)UALS FOR THE ALLOCATION CONSTRAINTS ARE 

HHIH(6,*) IL, TDUAL( IL) 

CONTINUE 
REfURN 
END 
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******************************************************************* 
C** fHE FOLLOWING L1NEAR PROGRAM WAS DEVELOPED BY WARREN ADAMS ** 
C** , PH.D. STUDENT VPl.SU., FOR HIS GRADUATE RESEARCH WORK.· ** 
c•1t Tit IS AUTHOR WOULD LI KE TO THANK HIM FOR MAK I NG TH IS ROUT I NE ** 
C** ACCESSIBLE. TlllS IS A MINIMIZAflON ROUTINE WITH GREATER THAN** 
C** AND EQUAL TO INEQUALIES . ** 
C****************************************************************** 

SUBROUTINE LNCAPY(A,BH,OBJ,M,N,EPS,OPT, IFLAG,XMIN,XUB,Y,DUAL) 
c 
C THIS SUBROUTINE SOLVES A LINEAR PROGRAMMING PROBLEM WITH UPPER 
C BOUNDING ON THE VARIABLES. THE REVISED SIMPLEX MffHOD IS USED, 
c 
c 

c 
c 
c 

COMMON/WAR/NBASIC( 150),RHS(150),NUPPER(150),SURROG(150),AVALU 
DI MENS I ON A( 150, 150), BI NV( 150, 150), B( 150), OBJ ( 150), TEMP( 150) 
DIMENSION NFLAG(300),DUAL(150),XMIN(150),XUB(150),XMAX(150),BH(150 

*),Y(150) 

IFLAG=O IMPLIES NO STRONGEST SURROGATE CONSTRAINT IS CALCULATED. 
ADJUST UPPER BOUNDS AND RIGHT HAND SIDES 
DO 500 1=1,N 

500 XMAX( I )=XUB( I )-XMIN( I) 
DO 501 I= 1, M 

502 
501 

c 
C288 
c 
c 

c 

c 

SUMocO.O 
DO '102 J=l,N 
SUM=SUM+A( 1,J)*XMIN(J) 
B( I )=BH( I )-SUM 
WRITE(6,2881 
FORMAT(lOX, THE RIGHT HANO SIDE OF THE MATRIX IS AS FOLLOWS :',2X, 

*'(ALL COEFF CONVERTED TO MINIMIZATION EQUIVALENT)',///) 
WR I TE ( 6 , * )( B ( I ), I = 1 , M ) 
ICOUNT=l 
AMAX=B( 1) 
DO 1 I =2, M 
IF(B( I ).LE.AMAX) GO TO 1 
I COUNT=- I 
AMAXccB( I) 

1 CONTINUE 
INITIALIZE B INVERSE AND UPDATE THE RIGHT HAND SIDE. 
DO 2 .J=l, M 
DO 2 I= 1, M 
BINV( l,J)=O. 

2 IF( I. EQ.-J) BINV( I ,J )=-1. 
00 3 I= 1, M 
BINV( I, !COUNT )=1. 

3 RIIS( I )=AMAX-B( I) 
RIIS( ICOUNT)=AMAX 
INlllALIZE NO VARIABLES AT UPPER BOUND. 
DO 11 I= 1, N 

N 
N 
00 



11 NUPPER( I )=O 
LP DATA Dl 08/04/83 4:51 101 D F 80 354 RECS 

C INITIALIZE BASIC VARIABLES. (N+M+l) SIGNIFIES ARTIFICIAL. 
DO 5 I 00 1 , M 

5 NBASIC( I )=N+I 
NBASIC( ICOUNT)=N+M+l 

C INITIALIZE DUAL VARIABLES AND OBJECTIVE FUNCTION VALUE. 
DO 6 I= 1, M 

6 DlJAL(l)=O. 
DUAL( ICOUNT)=l. 
OBJECT=-AMAX 
NPLUSM=N+M 

C SEl FLAG FOR BASIC VARIABLES. (1 =BASIC, 0 =NONBASIC). 
DO 7 1=1,N 

7 NFLAG( I )=O 
NPLUS1=N+1 
N PLUS=N+M+ 1 
DO 8 l=NPLUSl,NPLUS 

8 NF LAG( I)= 1 
NFLAG(N+ICOUNT)=O 
I PHASE= 1 

C BEGIN PHASE I. 
C 9 IF(OBJECT.LE.-EPS) GO TO 14 

9 IF(NBASIC( ICOUNT).EQ.NPLUS.AND.RHS( ICOUNT).GT .. 04)GO TO 14 
IPllASE=2 

VA TECH 

C REDEFINE DUAL VARIABLES AND OBJECTIVE FUNCTION VALUE AT BEGINNING 
C OF PHASE 2. 

OB,J ECT=O. 
DO 12 I= 1, M 
DUAL( I )=O. 
IP= I +N 
IF(NFLAG( IP).EQ. I) GO TO 11 
DO 10 J=l,M 
NlJ=NBASIC(J) 
IF(NU.GT.N) GO TO 10 
DUAL( I )=DUAL( I )+OBJ(NU)*BINV(J, I) 

10 CONT I NUE 
11 NB=NBASIC( I) 

IF(NB.LE.N)OBJECT=OBJECT-OBJ(NB)*RHS( I) 
12 CONTINUE 

DO 13 I= 1, N 
13 IF(NUPPER( I ).EQ.1 )OBJECT=OBJECT-OBJ( I )*XMAX( I) 

C FIND COLUMN TO SERVE AS PIVOT COLUMN. 
C SET IMARK EQUAL TO 1 (0) IF VARIABLE IS (NOT) AT UPPER BOUND. 

111 ISIART=O 
DO 21 I= 1, N 
IF(NFLAG(l).EQ.1) GO TO 21 
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If( I PHASE. EQ. 1 )RC=O. 
II( IPHASE.EQ.2)RC=OB,J( I) 
DO 15 J= 1, M 

15 RC=RC-OUAL(J)*A(J, I) 
C CHECK IF VARIABLE IS Al UPPER BOUND. 

IF(NUPPER(l).EQ.1) GO TO 18 
If( I START. NE. 0) GO TO 16 
ISTART=1 
GO TO 1 7 

16 IF(RC.GE.AMIN) GO TO 21 
LP DAlA Dl 08/04/83 11:51 101 0 F 80 

c 

17 AMIN=RC 
ICOLool 
IMARK=O 
GO TO 21 

18 IF(ISTART.NE.O) GO TO 19 
ISTART=1 

GO TO 20 
19 IF(-RC.GE.AMIN) GO TO 21 
20 AMIN=-RC 

ICOL=I 
IMARK=l 

21 CONTINUE 

22 

23 

211 

25 

26 
27 

IF( ISTART.EQ.O) AMIN~O. 
IST=O 
DO 22 l=NPLUSl,NPLUSM 
ISf=ISl+l 
IF(NFLAG(l).EQ.1.0R.DUAL(IST).GE.AMIN-EPS) GO TO 22 
AMIN=DUAL( IST) 
ICOL=I 
IMARK=O 
CONllNUE 
IF(AMIN.GE.-.04) GO TO 29 
CALCULATE PIVOT COLUMN. 
IF(ICOL.GT.N) GO TO 25 
DO 23 I= 1, M 
TEMP( I )=O. 
DO 211 1=1,M 
DO 211 J=l,M 
TEMP( I )=TEMP( I )+BINV( l,J)*A(J, ICOL) 
GO TO 27 
IST=ICOL-N 
DO 26 1=1,M 
TEMP( I )=-BINV( I, IST) 
I F ( I MARI<. EQ. 1 ) GO TO 28 

354 RECS VA TECH 

c ENTERING VARIABLE IS NONBASIC AT VALUE 0. UPDATE CURRENT TABLEAU. 
CALL UPDATl(TEMP,RHS,NBASIC,NFLAG,DUAL,BINV,NUPPER, ICOL,AMIN, 

PRINTED 08/04/83 05:07 PAGE 003 

N 
w 
0 



c 

*M,N,EPS,OBJECl, IPHASE,NPLUS,XMAX) 
IF( IPllASE.EQ.1) GO TO 9 
GO TO 11! 

C ENTERING VARIABLE IS NONBASIC AT UPPER BOUND 1. UPDATE CURRENT 
C TABLEAU. 
c 

28 CALL UPDAT2(TEMP,RHS,NBASIC,NFLAG,DUAL,BINV,NUPPER, ICOL,AMIN, 
*M,N,EPS,OBJECT, IPHASE,NPLUS,XMAX) 

IF(IPHASE.EQ.1) GO TO 9 
GO TO 11! 

29 IF( IPHASE.EQ.1) GO TO 33 
C LINEAR PROGRAM TERMINATED. 

OPT=-OBJECT 
lf(IFLAG.FQ.O)GO TC 35 

C CALCULATE THE STRO~GEST SURROGATE CONSTRAINT. 
DO 32 I= 1, N 
IF(NFLAG( I ).EQ.O)GO TO 30 
SlJRROG( I )~cOBJ( I) 

LP DATA Dl 08/04/83 4:51 101 D F 80 354 RECS 

GO TO 32 
30 SlJHROG( I )=O. 

DO 31 J= 1, M 
31 SlJRROG( I )=SUHROG( I )+DUAL(J )*A(J, I) 
32 CONTINUE 

AVALU=O. 
DO 36 J=l,M 

36 AVALU~AVALU+DUAL(J)*B(J) 
GO TO 35 

33 OPT=999 
GO TO 91 

35 CONTINUE 

VA TECH 

c 
c 
c 
c 

HRITE(6,800) 
800 FORMAT( Hll ,25X, 'THE SHADOW PRICES AT OPTIMALITY ARE AS FOLLOWS',// 

c 333 
C273 
c 

*) 
DO 333 I= 1, M 
WRITE(6,273)1,DlJAL( I) 
FORMAT( 25X, 12, 10X, F8. 2) 
REMOVES OPTIMAL VARIABLES 
DO 600 1=1,N 
Y ( I ) =XM IN ( I ) 
IF(NUPPER( I ).EQ.1 )Y( I )=XUB( I) 

600 CONTINUE 
DO 601 I= 1, M 
IF(NBASIC( I ).LE.N)Y(NBASIC( I ))=RHS( I )+XMIN(NBASIC( I)) 

601 CONTINUE 
DO 90 ,J= 1, N 
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c 
c 

91 

c 
c 
c 

90 OPT=OPT+OBJ(J)*XMIN(J) 
WRIH(6,*)0PT 
WRllE(6,*)NfLAG(NPLUS),NBASIC( ICOUNT),RHS( !COUNT) 
RfflJRN 
END 
SUBROUTINE UPDAf l(TEMP,RHS,NBASIC,NfLAG,DUAL,BINV,NUPPER, ICOL, 

*AMIN,M,N,EPS,OBJECf, IPHASE,NPLUS,XMAX) 
llllS SUBROUTINE UPDATES THE CURRENT TABLEAU GIVEN THAT THE 
ENrERING VARIABLE IS NONBASIC AT VALUE O. 

DIMENSION TEMP( 150),RHS(l50),NBASIC( 150),NfLAG(300),DUAL(150), 
*BINV(150~150),NUPPER(150),XMAX(150) 

IMARKE=O 
ISTART=O 
DO 7 I= 1, M 
RT=IUIS( I) 

. SPOT= TEMP( I) 
IF(SPOT.LE.EPS) GO TO 3 
RATIO=RT/SPOl 
IF(ISTART.NE.0) GO TO 1 
ISlART=l 

GO TO 2 
1 lf(RATIO.GE.TlffTA) GO TO 7 
2 TllUA=RATIO 

IRO\J= I 
IMARKE=O 
GO TO 1 

3 lf(SPOT.GE.-EPS)GO TO 7 
LP DATA Dl 08/04/83 4:51 101 D f 80 354 RECS VA TECH 

IF (NBASIC( I ).Nf.NPLUS.OR. IPHASE.EQ.1 )GO TO 4 
HIETA=O. 
IHOW=I 
IMARKE=O 
GO TO 9 

11 IF(NBASIC( I ).Gl.N)GO TO 7 
RATIO=(RT-XMAX(NBASIC( I )))/SPOT 
IF( ISTART.NE.O) GO TO 5 
ISTART'-"'l 
GO TO 6 

5 IF(RAllO.GE.THElA) GO TO 7 
6 111 ET A= RAT I 0 

IROW=I 
IMARKE=l 

7 CONTINUE 
If( ISTART.EQ.O.AND. ICOL.GT.N)GO TO 14 
If( ISTARl.EQ.O)THETA=XMAX( ICOL) 
IF( ICOL.GT.N)GO TO 9 
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IF(TllETA.LT.XMAX( ICOL)-EPS)GO TO 9 
C ENTERING VARIABLE CHANGES FROM NONBASIC WITH VALUE 0 TO NONBASIC 
C WI HI VALUE 1. UPDATE NUPPER, RHS, AND OBJECT. 

NUPPER( ICOL)=l 
DO 8 I= 1, M 

8 RHS( I )=RIIS( I )-TEMP( I )*XMAX( ICOL) 
OBJECl=OBJECT-AMIN*XMAX( ICOL) 
GO TO 16 

C ENTERING VARIABLE CHANGES FROM NONBASIC WITH VALUE 0 TO BASIC. 
9 IF( I MARKE. EQ. 1) NUPPER( NBASIC( I ROW) )=1 

NFLAG(NBASIC( IROW))=O 
NBASIC( I ROW)= I COL 
NFLAG( ICOL)=l 
SPOl=TEMP( IROW) 
DO 10 J=l ,M 

10 BINV( IROW,J)=BINV( IROW,J)/SPOT 
RHS( I ROW)=TllFTA 
DO 12 I= 1, M 
IF( l.EQ. IROW) GO TO 12 
SPOT=TEMP( I) 
IF(SPOT.GE.-fPS.AND.SPOT.LE.fPS) GO TO 12 
RHS( I )=RHS( I )-SPOT*HIETA 
00 11 Jo= 1, M 

11 BINV( 1,J)=BINV( l,J)-SPOT*BINV( IROW,.J) 
12 CONTINUE 

DO 13 J=l,M 
13 DUAL(J)=DUAL(J)+AMIN*BINV( IROW,J) 

OBJfCT=OBJECT-AMIN*THETA 
DO 80 1=1,M 
IPT=l+N 
If( NF LAG( I PT). EQ. 1 )DUAL( I )=0. 

80 CONTINUE 
GO TO 16 

1 4 WR I TE ( 6, 1 51 
15 FORMAT(lX, ERROR. CAPY APPEARS UNBOUNDED') 

WRllE(6,*)(TEMP( I), 1=1,M) 
WRITE(6,*)IPHASE,AMIN 

LP DATA Dl 08/04/83 4:51 101 D F 80 354 RECS VA TECH 

SlOP 
16 CONTINUE 

RETURN 
END 
SUBROUTINE UPDA12(TEMP,RHS,NBASIC,NFLAG,DUAL,BINV,NUPPER, ICOL, 

*AMIN,M,N,EPS,OBJECT, IPllASE,NPLUS,XMAX) 
c 
C lHIS SUBROUTINE UPDATES TliE CURRENT TABLEAU GIVEN THAT THE 
C ENTERING VARIABLE IS NONBASIC AT VALUE 1 (UPPER LIMIT). 

PRINTED 08/04/83 05:07 PAGE 006 

N 
w w 



DIMENSION TEMP( 150),RllS(150),NBASIC(150),NFLAG(300).DUAL(150), 
*BINV( 150, 150).NUl'l'ER( 150),XMAX( 150) 

IMARKE=O 
ISTART=O 
DO 7 I= 1 , M 
RT=RHS( I) 
SPO f=TEMP( I ) 
lf(SPOT.GE.-EPS) GO TO 3 
RATIO=(RT+SPOT*XMAX( ICOL))/SPOT 
IF( ISTART.NE.O) GO TO 1 
ISTAHT=l 
GO TO 2 

1 lf(RATIO.LE.THETA) GO TO 7 
2 THETA=RATIO 

IROW=I 
IMARKE=O 
GO TO 7 

3 lf(SPOT.LE.EPS) GO TO 7 
IF(NBASIC( I ).NE.NPLUS.OR. IPHASE.EQ. l)GO TO 4 
TllETA=XMAX( ICOL) 
IROH=I 
IM/\RKE=O 

GO TO 9 
11 IF(NBASIC(l).GT.N)GO TD 7 

RAl IO=(RT+SPOT*XMAX( ICOL)-XMAX(NBASIC( I )))/SPOT 
I F ( I S 1 ART. NE. 0 ) GO TO 5 
ISTART=l 

GO fO 6 
5 lf(RATIO.LE.TllETA) GO TO 7 
6 lllElA=RATIO 

IHOW=I 
IMARKE=l 

7 CONTINUE 
IF( ISTART.EQ.O)lllfTA=O. 
IF( ICOL.GT.N.OR.TllETA.GT.EPS) GO TO 9 

C ENTERING VARIABLE CHANGES FROM NONBASIC WITH VALUE 1 TO NONBASIC 
C WllH VALUE O. UPDATE NUPPER, RHS, AND OBJECT. 

NUPPER( I COi )=O 
DO 8 I= 1, M 

13 RIIS( I )cornts( I )+TEMP( I )HXMAX( ICOL) 
OBJECT=OBJECT-AMIN*XMAX( ICOL) 
GO TO 111 

C ENlERING VARIABLE CHANGES FROM NONBASIC WITH VALUE 1 TO BASIC. 
9 NUPPER( ICOL)=O 

IF( IMARKE.EQ.1) NUPPER(NBASIC( IROW))=l 
NFLAG(NBASIC( IROW))=O 

LP DATA 01 08/04/83 4:51 101 D F 80 354 RECS VA TECH PRINTED 08/04/83 05:07 PAGE 007 

N 
w 
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NBASIC( I ROW)= I COL 
NFLAG( ICOL )=1 
SPOl=TEMP( IROW) 
DO 10 J=l ,M 

10 BINV( IROW,J)=BINV( IROW,J)/SPOT 
HHS( IROW)=HIETA 
DO 12 I= 1, M 
IF ( I • EQ. I ROW) GO TO 12 
SPOl"'TEMP( I ) 
IF(SPOT.GE.-EPS.AND.SPOT.LE.EPS) GO TO 12 
HHS( I )=RHS( I )+SPOT*XMAX( ICOL)-SPOT*THETA 
DO 11 J=l,M 

11 BINV( 1,J )=BINV( I ,.J )-SPOT*BINV( IHOW,J) 
12 CONTINUE 

DO 13 J=l,M 
13 DlJAL(J)=DlJAL(J)-AMINltBINV( IROW,J) 

OBJECT=OBJECT-AMIN*(XMAX( ICOL)-THETA) 
1 L1 CONT I NUE 

DO 80 1=1,M 
IPl=l+N 
IF( NF LAG( I PT). EQ. 1 )DUAL( I )=O. 

80 CONTINUE 
RETURN 
fND 

N 
w 
V1 
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APPENDIX V. 

COMPUTATIONAL ASPECTS 

This problem was run on an IBM 3081 series D24 computer. In the 

beginning, several test problems were solved using the Fortran G 

compiler. For this compiler, the compilation time was roughly 6 sec; 

the execution time was around 59 minutes. Upon examining the results, 

in order to obtain the final optimal replacement sequence, as many as 

2000 linear programming each of about 100 variables and 60 constraints 

were solved. 

Then, the same test problems were run using the "Fortran H 

extended compiler. Fortran H provides more accuracy as well as 

optimization of compiling. According to the User's Guide FT04, 

published by the Virginia Tech Computer Center, there are three options: 

OPT = 0 means the compiler does no optimization. OPT = 1 implies 

that the compiler is to treat each source program as a single program 

loop and is to optimize the loop according to allocation and branching. 

OPT = 2 implies that the compiler is to treat each source program as a 

collection of loops and is to optimize each loop with regard to register 

allocation, branching, common expression elimination, and replacement of 

redundant computations." Option one was first applied. The results 

were virtually identical except that the compilation took 11 sec and the 

execution took 1 hour 12 minutes. Option two was then applied. The 

compilation again took 11 seconds but the execution time was 

significantly lessened --it took merely 26 minutes approximately. In 
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other words, for the solution procedure (the FORTRAN program) used for 

this research, the FORTRAN H compiler with option 2 took only 45% CPU 

time of that of FORTRAN G compiler and 36% of that of FORTRAN H option 

one. 

Another computational element concerns the use of tolerance 

parameters in the linear program subroutine (LNCAPY). According to 
-

Warren P. Adams who developed the subroutine, the following are the 

parameter specifications and their implications:" 

EPS: At the value of .000001. When pivoting in the linear program 

procedure, an element in the A-matrix with value in the interval 

[-.000001, .000001] is assumed to have a value of zero. 

EPS2: At the value of .04. This tolerance parameter is used to 

determine whether a variable is a candidate to become basic. The 

stopping criteria is when all reduced costs are greater than or equal to 

EPS2. 

In a typical minimization linear programming, the stopping criteria 

is based on all reduced costs being negative; her, it stops when all 

reduced costs are greater than or equal to some predetermined tolerance 

(EPS2). One must judiciously choose this EPS2 so that tradeoff between 

accuracy and CPU time is desirable. In the case where EPS2 is set too 

large, optimality may not be achieved while in the case where EPS2 is 

set too small, CPU time increases. Based upon experimental testing, 

EPS2 tends to perform well in the range (.04, .07). A note of caution 

here is not to set EPS2. close to zero. The LNCAPY subroutine may either 
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declare the linear program infeasible (which is in fact feasible) or 

pivot indefinitely." 
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