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ABSTRACT 

Cell fonnation in cellular manufacturing deals with the identification of machines 

which can be grouped to create manufacturing cells as well as the identification of part 

families processed within each cell. Manufacturing flexibility is the property of the 

system components that are integrally designed and linked to each other in order to allow 

the adaptation to various tasks. This research focuses on classifying and quantifying 

several types of cellular manufacturing flexibility. These types are defined in order to 

respond to internal and external changes. Based on these definitions, we link components 

of the cellular manufacturing systems (part families and machine groups) to develop a 

CM flexibility hierarchy. Several cellular flexibility and structural measures are 

developed at each level of the CM flexibility hierarchy and for each component of the 

CM systems. These measures can be used in order to evaluate and/or design cellular 

manufacturing systems. 

A new cell fonnation method (Flexible Cell Fonnation method), which has 

several unique features, is developed. This method incorporates the flexibility measures 

in designing cellular systems and can generate several alternative designs with different 

levels of flexibility. The method developed also uses a new similarity measure which 

incorporates machine processing capability. 

The proposed method is compared to selected methods of cell fonnation. Finally, 

this research concludes with a comprehensive experimental analysis to investigate the 

impact of several input parameters. The results are used to show how each parameter 

should be set by the user of the method to incorporate specific types of flexibility. 



CBAPI'ER 1 

INTRODUCTION 

1.1 An Introduction to Cellular Manufacturing 
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Due to increased foreign and domestic competition in recent years, a substantial 

number of manufacturing fmns involved with discrete-part production are currently 

attempting to improve their competitive stance by auditing and upgrading their 

manufacturing operations. Such manufacturing fmns are focusing on improving the 

efficiency, productivity, and flexibility of their production activities. Two dominating 

(but not mutually exclusive) philosophies aimed at improving the performance of such 

manufacturing systems have emerged in recent years. Computer Integrated Manufacturing 

(CIM) has primarily been developed in the U.S. and holds that improvements come from 

the computerization of tasks and integration of company functions using computer-links 

and data bases. The Just-In-Time/Total Quality Management (llT/TQM) philosophy is 

of Japanese origin and is a more consistent and problem oriented philosophy. Its basic 

message is that improvements in manufacturing operations come from waste elimination, 

employee involvement, and a focus on materials flow (Hall, 1983; Schonberger, 1982; 

Suzaki , 1987). 

There is a third idea or philosophy that links CIM and llT/TQM called Group 

Technology (GT). GT is an approach to manufacturing and engineering management that 

helps manage diversity by capitalizing on underlying similarities in products and 
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activities. The concept of GT was fITst fonnalized in the Soviet Union in the 1940's. 

From there it spread to Eastern and Western Europe, Japan, and the US. Today, interest 

in GT is widespread and one can find references to GT applications across the world. 

Within the manufacturing context, GT can be defined as a manufacturing philosophy 

identifying similar parts and grouping them together into families to take advantage of 

their similarities in manufacturing and design. 

One application of the GT philosophy in manufacturing is Cellular Manufacturing 

(CM). CM is concerned with the creation and operation of manufacturing cells which are 

dedicated to the production of a set of part families. A manufacturing cell can be 

regarded as a group of functionally dissimilar machines placed in close proximity to one 

another to produce a family of parts. A part family is a set of parts which are similar in 

tenns of design, shape, or processing requirements. CM has been proposed as an 

alternative for the job shop process. CM layout is the opposite of job shop layout (see 

Figure 1-1) where sets of similar machines are located together and dedicated to 

dissimilar products/parts. Note that the CM layout differs from mere machine dedication 

since it involves the physical rearrangement of the factory floor (see Figure 1-2). 



/ 
G 

v 
G 

v 
G 

Figure 1-1: Job shop configuration 
Key D=Drill Press G=Grinder L=Lathe M=Milling Machine 
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Figure 1-2: Cellular manufacturing configuration 
Key D=Drill Press G=Grinder L=Lathe M=Milling Machine 
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Since cells process part families, the tooling and fIxture requirements in each cell 

can be standardized. This leads to a reduction in setup times and, hence, provides an 

opportunity to reduce lot sizes, trim work-in-process inventories, and shorten 

manufacturing cycle times. This, in tum can lead to signifIcant strategic benefIts. eM 

also provides easier managerial control (since smaller systems need to be controlled) and 

an increase in productivity of workers (due to greater job satisfaction). Hence, eM 

facilitates the implementation of Just-In-Time production. However, in recent years, 

researchers have also argued that implementing eM could lead to a loss of 

"manufacturing flexibility" as it leads to a dedication of equipment to part families. In 

the next section, we briefly review the concept of flexibility. 

1.2 Notion of Manufacturing Flexibility 

The word "flexible" is used to describe objects "capable of responding or 

conforming to changing or new situations". Flexibility of a system is typically viewed 

as its adaptability to a wide range of possible environments that it may encounter. Hence, 

a flexible system must be capable of changing in order to deal with a changing 

environment. Manufacturing flexibility focuses on the ability to reconfIgure 

manufacturing resources so as to produce different products of acceptable quality 

effIciently and is usually discussed relative to a domain. This domain is defIned in terms 

of a portfolio of products, processes, and procedures. Moreover, there are other aspects 

of manufacturing flexibility that must also be defIned. These include the speed and the 

cost of response, the amount of required reinvestment, and the extent of interruptions in 
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the existing system. 

There exists no rigorous method for identifying the domain of managerial 

concepts such as manufacturing flexibility. Based on the assumption that social systems 

facing uncertainty utilize flexibility as an adaptive response, Gerwin (1987) identified the 

domain of manufacturing flexibility in terms of seven different sets of uncertainties : 

(1) Uncertainty as to which products will be accepted by customers created a need 

for manufacturing processes able to produce a number of different products at the 

same time. 

(2) Uncertainty as to the length of product life cycles leads to a need for the 

manufacturing system to be able to deal with additions to and subtractions from 

the product mix over time. For example, in the assembly of electronic circuit 

cards, the components used on the cards (e.g., chips, resistors) have a short life 

cycle. Hence, the component mix for circuit cards is very uncertain and changes 

almost daily. 

(3) Uncertainty as to which particular attributes customers want (at the beginning of 

the life cycle for a standardized product or throughout the life cycle for a product 

that can be customized) leads to a need for processes able to cany out a number 

of distinct operations. 

(4) Uncertainty with respect to machine downtime creates a need for a manufacturing 

system that is able to change the operating sequence through which the pans 

flow. 
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(5) Uncertainty with regard to the amount of customer demand for products leads to 

a need for the ability to easily change the aggregate amount of production of a 

manufacturing process. 

(6) Uncertainty as to whether the material inputs to a manufacturing process meet 

standards and the uncertainty in process tolerances gives rise to the need for an 

ability to handle uncontrollable variations in the composition and dimensions of 

the parts being processed. 

(7) Uncertainty in delivery times of raw materials creates a need for the ability to 

rearrange the order in which different kinds of parts are fed into the 

manufacturing process. 

In recent years, there has been a dramatic increase in the focus on manufacturing 

flexibility. This is primarily due to two factors. First, there has been an increase in the 

uncertainty associated with product and process changes due to the rate of change in 

technology. Second, increased competition has also led to frequent changes in the product 

and the process. For example, in the machine tool industry, companies are frequently 

modifying their product mix and making changes in manufacturing processes so that they 

can supply a larger set of customers. 

Manufacturing flexibility has major implications for a firm's competitive strength. 

The significant role of manufacturing flexibility makes it a part of the firm's strategy. 

Hayes and Wheelwright (1984) consider flexibility as one of the dimensions of the 

competitive strategy of a business along with price, quality, and dependability. 
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This discussion indicates that the concept of manufacturing flexibility is critical 

for organizations to function effectively in a dynamic and competitive environment. This 

may be one explanation for the growth of research focusing on this issue in the last 

decade. In direct contrast to the mass production mode of manufacturing that was widely 

adopted in the 1950's and 1960's, there has been a dramatic shift to the flexible and 

small batch production concept in the last 20-30 years. Hence, manufacturing systems 

which can be operationally efficient as well as provide a certain degree of flexibility have 

become very important. 

In our context, by incorporating manufacturing flexibility in CM, it may be 

possible to achieve the efficiencies associated with the mass production of few products 

in batch production of a larger set of products. Further, flexibility and reduced cycle 

times are two of the major reasons for the increasing popularity of CM systems and 

FMS's. In this vein, the major focus of this dissertation is to explicitly consider 

manufacturing flexibility in identifying a structural cellular configuration (i.e., machine 

groups which represent potential manufacturing cells and the associated part types to be 

processed within each cell). 

1.3 Contributions of this Research 

The major contributions of this dissertation are as follows: 

• We propose a classification of prior research on cell formation based on the type 

of methodology employed. 

• Based on prior research on manufacturing flexibility, we identify five types of 
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changes which impact the operational perfonnance of a CM system. 

• We develop a hierarchical framework for incorporating flexibility in CM. 

• The hierarchy developed is used as a basis to fonnulate measures of flexibility for 

dealing with all types of changes. These measures can be used to design! evaluate 

alternative cellular configurations. 

• We propose a cell fonnation method which incorporates several of the structural 

flexibility measures and demonstrate its application using hypothetical data. 

• We compare the proposed method with procedures developed in prior research 

using published data. 

• Using hypothetical and published data, we show how the proposed procedure can 

identify flexible cell system designs. 
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1.4 Organization of the Dissertation 

The remainder of this dissertation is structured as follows. In Chapter 2, we 

describe the manufacturing cell formation problem and related literature. Chapter 3 

discusses the concept of manufacturing flexibility and how it can be incorporated in 

manufacturing cell formation. In Chapter 4, we present a framework for analyzing 

flexibility in a CM and this is followed by measures for designing/evaluating cellular 

configurations. Chapter 5 describes and illustrates the proposed cell formation procedure 

and in Chapter 6, we compare this procedure with two methods developed in prior 

research. In Chapter 7 , we apply the proposed method to several data sets and illustrate 

how it can be used to identify "flexible" cell system designs. Finally, Chapter 8 

discusses the conclusions and directions for future research. 
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CHAPTER 2 

CELL FORMATION IN CM 

This chapter discusses and reviews a fundamental issue in CM, the cell fonnation 

(CF) problem. This problem is of strategic and operational importance in that it affects 

the fundamental structure and the overall layout of a CM system. In Section 2.1, the cell 

fonnation problem is fonnally defined and discussed; Sections 2.2 through 2.6 review 

prior literature on CF; and fmally, in Section 2.7 a critical evaluation of this review is 

presented. 

2.1 Cell Formation - A Discussion 

In order to introduce cellular manufacturing in a job shop environment, it is 

necessary first to identify parts and machine tools to be considered in the cellular 

configuration. This process differs with respect to whether cells are created by 

rearranging existing equipment on the factory floor or whether new equipment is 

acquired for the cells. Cells using existing equipment are usually manned and operators 

have major responsibilities for setup, processing, materials handling, and inspection. 

Cells may be designed to operate with completely new equipment often incorporating 

various fonns of flexible automation (Le., flexible manufacturing systems (FMS». Such 

cells are typically unmanned and the role of humans in the operation of the cells is 

restricted to loading and unloading parts, tool changing, maintenance, and inspection 

(Wemmerl6v and Hyer, 1986). Irrespective of the type of cell, however, one of the first 

problems faced in the cell implementation process is CF. 
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Cell fonnation deals with the identification of the family of parts and the group 

of machines on which these parts are to be processed. The CF problem may be defined 

as : "Ifthe number, types, and capacities of production machines, the number and types 

of parts to be manufactured, and the routing plans and machine standards for each part 

are known, which machines and their associated parts should be grouped together to fonn 

cells ?", (Wei and Gaither, 1990). In some models the problem definition is expanded 

to allow choice of processing operations to achieve specific features. During the past two 

decades, a considerable amount of research has been directed at this problem. 

Comprehensive reviews of cell fonnation procedures are provided by King and 

Nakornchai (1982), Ballakur (1985), Wemmerlov and Hyer (1986) and Kusiak and 

Chow (1987). 

CF assumes that a set of parts is identified as suitable for manufacture on a 

specified group of machines. To do this there must exist a basic relationship between a 

part and a set of machines (e.g., a part routing). Parts can be related to each other 

because they are processed on the same group of machines, and similarly machines can 

be related if they process the same set of parts. Most procedures for CF rely on these 

relationships to establish part families and machine cells. 

Once the part and machine populations for CM have been identified, the CF 

problem can be reduced to three major decisions: (a) identification of part families; (b) 

identification of machine cells; and (c) allocation of the families to cells or vice versa. 

These three decisions are interrelated and compose subproblems of the CF problem. 
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Classifications of methods of CF have been proposed by several researchers. 

Methods of CF can be classified according to several criteria (see, for example, 

Burbidge, 1975 and Wemmerl6v and Hyer, 1986). A classification based on the type of 

general methodology employed is shown in Figure 2-1. In the next five sections of this 

chapter, we briefly review procedures based on this classification. 

2.2 Descriptive Procedures 

The methods discussed in this section can be classified further into three major 

classes. The first class, which is referred to as part families identification (PFI), begins 

the cell formation process by identifying the families of parts first and then allocates 

machines to the families. The second class, which is referred to as machine groups 

identification (MGI), follows the reversal of the first class' steps. The third class of the 

descriptive procedures, which is referred to as part families/machine grouping (PF/MG), 

identifies the part families and machine groups simultaneously. 

PFI methods can be sub-classified as those based on informal systems (e.g., rules 

of thumb, visual examination or other criteria) and those based on formal coding and 

classification systems. Most of the literature discussing informal approaches to identify 

part families describes actual experiences of firms that have implemented cells. For 

example, manufacturers of valves identified valve bodies, valve plugs, valve rings, and 

valve stems as part families for which manufacturing cells were then established (Barker, 

1970 and Phillips, 1971). In the case of the Langston Company of Camden, New Jersey, 

over 93 % of 3000 selected components were classified into six families of: 1) small 
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I CELL FORMATION TECHNIQUES 

1 1 
DESCRIPTJVE CLUSTER GRAPH ARI'IFIcrAL MATHEMATICAL 
PROCBDURES ANALYSIS PAR1TI10NING INTBWGBNCB PROGRAMMING 

I 
1 1 1 1 
PFI MOl PF/MG LP LQP OP DP 

Figure 2-1 Classification of the CF methods 
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cubed parts, 2) medium cubed parts, 3) small bar stock parts, 4) small cylindrical parts, 

5) medium cylindrical parts, and 6) large cylindrical paIts. 

Methods of fonning part families using fonnal classification and coding systems 

focus on identifying parts with a high likelihood to undergo a common set of machining 

operations. The role of group technology (GT) codes in the context of cellular 

manufacturing is primarily as an aid in identifying the part families to which production 

cells should be dedicated. It is possible, of course, to establish cells without relying on 

GT codes. Further analysis is required before a family of parts to be manufactured in a 

cell, and the machines which will comprise that cell, can be specified. Such analysis 

entails an examination of specific routings and operation sequences, demand, and 

resulting machine loads. The reader interested in an overview of coding and classification 

systems is referred to Askin and Vakharia (1991). 

MGI procedures consider the CF problem as a two-stage process. In the first 

stage of their analysis, machines are grouped based on infonnation available in part 

routings. The second stage usually consists of allocating parts to machine groups and re

evaluating the cells on other factors such as machine utilization, machine layout within 

cells, etc. Descriptive MGI methods have been proposed by de Beer, Van Gerwen, and 

de Witte (1976) and de Beer and de Witte (1978). 

When a CF approach attempts to group parts into part families and machines into 

machine groups simultaneously, then such an approach can be classified as PF/MG. Most 

of the approaches in this category begin by choosing a part population and a related 
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machine population, with the intent of creating multiple manufacturing cells. Burbidge 

(1977, 1979) proposed a manual method for CF called "Nuclear Synthesis" where 

manufacturing cells are created around "key machines". He also describes another 

similar manual method called the Salford Method. It is similar in principle to nuclear 

synthesis, but the key machines are found progressively by eye and the aim is to find key 

machines which will form the nuclei for the fmal cells. EI-Essawy (1971) proposed a 

method called Component Flow Analysis (CFA) at about the same time. In some 

respects, the methodology of CFA does differ from that of Burbidge's procedure since 

the latter first partitions the problem, whereas the former does not. Both however, stress 

the importance of local factors which are not easily formulated explicitly, and the need 

for careful analysis of data both before and after group formation. 

2.3 Procedures Based on Cluster Analysis 

Cluster analysis is composed of many diverse techniques for recognizing structure 

in a complex data set. The main objective of this statistical tool is to group either objects 

or entities or their attributes into clusters such that individual elements within a cluster 

have a high degree of "natural association" among themselves and that there is very little 

"natural association" between clusters. A good treatise on the subject is given by 

Anderberg (1973), Hartigan (1975), Sneath and Sok2.1 (1973), Everitt (1980), and 

Koffman (1991). Clustering procedures can be classified as: (1) array-based clustering 

techniques; (2) hierarchical clustering techniques; and (3) non-hierarchical clustering 

techniques. 
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In array based clustering, the processing requirements of components on 

machines can be represented by an incidence matrix. This is referred to as the machine

component matrix [A]. The machine-component matrix has zero and one entries (:ljJ A 

" 1" entry in row i and column j (:ljj = 1) of the matrix indicates that component j has an 

operation on machine i, whereas a "0" entry indicates that it does not. The array based 

techniques try to allocate machines to groups and components to associated families by 

appropriately rearranging the order of rows and columns to find a block diagonal form 

of the :ljj = 1 entries in the machine-component matrix. 

The literature yields at least eight array-based clustering algorithms, namely, Bond 

Energy Analysis by McCormick et al (1972), Rank Order Clustering by King (1980 a, b) 

and King and Nakomchai (1982), Modified Rank Order Clustering by Chandrasekharan 

and Rajagopalan (1986b), Direct Clustering Analysis by Chan and Milner (1982), 

Occupancy Value method by Khator and Irani (1987), Cluster Identification method by 

Kusiak and Chow (1987), and the Hamiltonian Path Heuristic by Askin, Cresswell, 

Goldberg, and Vakharia (1991). 

In hierarchical clustering, the data in the machine-component matrix are not 

partitIoned into groups or cells in one step. Rather they are first separated into a few 

broad cells, each of which is further divided into smaller groups, and each of these 

further partitioned, and so on until terminal groups are generated which cannot be 

subdivided. Essentially hierarchical techniques may be subdivided into agglomerative 

methods which proceed by a series of successive fusions of the M machines or the N 
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parts into groups, and divisive methods which partition the set of M machines (N parts) 

successively into finer groups. All the agglomerative hierarchical techniques ultimately 

reduce the data to a single cluster containing all the machines (parts), and divisive 

techniques will fmally split the entire set of machines (parts) into M (N) cells each 

containing a single machine (part). Hierarchical classifications may be represented by 

inverted tree structures or dendrograms, which are two-dimensional diagrams illustrating 

the fusions or divisions which have been made at each successive stage of the analysis. 

In the context of CF, only agglomerative clustering techniques have been used. 

The most widely used technique is single linkage (McAuley, 1972; Carrie, 1973; 

Waghodekar and Soho, 1984). More recently, the problem of "chaining" due to the use 

of single linkage has been investigated and hence, the average linkage algorithms have 

been recommended for CF (Gupta, 1991; and Vakharia and Wemmerl6v, 1992). A new 

hierarchical clustering algorithm for CF referred to as the Set Merging algorithm has also 

been proposed by Vakharia and Wemmerl6v (1990). Recently, Shafer and Rogers 

(1993a, b) overviewed the similarity and dissimilarity measures applicable to cellular 

manufacturing. 

Non-hierarchical clustering methods are iterative methods and they begin with 

either an initial partition of the data set or the choice of a few seed points. In either case, 

one has to decide the number of clusters in advance. Arbitrariness in the choice of seed 

points (or initial partition of data) could lead to unsatisfactory results. Non-hierarchical 

procedures have been developed by Chandrasekharan and Rajagopalan (1986a, 1987), 
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Lemoine and Mutel (1983), and Srinivasan and Narendran (1991). 

2.4 Graph Partitioning Approaches 

Graph partitioning methods treat the machines and parts as vertices and the 

processing of parts as arcs connecting these nodes. These models aim at obtaining 

disconnected subgraphs from a machine-machine or machine-part graph to identify 

manufacturing cells. Rajagopalan and Batra (1975) suggest the use of Jaccard's similarity 

coefficients and graph theory to form machine groups. They begin with an unconnected 

set of vertices, where each vertex represents a separate machine. The edge connecting 

machines j and k is entered in the graph only if the "similarity" between the machines 

is greater than a prespecified threshold value. After all allowable edges have been 

introduced, cliques - groups of machines in which each machine pair (i,k) is connected 

by an edge - are formed. The cliques, typically consisting of only a small number of 

machines, are then merged using a graph partitioning method that creates cells so that 

intercell moves are minimized. An upper limit on cell size constrains the number of 

machines in each partition. During the process high and balanced machine utilization are 

strived for. Machine loads are used to determine the number of machines of a given type 

needed for each cell. 

Faber and Carter (1986) developed a graph theoretic algorithm for grouping 

machines and parts into manufacturing cells by converting the machine-machines 

similarity matrix into a cluster network. The cluster network is partitioned into cells by 

solving a minimum cost flow problem. 
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Askin and Chiu (1990) proposed a cost-based mathematical fonnulation and 

heuristic solution for the group technology configuration problem. The Kernighan and 

Lin (1970) graph partitioning method was adapte,d and applied in a two phase partitioning 

algorithm. The first phase assigns parts to specific machines. The second phase groups 

machines into cells. Vohra et al (1990) proposed a network-based algorithm to minimize 

the amount of machining times perfonned outside the part primary cells. Wu and 

Salvendy (1993) developed a network model to partition the machine-machine graph into 

cells by considering operation sequences. 

2.5 Artificial Intelligence Approaches 

Elmaghraby and Gu (1988) presented an approach for using domain specific 

knowledge rules and a prototype feature based modeling system to automate the process 

of identifying parts attributes and assigning the parts to the most appropriate 

manufacturing cell. The expert assignment system is based on the geometric features of 

the parts, characteristics of fonned manufacturing cells, parts functional characteristics 

and attributes, as well as domain specific manufacturing knowledge. Kusiak (1988) 

developed a pattern recognition based parts grouping which is similar to the grouping in 

GT. The basic difference between these two approaches is in the degree of automation. 

2.6 Mathematical Programming Approaches 

Mathematical programming methods can be classified into 4 major groups based 

on the type of fonnulation: (1) linear programming (LP), (2) linear and quadratic integer 

programming (LQP), (3) dynamic programming (DP), and (4) goal programming (GP). 
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LP based CF methods have been proposed by Purcheck (1979), 1975a, 1975b, and 1977) 

and Olivia-Lopez and Purcheck (1979). They essentially apply the technique of 

combinatorial grouping and LP to the CF problem. LQP models have been proposed by 

Ballakur (1985), Kumar et a1 (1986), Kusiak (1987), Kusiak and Heragu (1987), 

Choobineh (1988), Elzinga et al (1989), Kasilingam and Bhole (1990), Vakharia et al 

(1989), Vakharia and Kaku (1993), Wei and Gaither (1990) and Boctor (1991). DP 

models have been developed by Steudel and Ballakur (1987) while GP models have been 

proposed by Sankaran (1990) and Shafer and Rogers (1990). A summary of the 

objectives considered, model size and solution technique of the mathematical 

programming approaches is shown in Table 2-1. 



Table 2-1: Mathematical programming approaches 

Fonn Obj. number of Constraints number of variables 
Reference 

Integer Continuous 

Ballakur (1985) LQP 1 4(MPC)+M+P+C C(F+P+M) 
QP 1 M+P+C C(M+P) 

Boctor (1991) LQP 1 M+P+2CD C(M+P)+2CD 

Choobineh (1988) LQP 4,10 F(I +PC)+MC+ 1 C(F+P+M) 

Co & Araar (1988) LQP 6 3M M2 

Dahel & Smith (1993) LQP 1 p PC+OPC+MC 
CM+L mp(PC+l) 

p=\ 
+M+C 

Damodaran, Lashkari & LQP 10 P+M+MP(1+0+MO) M2pO PM+M2PO 
Singh (1992) 

Elzinga & Swain (1989) LQP 2,9 PM+MC+C PC+C 

Gunasingh & Lashkari LQP 1,5 C+M CM 
(1989) 

Kasilingam & Bhole (1990) LQP 10 C(I+P+M)+T+P PMCT+PC+T 
+MC 

----------.. ---- - _ .. _--- - - ---_ .. - -- -- ~ - --_ .. _--

Solution I 
Technique(s) . 

UNDO ; 

NONE 
, 

UNDO& ! 

SIMUL. 
ANNEAL. I 

NONE 

UNDO 

UNDO 

NONE 

NONE 

SAS/OR 

UNDO 

w 
00 



Table 2.1 Continued 

Fonn Obj. number of Constraints 
Reference 

Kumar, Kusiak & Vannelli QP I P+C 
(1986) 

Kusiak (1987) LQP 11 P-MED p2+P+ I 
p 

GN-MED (L Kp)2+P 
p"l 

+1 

Kusiak & Heragu (1987) LQP II P-MED p2+P+ 1 
p 

DP GN-MED (LKpf+P 
p,l 

+1 

P+F 

Lashkari & Gunasingh LQP II M+C 
(1990) 

Logendran (1991 b) LQP 2 P+M+OP+OPC 

Ferreira Ribeiro and LQP 2,5, II P+M 
Pradin (1993) 

number of variables 

Integer Continuous 

PC 

p2 
p 

(LK/ 
p"l 

p2 
p 

(LKp)2 
p=l 

PF 

MC 

C(P+OP+M) 

PM 

Solution 
Technique( s) 

K-Decomp 
(QAP) 

IP CODE 
UNDO 

IP CODE 
UNDO 
NONE 

LAGRANG. 
RELAX. 

NONE 

B&B· 

Vol 
\0 



Table 2.1 Continued 

Fonn Obj. number of Constraints 
Reference 

Rajamani, Singh & Aneja LQP 5 
p "" 

(1990, 1992) 2P+(1 +CM)L L 0kp 
p:1 k:1 

+C(p+M+l)+1 

SanlGiran (1990) GP 10 4F+M+2 
LQP 10 F(5+2M+2P+2p2)+P 

Sankaran & Kasilingam LQP 5,10 p 

(1990) P+C+M+CML Rp 
p=1 

Shafer & Rogers (1990) GP 2,9,12 NEW 4+4F+3p2F 
+ 3P+ MF(3 + P) 
EXIST M+l 

MIX M+I 

Shafer, Kern & Wei LQP 2,4 I+E+CM 
(1992) 

-- ------- -- --- -- --- ----

number of variables 

Integer Continuous 

p 

p "" CM+LKp CMLLokP 
p=1 p=1 1e=1 

p Kp 

+MLLol.p 
p=1 k=1 

PF(I+F)+MF 
PF(I+F)+MF 

p 

MC+CLRp 
p:1 

2¥F+6MF+ 4+PF+2MF 
2PMF 

2p2F+4MF+ 2+PF+2MF 
2PMF 

2p2F+6MF+ 4+PF+2MF 
2PMF+M 

P+PM+CM 

-- ------------ - -. ---

Solution 
Technique(s) 

UNDO 

UNDO 
NONE 

UNDO 

NONE 

NONE 

NONE 

UNDO 

~ 
o 



Table 2.1 Continued 

Fonn Obj. number of Constraints number of variables Solution 
Reference Technique( s) 

Integer Continuous 

Singh, Aneja & Rana LQP 10 P+M CP Multi-obj 
(1992) 

Song & Hitomi (1992) QP I C+M CM B&B 

SteudeJ & BaIJakur (1987) QP II NONE M HELD & i 
, 

KARP 
, 

, 

TSPDP I 

, 

Vakharia, Askin & Sen LQP 1,5 O+C(l +M+O) C(M+O) ZOOM 
(1989) I 

Vakharia & Kaku (1989) LQP 2,5 O+C(M+O) PCM+CM ZOOM i 
I 
I 

VenugopaJ & Narendran LQP 7 C+M CM NONE 
(1992) 

Wei & Gaither (J 990) LQP 3 2M+C+P(C+2) P(M+2)+MC ZOOM 
-- - ----.---~- --- -

~ 



Notes: 
(A) The objectives considered by the different models shown in column (3) are as follows: 

I. Minimization of the number of exceptional parts (EPs) defined below. 
2. Minimization of the number, cost, or weighted distance of intercell moves of EPs 
3. Minimization of the opportunity costs of EPs. 
4. Minimization of the cost of duplicate machines 
5. Minimization of the machine allocation costs. 
6. Minimization of the inter-cell capacity imbalance, 
7. Minimization of the load imbalance within cells 
8. Maximization of the capacity utilization. 
9. Minimization of the conversion costs, 
10. Minimization of the total operating costs, 
II. Maximization of the sum of similarities 
12. Minimization of the setup time. 

(B) Exceptional Parts are these which have operations carried out in multiple cells 

(C) C = number of cells D = number of I s in the part-machine matrix 
E = number of EPs F = number of part families 
~ = number of plans for part p M = number of machines 
mp = number of machines required by part p 
o = number of operations 0kp = number of operations for the kth plan of part p 
P = number of parts ~ = number of routes for part p T = number of tools 

+0-
Iv 
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2.7 Critical Evaluation 

This brief overview of prior research on CF indicates that a number of approaches 

have been developed to address this problem. A comparison of some of the more well

known methods developed to date is shown in Table 2-2. This comparison leads us to the 

following critical evaluation of prior research: 

1. The descriptive heuristics for CF require a subjective evaluation in order to 

identify part families and/or machine groups. Thus, the performance and the 

solution quality of these methods is questionable. 

2. Most of the clustering techniques focus on manipulating the machine-component 

matrix in one way or another. These methods try to restructure the matrix in 

order to minimize the number of non-block diagonal entries (BPs). Some methods 

use array-based techniques and the others use some similarity or distance 

measures to identify the clusters. The performance guarantee of these methods is 

not known. Most of the final solutions of these methods differ depending upon 

the algorithm used. Thus, there is a need for comprehensive comparisons to 

screen the applicability of this vast varieties of techniques. 

3. Most of the similarity coefficients available in the literature on CF focus on a 

single criteria. However, given that CF is typically a multi-criteria problem, 

there is a need to develop better similarity measures to deal with these multiple 

objectives. 

4. Although there are numerous mathematical programming formulations for CF 
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which have been developed to date, these are hard to implement due to 

computationa1limitations for large, practical problems. 

5. In general, the major shortcomings with prior research are as follows. First, 

several cell formation procedures proposed consider only a single objective in 

identifying cells. This ignores the fact that the CF problem, by structure, contains 

multiple objectives and limitations. For example the array-based methods only 

focus on the single objective of cell independence, which could make the final 

configuration unsuitable for implementation since factors such as machine 

loadings, the availability of multiple machines of the same type, etc., are not 

considered when identifying such configurations. Second, other CF methods 

which focus on minimizing total costs do consider multiple factors but are 

typically based on heuristic approaches. These methods either consider the 

multiple objectives in a predetermined hierarchical fashion or require the user to 

develop a ranking of the objectives in order of importance. Third, there are very 

few comparison studies in the literature to compare the solution quality of all the 

methods. This issue is compounded by the fact that the objectives considered and 

information requirements of the methods differ. 

6. Very little attention has been paid to the incorporation and measurement of 

manufacturing flexibility in cellular manufacturing systems. In fact, no method 

explicitly incorporates this objective in CF and few, if any, measures to assess 

flexibility in cellular configurations have been developed to date. 
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In sum, there are several criticisms which can be levelled at prior research on CF. 

In this dissertation, our primary focus is on developing a CF method which explicitly 

incorporates various types of flexibility in CF. In the next chapter, prior literature on 

manufacturing flexibility is reviewed. 



Table 2-2: Comparison of the CF methods 

Reference Features! 
Type Objectives 

Constraints 

A B C E G K P F L N 0 

Askin and Chiu (1990) • • • • • 
Askin and Subramanian • • (1987) 

Askin et al [HPH] (1991) • 
Balasubramanian & • • Panneerselvam (1993) 

Ballakur (1985) • • • • • 
Ballakur and Steudel • • • • [WUBC] (1987) 

Ben-Arieh .& • Triantaphyllou (1992) 

Boctor (1991) • • • • 

Solution 
Approach 

H I J Q 

• 
• 
• • 

• .. 

• • 
• 

• 

M 

N 

N 

y 

N 

N 

N 

N 

y 

D 

92x362 

14x24 

16x43 

16x21 

4x6 

15xlO 

16x43 
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I 
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Table 2-2 Continued 

Reference 
Type Objectives 

Features/ 
Constraints 

A B C E G K P F L N 

Burbidge [PFA] (1963, 
1971, 1975, 1977, 1979, • • • 
1982, 1992) 

Carrie (1973) • 
Chan and Milner [DCA] • (1982) 

Chandrasekharan and • • Rajagopalan (1986a) 

Chandrasekharan and 
Rajagopalan [MODROC] • (1986b) 

Chandrasekharan and 
Rajagopalan [ZODIAC] • • 
(1987, 1989) 

Solution 
Approach 

0 H I J 

• 
• Cit 

• 
• • 

• • 

• • 
-

M 

Q 

N 

N 

N 

N 

N 

y 

----

D 

16x43 

20x35 

16x43 

8x20 

8x20 

40xl00 

-----.-

~ 
-....) 



Table 2-2 Continued 

Reference 
Objectives 

Features/ 
Type 

Constraints 

A B C E G K P F L N 

Choobineh (1988) • • • 
Chu, C. (1993) • 
Dahel & Smith (1993) • • • • 
Damodaran: Lashkari & • • • Singh (1992) 

Faber and Carter (1986) 

• 
Ferreira Ribeiro & Pradin • • • • • • (1993) 

Frazier and Gaither • • • (1991) 

Gongaware and Ham • • (1981) 
.. 

Solution 
Approach 

0 H I J Q 

• • • 
• 

• 
• 

• • 
• • 

• 
• • 

M 

N 

y 

N 

N 

N 

y 

y 

N 

D 

--x 10 

40xl00 

14x24 

5x2 

16x--

43x20 

30x41 

~ 
00 



Table 2-2 Continued 

Reference 
Objectives 

Features! 
Type 

Constraints 

A B C E G K P F L N 

Gunnasingh and Lashkari • • • • • (1989) 

Gupta (1993) • • • 
Han and Ham (1986) • 
Harhalakis, Nagi, and • • • • Proth (1990) 

Irani et al (1993) • 
Kang & Wemmerlov • • • • (1993) 

Kasilingam and Bhole • • • • (1990) 

Khator and Irani [OV] • (1987) 

Solution 
Approach 

0 H I J Q 

• • • 
• 
• • 

• 
• • 

• • • 
• 

• 

M 

N 

N 

N 

N 

N 

N 

N 

N 

D 

10x25 

15x--

86x1186 

12x25 

5xlO 

16x43 
I 

~ 
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Table 2-2 Continued 

Reference 
Objectives 

Features! 
Type 

Constraints 

A B C E G K P F L N 

King [ROC] • (1980a, 1980b) 

King and Nakomchai • [ROC2] (1982) 

Kumar, Kusiak, and • • Vannelli (1986) 

Kusiak [p MED] (1987) • 
Kusiak and Chow (1987) • • 
Kusiak and Heragu • (1987) 

Lashkari and Gunnasingh • • (1990) 

Solution 
Approach 

0 H I J Q 

• 
• 

• 
• • 

• 
• • 

• • • 

M 

N 

N 

N 

N 

N 

N 

N 

D 

16x43 

54x90 

20x23 

--x12 

100x200 

--x12 

500x2000 

VI 
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Table 2-2 Continued 

Reference 
Type Objectives 

Features! Solution 
Constraints Approach 

M D 
A B , .... E G K P F L N 0 H I J Q 

Logendran (1990) • • • • • y I 

7x14 
I 

I 

Logendran (1991a) • • • • • • y 7x14 

Logendran (199Ib) • • • • • • y 7x14 

Logendran and West • • • • • N 16x43 
(1990, 1991) 

McConnick, Schweitzer, • • N 37x53 
and White [BEA] (1972) 

Nagi, Harahalakis, and • • • • • • N 20x20 
Proth (1990) 

Okogbaa et al (1992) • • • N 16x43 

Rajagopalan and Batra • • • • • • N 40xl00 
(1975) 

- ---- L.....-- --~L--- --
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TabJe 2-2 Continued 

Reference 
Type Objectives 

Features! 
Constraints 

A B C E G K P F L N 

Rajamani, Singh & Aneja • • • • • • (1990, 1992) 

Sankaran (1990) • • • • 
Sankaran & Kasilingam • • • • • (1990) 

Shafer, Kern, and Wei • • • • (1992) 

Shafer and Rogers (1991) • • • • • • 
Sheu and Krajewski • • • (1990) 

Shiko (1992) • • 
Shtub (1989) • • • 

Solution 
Approach 

0 H I J 

• • 
• 

• 
• • 
• • 
• -

M 

Q 

• N 

• N 

• N 

• N 

• N 

• N 

N 

• N 

D 

3X4 

lOX6 

6XlO 

9XlO 

12X12 

4X5 
------

VI 
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Table 2-2 Continued 

Reference 
Type Objectives 

Features! 
Constraints 

A B C E G K P F L N 

Singh, Aneja, Rana • • (1992) 

Song & Hitomi (1992) • • • • 
Srinivasan and Narendran • • [GRAFICS] (1991) 

Srinivasan, Narendran, • and Mahadevan (1990) 

Stanfel (1989) • • 
Vakharia, Chang & Selim • • • • (1993) 

Vakharia & Kaku (1993) • • • • • 

Solution 
Approach 

0 H I J Q 

• • 
• • 

• • 
• • 

• 

• • • 

M 

N 

N 

y 

N 

N 

N 

N 

D 

4x5 

16x--

76x468 

40xlOO 

llx14 

78x325 

40xlOO 

I 
I 
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VI 
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Table _ 2 Continued 

Reference 
Type Objectives 

Features! 
Constraints 

A B C E G K P F L N 

Vakharia & WemmerI6v • • • (1990) 

Vannelli & Hall (1993) • • • • • 
Venugopal &Narendran • • (1992) 

Vohra et al (1990) • • 
Waghodekar and Sahu • [MACE] (1984) 

Wei and Gaither [OnCC] • • • • • (1991) 

Wu & Salvendy (1993) • • • -_._._---

Solution 
Approach 

0 H I J Q 

• • • 
• 

• 
• 

• 
• 

• 

M 

N 

N 

N 

N 

y 

N 

N 

n 

12x19 

30x90 

7x7 

36x90 

30x41 

15x25 

Vi 
~ 

I 
I 



Notes: 

A = PFI B = MGI C = PF/MG 

D = maximum solved problem size (Machines x parts) 

E = cell size limit 

F = provides optimal solution 

G = maximizing cell independence (minimizing intercell moves) 

H = using similarity/dissimilarity measures 

I = using graph partitioning 

J = using clustering analysis 

K = considering costs 

L = considering operations precedence 

M = compared to other methods (Y=yes and N=no) 

N = considering multiple process plans 

o = considering availability of multiple machines of the same type 

P = considering machine load/utilization 

Q = using mathematical programming 
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CBAPfER3 

MANUFACTURING FLEXIBILITY - REVIEW 

3.1 Introduction 
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In a modem consumer society the now ubiquitous concept of flexibility is an 

accepted ingredient in many different commercial and industrial products, ranging from 

abstract products like insurance policies to simple physical components like rubber hoses 

or flexible couplings. At this level of understanding, the concept is commonplace and is 

about providing choice, meeting with and responding well to changing requirements. In 

general conceptual terms the flexibility of an object is understood to be its ability to adapt 

to its constantly changing environment. Being flexible is an observable characteristic that 

says something about the internal structure or design properties of an object. 

An interpretation of flexibility in a manufacturing context is exacerbated by the 

complexity of manufacturing. Flexibility can apply to different levels in a manufacturing 

organization, i.e., to individual machines or manufacturing systems, to manufacturing 

functions (e.g., cutting or assembly), to individual products or groups, to the plant and 

to the company. For flexibility to have meaning at a particular level, it must be expressed 

in the corresponding context. In this research, flexibilities that occur in different 

contexts are referred to as types. Types can express the flexibility characteristics of an 

individual machine, the way the machines are connected together into a system; or an 

operating parameter (control strategy). Alternatively, a type can be related directly to the 

products themselves (e.g., mix flexibility). 
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A substantial amount of literature dealing with manufacturing flexibility has 

accumulated over the last 50 years. The major part of this literature is devoted to 

defining various types of flexibility and identifying systems that exhibit one or more of 

these. The literature makes one thing abundantly clear: flexibility is a complex, 

multidimensional, and hard-to-capture concept. In the next section we provide a historical 

perspective on manufacturing flexibility. 

3.2 Manufacturing Flexibility: A Historic Perspective 

Diebold (1952) recognized flexibility to be essential for medium and short-run 

manufacturing of discrete parts. As a break from the traditional philosophy of machine 

design that had the product rather than the operation in view, Leaver and Brown (1946) 

and Diebold suggested machine designs in terms of functions to be performed. Leaver 

and Brown (1946) proposed a series of small, functionally oriented machines that could 

be "plugged" together. Considering their design to be economically unjustifiable, Diebold 

(1952) proposed his own concept of a machine that can simultaneously perform a bundle 

of functions that are related. In practical terms, flexibility was viewed as a tradeoff 

between efficiency in production and dependability in the marketplace (Abernathy, 1978; 

Wheelwright, 1981; Hayes and Wheelwright, 1984). The extreme situations of job shops 

being flexible but inefficient and automated transfer lines being efficient but inflexible 

are well known in the literature. How to extend flexibility to large-scale production 

without sacrificing efficiency was not an issue until the late 1960s. With flexible 

manufacturing, which was developed in the early 1970s, it became possible to bring the 
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efficiency of mass production to batch production of multiple products. Instead of 

economies of scale, the efficiency in batch production is captured by the term economies 

of scope (Panzar and Willig (1981); Goldhar and Jelinek (1983); Talaysum et a1.(1986); 

and Baumol et al.(1977)). The efficiency of mid volume, midvariety production is largely 

accomplished by a drastic reduction or elimination of setup costs and times required for 

switching from the production of one product to another. We now proceed to discuss 

the concept of manufacturing flexibility. 

3.3 The Concept of Manufacturing Flexibility 

Flexibility of a manufacturing system is its adaptability to a wide range of 

possible environments that it may encounter (Sethi and Sethi, 1990). Flexibility in 

manufacturing means being able to reconfigure manufacturing resources so as to produce 

efficiently different products of acceptable qUality. An earlier definition goes back to 

Ropohl, (1967); he considers manufacturing flexibility as the property of the system 

elements that are integrally designed and linked to each other in order to allow the 

adaptation of production equipments to various production tasks. 

Jaikumar (1984) emphasizes the fact that flexibility in manufacturing is always 

constrained within a domain (see also Jubin, 1981; Goldhar and Jelinek, 1983; and 

Gerwin, 1989). Such a domain should be defined in terms of the portfolio of products, 

process, and procedures and should be well understood by product designers, 

manufacturing engineers, and software programmers. Moreover, there are other 

limitations on manufacturing flexibility that must also be defined. These include the speed 
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and the cost of response (Gustavsson, 1985 and Garrett, 1986), the amount of required 

reinvestment and the extent of interruptions in the existing system. 

With regard to environmental uncertainties, it should be understood that 

manufacturing flexibility is required in order for a fIrm to cope with both internal 

changes and external forces (Garrett, 1986). The internal disturbances for which 

flexibility is useful include equipment breakdowns, variable task times, queuing delays, 

rejects, and rework. External forces refer largely to the fundamental uncertainties of the 

competitive environment. Uncertainties may exist for level of demand, product prices, 

product mix, and availability of resources and could arise out of actions of competitors, 

changing consumer preferences, technological innovations, new regulations, etc. 

Thus, manufacturing flexibility clearly has major implications for a fIrm's 

competitive strength and it plays a signifIcant role in formulating a corporate strategy. 

In fact as noted earlier, Hayes and Wheelwright (1984) consider flexibility as one of the 

dimensions of the competitive strategy of a business along with price, quality, and 

dependability. Management of manufacturing flexibility must invariably come to terms 

with the question of what are the "optimal" levels of various types of flexibilities. The 

answer to this question requires that the management identify and be able to measure the 

various flexibilities that the manufacturing system must have in order to gain maximum 

competitive advantage. In the next section, we review the prior literature with the focus 

being on defIning the various types of manufacturing flexibility and their measurement. 

Two contributions referred to most frequently are those of Browne, et al (1984) and Sethi 



and Sethi (1990) although we deviate from their views occasionally. 

3.4 Definition and Measurement of Manufacturing Flexibility 
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Sethi and Sethi (1990) define eleven types of manufacturing flexibility classified 

into three categories. The fITst category refers to flexibilities of the important components 

of the system which includes machines, material handling system, and the parts to be 

produced. The second category includes flexibilities which apply to the manufacturing 

system as a whole like process, routing, product, volume, and expansion flexibilities. 

The last category includes aggregate flexibilities, i.e., program, production, and market 

flexibilities. Each type of flexibility is discussed below. 

Machine Flexibility - refers to various types of operations (i. e., drilling holes up 

to 114" diameter, grinding case-hardened steel to specific tolerance, assembling parts of 

certain shapes and sizes) that the machine can peiform without requiring a prohibitive 

effort, in tenns of cost and time, in switching from one operation to another. 

This definition is different from the one provided by Browne et al (1984), who 

define it to be the ease of making the change required to produce a given set of part 

types. It is closer to that of Carter (1986), who defines it to be the universe of possible 

uses of the machine and the ease of converting from one use to another. 

Sethi and Sethi (1990) proposed that the first aspect of machine flexibility (i.e., 

types of operations) can be measured by the number of different operations that a 

machine can perform without requiring more than a specified amount of effort. Given 

a finite discrete set of tasks that can be done by machines in a manufacturing setting, 
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Mandelbaum and Brill (1989) and Brill and Mandelbaum (1989) presented a method to 

measure single-machine flexibility. This measure of flexibility for machine i relative to 

a task set T is defIned as : 

where: 

e·· = IJ the effectiveness of machine i for doing task j, 0::;; e .. ::;; 1 
IJ 

the weight of importance of task j, 0 ::;; Wj < 1 , 0 < L Wj ::;; 1 
JET 

T - the set of all tasks, 

-
T = subset of all tasks set, i.e. T C T 

The machine-group measure of flexibility is the convex combination of optimistic 

and pessimistic measures. The optimistic measure is computed by averaging the 

maximum values of effectiveness (or best machine) for each task and assumes the II best II 

allocation of machines to jobs. The pessimistic measure of flexibility of the machine 

group with respect to a subset of tasks is obtained by assuming the least effective 

assignable machine to do the task. The key concept behind using these measures is to 

defIne the effectiveness measure as a reflection of machine characteristics such as speed, 
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setup time, quality, and cost of doing the task. 

To measure the second aspect of machine flexibility (prohibitive effort), the effort 

is emphasized in terms of time and/or cost required in switching from one operation to 

another. Son and Park (1987) measure it in terms of the opportunity of the machine to 

add value to raw materials or, more specifically, by the ratio of the total output and the 

idle cost of the machine for a given period. Other measures include the extent of 

variations in key dimensional and metallurgical properties of the raw input stock the 

machine can handle (Gerwin, 1987), and the rate at which the machine becomes obsolete 

when a new product is introduced (Gustavsson, 1984). 

Material Handling Flexibility - relates to the ability to move different part types 

efficiently for proper positioning and processing through the manufacturing facility it 

serves. This definition is consistent with that of Diebold (1952), Stecke and Browne 

(1985), Kusiak (1986). Chatterjee et al (1984, 1987) define the ability of a material 

handling system in terms of physical location of each group, and the times for every 

possible move between machines. Having a flexible material handling system increases 

availability of machines and thus their utilization, and reduces throughput times. Material 

handling flexibility can be attained by having transporting devices such as forklift trucks 

and push carts and an appropriate layout design. In highly automated facilities, devices 

such as automated guided vehicles (AGVs), robots, and computer control, which can 

send parts to new paths in cases of blocking and machine breakdowns, would be needed 

to acquire material handling flexibility. 
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The material handling flexibility of a given system can be measured as the ratio 

of the number of paths that the system can support to the number of paths supported by 

the universal system (Chatterjee, 1987). This ratio also gives an indication of the 

inhibition of manufacturing flexibilities, especially routing flexibility, due to the material 

handling system (Das and Khumawala, 1989). 

Operation Flexibility - is the pan's ability to be produced in different ways. 

Operation flexibility is a property of a part, and means that the part can be produced with 

alternate process plans, where a process plan means a sequence of operations required 

to produce the part. An alternative process plan can be obtained by either an interchange 

or a substitution of certain operations by others. Thus, a part that permits operations to 

be performed in alternate orders or using different operations in an interchangeable 

fashion would possess operation flexibility. A process will be considered to have 

operation flexibility if parts that are being produced in the system possess operation 

flexibility and if the material handling system is able to deliver parts to machines in 

different possible orders. Sethi and Sethi (1990) propose that operation flexibility of a 

part can be measured by the number of different processing plans for its fabrication. 

Process Flexibility - is the ability of a manufacturing system to produce a given 

set of part types in multiple ways, each possibly using different materials in several ways. 

Process flexibility of a system derives from the machine flexibility of machines, 

operation flexibility of parts, and the flexibility of the material handling system. This 

definition is consistent with Browne et al (1984). Another preferred term is "mix 
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flexibility" used by Gerwin (1982) and Carter (1986). Falkner (1986) considers a system 

to be process-flexible if the manufacturing costs are relatively stable over widely ranging 

product mixes. 

An obvious measure of process flexibility is the volume of the set of part types 

that the system can produce without major setups. GT concepts could perhaps be used 

in defming the set of part types. Volume may be expressed by the number of different 

part types in the set (Browne et aI, 1984 and Gerwin, 1987) if they can be counted, and 

if not, by the range of sizes and shapes. Jaikumar (1986), in his survey of FMSs, asked 

the firms to count the number of part types produced in their FMSs as a measure of 

process flexibility. Carter (1986) proposes to measure it by the extent to which product 

mix can be changed while maintaining efficient production. Son and Park (1987) measure 

it by the ratio of the total output and the waiting cost of parts processed for a given 

period. 

Product flexibility - the ease with which new parts can be added or substituted 

for existing parts. In other words, product flexibility is the ease with which the product 

mix currently being produced can be changed inexpensively and rapidly. It should be 

kept in mind that the addition of new parts will invariably involve some setup. This 

distinguishes product flexibility from process flexibility. What is required for product 

flexibility is that the setup does not involve inordinate amounts of time and costs. Product 

flexibility depends on machine flexibility, operation flexibility, efficient CAD/CAM 

interface, CAPP, group technology organization, and other factors. 
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The defmition is consistent with Browne et al (1984), Gerwin (1982), Falkner's 

(1986) concept of "parts flexibility", and Mandelbaum's definition of "action flexibility". 

Carter (1986) argues that product flexibility allows the company to be responsive to the 

market by enabling it to bring newly designed products quickly to the market. Since the 

future product designs are usually unknown, it becomes important to design and develop 

the manufacturing facility to be product-flexible. According to Hayes and Schmenner 

(1978), smaller companies in many industries often adopt a strategy of competing on the 

basis of product flexibility, i.e., their ability to handle difficult, nonstandard orders and 

lead in new product introduction. 

Browne et al (1984), Buzacott (1982), and Zelenovic (1982) propose that product 

flexibility can be measured by time or cost required to switch from one part mix to 

another, not necessarily of the same part types. Son and Park (1987) measure it by the 

ratio of total output to setup costs for a given period. In his comparison of FMSs in 

Japan and the U.S., Jaikumar (1986) , and also Gerwin (1987), use the number of new 

parts introduced per year as one of the measures of product flexibility. Jaikumar (1984) 

emphasizes the benefit aspects of product flexibility by measuring it in terms of total 

incremental value of new products that can be fabricated within the system for a defined 

cost of new fixtures, tools, and part programs. This value can be obtained by certain 

shadow prices in an appropriately formulated stochastic mathematical programming 

problem. Kulatilka (1988) also develops a stochastic program that solves for the value 

of product flexibility together with the dynamic operating schedule of the production 
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process. 

Routing Flexibility - is the dynamic assignment o/pans to machines, coping with 

machine breakdowns. Dynamic assignment means using different machines, different 

operations, or different sequences of operations. Typically, these different machines are 

those capable of essentially the same process. It should be noted that routing flexibility 

is different from machine flexibility in the sense that the former is the property of a 

system while the latter is that of a machine (a specific component of the system). The 

defInition is similar to that of Browne et al (1984) and Gerwin (1982). It is also 

consistent with Falkner's (1986) and Buzacott's (1982) "scheduling flexibility" and 

Jaikumar's (1984) "process flexibility". Routing flexibility allows for effIcient 

scheduling of parts by better balancing of machine loads. It allows the system to continue 

producing a given set of part types, perhaps at a reduced rate, when unanticipated events 

such as machine breakdowns, late receipt of tools, a preemptive order of parts, or the 

discovery of a defective part occur. Routing flexibility comes about by having 

mUltipurpose machines, machines with overlapping process envelopes, pooling of 

identical machines into machine groups, versatility of material handling system, and 

operation flexibility of parts. 

Several alternative measures for routing flexibility have been proposed in the 

literature. Obvious measures are the average number of possible ways in which a part 

type can be processed in the given system (Chatterjee et a11987; Chung and Chen 1989) 

and the ratio of existing number to possible number of links between machines in the 
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given system (Carter 1986; Primrose and Leonard 1984). A network-based entropy 

measure has been suggested by Yao (1985), Yao and Pei (1987), and Kumar (1986). 

Routing entropy is measured in terms of the information contained in the list of 

operations and machines from which processing of the next operation and the machine 

must be chosen. 

Volume Flexibility - the ability to operate a manufacturing system profitably at 

different production volumes. Uncertainty in the level of demand impedes the strategic 

objective of increasing and maintaining market share. Volume flexibility permits the 

factory to adjust production upwards and downwards within wide limits. Hayes and 

Schmenner (1978) point out that successful companies in cyclic industries like furniture 

often exhibit this trait. Volume flexibility has two aspects: speed of response and range 

of variations, the former being useful in the short run and the latter in the long run. This 

definition is similar to the ones in Browne et al (1984) and Gerwin (1982). It is also 

similar to the "demand flexibility" of Son and Park (1987). Volume flexibility has some 

interchangeability with Slack's (1987) "delivery flexibility" - the ability to change 

planned or assumed delivery dates. 

Browne et al (1984) measure volume flexibility by how small the volume can be 

for all part types together with the system still being run profitably. This really measures 

only the downside of volume flexibility (Sethi and Sethi, 1990). A generalization would 

be to measure volume flexibility by the range of volumes in which the firm can run 

profitably. Gerwin (1987) measures it by the ratio of average volume fluctuations over 
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a given period of time to the production capacity limit. Falkner's (1986) measure of 

volume flexibility is the stability of manufacturing costs over a widely varying levels of 

total production volume. Son and Park (1987) measure it by the ratio of the total output 

and the inventory/shortage costs of fInished products and raw materials for a given 

period. 

Expansion Flexibility - the ease with which the system's capacity and capability 

can be increased when needed. The capacity is in terms of output per unit time, whereas 

capability refers to such characteristics as quality, the technological state, and other types 

of flexibilities. In contrast with volume flexibility, expansion flexibility is concerned with 

capacity, i.e., the maximum feasible output level. The defInition is similar to that of 

Browne et al (1984), Carter (1986) and Falkner (1986). Buzacott and Mandelbaum 

(1985) also include the system's ability to contract as a part of the defInition and a 

related concept is Zelenovic's (1982) "design flexibility". 

Expansion flexibility is important for fIrms with growth strategies such as 

venturing into new markets, since it permits step-by-step adaptation of the system for 

expansion. In contrast, volume flexibility serves survival strategies such as maintaining 

existing markets profItably. Expansion flexibility can be achieved in several ways, such 

as by building small production units, (Buzacott and Mandelbaum, 1985), having modular 

flexible manufacturing cells (Browne et aI, 1984), providing infrastructure to support 

growth, and having multipurpose machinery. 

Carter (1986) proposes that the expansion flexibility can be measured by the 
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overall effort and cost needed in tenns of time to add a given amount of capacity. More 

specifically, one can measure it by the ratio of the cost of doubling the output of the 

system to its original cost. Browne et al (1984), on the other hand, suggest a measure 

in tenns of the potential maximum size of the system. Although Sethi and Sethi (1990) 

contend that this measure alone is not satisfactory, some idea of the upper bound on the 

amount of expansion is certainly useful. 

Program Flexibility - is the ability of the system to run virtually untended for a 

long enough period. This flexibility is an example of the "state flexibility" of 

Mandelbaum (1978) and it subsumes Zelenovic's (1982) notion of "adaptive flexibility". 

The definition is a slight modification of program flexibility defmed by Jaikumar (1984). 

He uses the words "during the second and the third shifts" instead of "for along enough 

period" in the above definition. According to Jaikumar (1984), program flexibility 

reduces the throughput time by having reduced the setup times, improVed inspection and 

gauging, and better fixtures and tools. Being able to work untended increases the 

effective capacity of the production system. Program flexibility depends on process and 

routing flexibilities and on how sensors and computer controls for detection and handling 

of unanticipated problems such as tool breakages and part flow jams. Sethi and Sethi 

(1990) suggest that program flexibility can be measured by the expected percentage 

uptime during the second and third shifts. A measure of market valuation is suggested 

by Jaikumar (1984). He fonnulates a stochastic mathematical programming problem with 

emphasis on reduction of throughput times and increase in the effective system capacity 
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in untended manufacturing and proposes to measure program flexibility by certain 

shadow prices that arise in the mathematical programming formulation. 

Production Flexibility - is the universe of pan types that the manufacturing system 

can produce without adding major capital equipment. In contrast with product flexibility, 

production flexibility may allow considerable setups but not major capital equipment. In 

a way, production flexibility defines the set of existing and potential (or even 

hypothetical) parts, from which the candidate parts can be drawn as the new parts 

considered in the definition of product flexibility. In Slack's (1987) terminology, product 

flexibility is response flexibility whereas production flexibility is range flexibility. 

The definition is similar to those proposed by Browne et al (1984) and Carter 

(1986). The concept of production flexibility can also be related to the "state flexibility" 

of Mandelbaum (1978) and Buzacott (1982), Fine and Freund (1978), and "the flexible 

manufacturing module flexibility" of Kusiak (1986). The product flexibility allows the 

firm to compete in a market where new products are frequently demanded. Carter (1986) 

argues that production flexibility minimizes the implementation time for new products 

or major modifications of existing products. On the operational level, it permits an 

increase of part families. As Browne et al (1984), Carter (1986), Chatterjee et al (1987), 

and Sethi and Sethi (1990) imply, production flexibility depends on the variety and the 

versatility of the machines that are available, the flexibility of material handling system 

in use, and the factory information and control system. Thus, production flexibility 

derives from the capability of aggregation of the flexibilities of the machines and material 



71 

handling systems. 

Sethi and Sethi (1990) and ChatteIjee et al (1987) propose that production 

flexibility can be measured by the size of the universe of parts the system is capable of 

producing. However, Sethi and Sethi (1990) argue that since production flexibility is, in 

some sense, a "long-run product flexibility," its valuation can be obtained in a fashion 

similar to that used by Jaikumar (1984) to determine product flexibility. 

Market Flexibility - is the ease with which the manufacturing system can adapt 

to a changing market environment. This concept emphasizes the importance of a market 

orientation in manufacturing. Given rapidly changing markets, the interface between 

production and marketing functions becomes crucial. It is obvious that market flexibility 

of the manufacturing system complements its production and program flexibilities. This 

definition is consistent with that of Browne et al (1984). Sethi and Sethi (1990) suggests 

that market flexibility can be expressed as a weighted measure of efforts in terms of time 

and cost required to introduce a new product, to increase and decrease production volume 

by a specified amount, and to add a unit of capacity. 

3.5 Manufacturing Flexibility and eM 

This discussion indicates that there are several types of flexibility which are 

relevant for manufacturing systems, in general. In the context of a CM system, 

however, not all types of flexibility are of interest. Further, given the segmentation of 

a CM systems into manufacturing cells, we need to consider flexibility at different levels 

in such a system. In the next chapter, we frrst identify the types of changes which CM 
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systems are most likely to encounter. Based on such changes, we develop a hierarchical 

framework for incorporating flexibility in CM. This framework is used to develop 

measures of flexibility which can either be explicitly considered in CF or in evaluating 

a cellular configuration. 



CHAPTER 4 

FLEXIBILITY IN CM SYSTEMS 
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In this chapter, we present a framework and measures for analyzing flexibility in 

the context of eM. We start out by describing the different types of changes which a 

eM system is likely to encounter. These changes are then related to a hierarchical 

framework for incorporating flexibility in eM systems. This framework is used to define 

various types of flexibility which are relevant in a eM. Structural flexibility measures 

corresponding to the various types of flexibility are then developed. Finally we develop 

aggregated flexibility measures. All these measures are illustrated through an example 

provided in the final section of this chapter. 

4.1 A Framework for Flexibility in CM 

A main feature of any manufacturing system, especially a eM system, is its 

capability to maintain a stable performance under changing conditions. This feature can 

be gained by incorporating manufacturing flexibility in the early stages of designing the 

eM system. Flexibility, in the context of a eM system, can be defined as the ability of 

the system to adjust its resources to any changes in relevant factors like product, process, 

loads and machine failures. In this section, the dimensions and domain of flexibility in 

a eM system are described based on the assumption that manufacturing flexibility in eM 

stems from a combination of physical characteristics related to the system's design and 

control strategies. 
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There exists no rigorous method for identifying the domain of manufacturing 

flexibility in CM. The approach advocated here is a modified version of an approach 

developed by Gerwin (1986) and is based on the fact that CM systems facing changes 

utilize flexibility as an adaptive response. It is, therefore, necessary to examine the 

changes faced by CM systems in order to understand the type of manufacturing flexibility 

that needs to be built into the system. We classify the different types of changes as 

follows: 

(1) Part Design changes could result in modifications of operation sets and/or 

operation sequences for parts currently processed in the system. 

(2) Part Volume changes could result in increases/decreases in the total number of 

batches processed in the system. 

(3) Part Mix changes could result in new demands (in terms of new operations sets 

or additional volume) being placed on the system. 

(4) Machine Reliability changes could result in excess/under capacity within the 

current system. 

(5) Machine Processing Capability changes could result in equipment becoming more 

specialized or more general-purpose. 

In general, all these changes have several implications for CM systems. First, 

flow control within and between cells (in terms of materials handling and scheduling 

policies) is obviously affected when one or more of these changes occur. For example, 

changes in operation sets/operation sequences (due to part design changes) could result 
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in the non-unidirectional flow patterns between equipment within a cell and could also 

result in increased materials flow between cells. Hence, the materials handling system 

as well as scheduling policies may need to be modified in light of such changes. In a 

similar manner, if the reliability of a particular machine declines over time, there will 

be a necessity to reroute the load on that machine to another machine within the same 

cell or another machine in another cell. Thus, the flow control procedures may need to 

be modified. 

Second, an obvious impact of these changes is on the utilization of equipment 

within the system. Due to increases in the volume requirements for certain parts as well 

as the introduction of new parts in the system, there may be insufficient capacity in the 

system and hence, additional investment in equipment may need to be contemplated. On 

the other hand, if a part is dropped from the current mix, certain types of equipment may 

be underutilized and hence, there may be little justification for including them in a 

particular cell. 

Finally, another possible impact of these changes is on workload balance within 

and between cells. For example, changes in machine availability and machine processing 

capability could result in load imbalances which could impact the operational efficiency 

of the system. In the same vein, if a flexible automated machine is introduced in the 

system, then there will be a tendency to route work to that machine to justify its 

procurement. However, this could have a detrimental impact on the utilization of other 

equipment leading to workload imbalances which could in tum increase average in-



76 

process inventories and cycle times. 

In sum, all these types of changes could adversely impact the operating 

efficiencies and strategic advantages of a eM system as compared to ajob shop. We can 

relate each type of change described in this section to the several components of the eM 

system. This is shown in Figure 4-1. Essentially, the part changes (in terms of design, 

volume and mix) all impact the part population which in tum impacts the part families 

and the machine groups. On the other hand, the machine changes (in terms of reliability 

and processing capability) impact the machine population which in tum impacts the 

machine groups and the part families. Of course, both the part families and machine 

groups jointly impact the performance of individual manufacturing cells in the system. 

To relate the type of manufacturing flexibility which should be incorporated in 

eM in order to deal with the changes described earlier, we fITst classify these changes 

as follows. Part volume and part mix changes are classified as external changes since 

they are a result of the external environment (e.g., customers). On the other hand, part 

design, machine availability and machine processing capability changes can be classified 

as internal changes since they are affected, to a large extent, by the operating 

organization of a company. Based on this classification, we propose the hierarchical 

framework shown in Figure 4-2 for incorporating flexibility in a eM system. The 

justification and rationale for this framework is discussed below. 
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A basic issue that must be resolved in presenting a framework for incorporating 

flexibility in a eM is the level at which it is to be considered. Three different levels for 

the eM are: the individual machine or machine type level, the individual cell level, and 

the system level. At each level the domain of the flexibility may be different and 

different means of achieving flexibility will be available. 

To analyze the impact of internal changes, a bottom-up approach in analyzing this 

framework is proposed since starting at the lowest level should facilitate the tasks of 

aggregation and quantification. Further, the knowledge gained at this level can serve as 

the basis for subsequent work at other levels since flexibility at the machine level is 

explicitly related to flexibility at the cell level and implicitly to flexibility at the system 

level. For example, high levels of flexibility at the machine level will in all likelihood 

lead to high flexibility at the cell level and, in turn, this should lead to high flexibility 

at the system level. On the other hand, we argue that a top-down approach is useful to 

analyze the impact of external changes. The rationale behind this is that typically 

external changes initially impact the eM system and subsequently, the impact filters 

down to the cell level and the machine level. 

The usefulness of the framework is two-fold. First, it provides a direct 

connection between the types of changes which a system may encounter and the structural 

hierarchy of a eM system. This helps to identify the levels at which flexibility needs to 

be built in so as to deal with these changes. Second, given the types of changes which 

need to be considered at different levels, it also helps to identify the different flexibility 
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types which are relevant. We now proceed to defme specific types of flexibility for 

handling internal and external changes in a CM system. 

4.2 Types of Flexibility in eM 

In line with the hierarchical framework for incorporating flexibility in CM shown 

in Figure 4-2, we define different types of flexibility at the machine, cell and system 

levels in this section. To start with, at the machine level, we define the following type 

of flexibility: 

1. Machine Flexibility: defined as the universe of operations that a machine is 

capable of performing with respect to the universe of operations that the system 

can perform. 

In general, if machine flexibility is high, then there is a greater possibility that part 

design changes will be handled within the same cell. On the other hand, it is also likely 

that with high current machine flexibility, the justification for procuring additional 

versatile machines is lower and thus, the possibility of machine processing capability 

changes is minimized. 

Flexibility at the cell level depends on the elements composing the cell (Le., part 

families and machines allocated to the cell) and represents the aggregated properties of 

a cell. Three types of flexibility at the cell level are as follows: 

2. Part Operation Flexibility: defined as the ability of a part type to be produced 

entirely in multiple manufacturing cells. 

3. Primary Comprehensiveness Flexibility: defined as the ability of each cell to 
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produce multiple part types completely with no intercell moves. 

4. Secondary Comprehensiveness Flexibility: defined as the ability of a pair of cells 

to perform all the operations required by a part type with a single intercell move. 

A high part operation flexibility implies that the impact of machine reliability changes 

is minimized since parts can always be routed to alternative cells for processing. 

Primary and secondary comprehensiveness flexibilities depend on the importance of 

allowing intercell moves in the system (Le., relative importance of identifying 

independent cells). If the eM system can process all part families without any need for 

intercell moves, then there is high primary comprehensiveness flexibility. On the other 

hand, the higher the secondary comprehensiveness flexibility, the larger are the possible 

number of intercellular flows in the system to minimize the effects of the different types 

of changes. 

Flexibility at the system level focus on the responsiveness of the system to 

external changes which impact a eM. Two measures of flexibility at this level are as 

follows: 

5. Part Mix Flexibility: defined as the ability of the eM system to handle different 

product mixes with minimum disruptions. 

6. Demand Flexibility: defined as the ability of the system to deal with volume 

changes in the current product mix. 

Hence, given high part mix and demand flexibilities, the impact of changes in the part 

mix and part volume can be minimized. 
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Given these definitions of flexibility types in the context of eM systems, we 

develop measures for assessing each type in the next section. 

4.3 Measures of Flexibility in eM 

In order to develop the measures of flexibility, the following notation and 

definitions are used. 

Operations and Parts: An operation is defined as a transformation of material 

requiring inputs of labor, machine time, tooling, material, or energy. Each part is 

characterized by a list of operations which must be performed on the part. The operations 

for each part must follow a pre specified sequencing. 

Let 'I' denote the set of part types which are to be processed in the eM system 

and let I'l'l denote the cardinality of the set of parts (the number of part types). For each 

part type p E 'I' there is a set of operations denoted by Op E {}. {} is the global set of 

operations that the eM system can perform and I {} I denotes the number of operations 

the eM system is capable of performing. Obviously, if all operations are distinct then 

I {} I = L lOp I . However it is more likely that identical operations are carried out on 
pE'I' 

multiple parts and hence, I {} I < L lOp I . Note that {} = U 0 p' Let matrix [P] represent 
pE'I' pE'I' 

the parts processing requirements where: 
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{

I if ·EO , J p 

Ppj = 

o , otherwise 

(4-1) 

where: j = the operation index, j = 1 ,2, ... , 1 n I. 

p = the part type index, p=I,2, ... , Ii' I. 

The assignments of part types to manufacturing cells are represented by matrix [Y]. 

Matrix [Y] has C rows and Ii' 1 columns and is defined as follows: 

1 , if at least one operation on part p 
is carried out in cell c (4-2) 

o , otherwise 

where: C = number of cells in the CM system, indexed by c 

A part may be assigned to more than one cell. All part operations are assumed to be 

carried out in the set of cell(s) to which the part is assigned (Le., we do not consider 

operation splitting). 

Machines and Machine Cells: Let M be the set of machine types in the CM 

system and let m be the machine type index, m = 1 ,2, ... , 1 M I. A basic determinant of a 

CM system's capability is given by a machine-operation matrix, [Xu], where: 

{

I, if machine type m is capable 
= of performing operation type j 

o , otherwise 

(4-3) 
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Let jp denote the index of the elements of 0P' jp = 1 ,2, ... , , Op ,. The machine processing 

capabilities to perfonn the operations required by a part type p, is represented by a 

submatrix of [Xo] called [Xp] which can be defmed as follows: 

[Xl=[X.] ,X. = 
p..I mJp IMlxlopl mJp 

{

I, if machine type m can perfonn 
the jth operation of part type p 

o , otherwise 

(4-4) 

The run and setup times for each generic operation j on each machine type m are given 

in the matrices [T] and [8] respectively which are defined as: 

and (4-5) 

Note that similar operations with different run times are considered different generic 

operations. 

The capacity and capability of a manufacturing cell is detennined by the set of 

machines, tooling, and operating schedule assigned to it. In our analysis, we assume that 

sufficient manufacturing capacity is installed to meet anticipated maximum demand. The 

assignments of machine types to cells are given in matrix [K]. We let Kmc be the number 

of type m machines assigned to cell c. The number of machines in a manufacturing cell 

which can perfonn an operation is represented by matrix [U], where 

U=KTX =[U.] o CJ Cxllli (4-6) 

We assume that the machine types will be available a certain percentage of time, 
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Am. This percentage depends upon the machine reliability and maintenance. The machine 

availabilities are defmed by the row vector A with a dimension of Ix 1 MI. 

The measures presented here can be grouped into five sets. These sets of 

measures are related to the definitions of flexibility (Section 4.2) as follows: 

(a) Machine flexibility is assessed by the Machine Processing Capability Measures. 

(b) Part Operation Flexibility and Primary Comprehensiveness Flexibility are 

assessed by the Cell Availability, Cell Processing Capability and Primary 

Comprehensiveness Measures. 

(c) Secondary Comprehensiveness Flexibility is assessed by the Secondary 

Comprehensiveness Measures. 

(d) Part Volume Flexibility is assessed by the Volume Flexibility measure. 

(e) Part Mix Flexibility is assessed by the Mix Flexibility set of measures. 

Given that all these measures are related to the machine and cell level flexibility 

definitions proposed in Section 4.2, they explicitly focus on the internal and external 

changes which impact a CM system. We now describe each measure. 

(1) Machine Processing Capability 

Machine type m's processing capability relative to the global set of operations 

0, denoted by M~c, is represented by the mth row of matrix £Xo]. Machine type m 

possesses the maximum possible processing capability if all entries in this row are ones. 

This means that machine type m is capable of performing all the operations in the global 
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set of operations, o. M:c is the proportion of operations from the set 0 machine type 

m is capable of perfonning, 

E Xmj 
M PC = JEO 

m .:.........,..., 0::-:-,-
(4-7) 

This measure would be most appropriate if all the operations are equally important and 

all machines of the same type have the same level of processing efficiency (i.e. same 

processing times, same accuracy, etc.). 

Machine processing capability can also be measured relative to part types. LetM:~ 

denote machine type m processing capability relative to part type p's set of operations 

Op E O. M:~ is the proportion of operations from the set Op machine type m is capable 

of perfonning. This measure is defined as: 

(4-8) 

Note that M PC = 1 if X . = 1 V J. EO· 
mp mJp P p 

These two machine processing capability measures can be easily modified to 

accommodate relative importance for each operation, machine type, or part type. Using 

the operation processing times on different machine types as a measure of the machine 

type processing efficiency, the weighted processing capability of machine type m relative 
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to the jth operation of part type p E 'l' is denoted by M ~c where M V:PC = X . / t .. Let M WPC 
mJp ' .LT.LutJp mJp mJp .I.Y.Lutp 

denote machine type m weighted processing capability relative the set Op where: 

L X mjp 
LM~c 

(4-9) jpEOp tmjp 
mJp 

M WPC = = jpEOp 
mp 

IOpl IOpl 

The machine type weighted processing capability decreases with the increase of the 

operation processing time. This measure is useful in comparing the processing 

capabilities of different machine types. For example, if machine type A can perform 

operation j in 10 seconds and machine type B can perform the same operation in 15 

seconds, this measure indicates that machine type A has more processing capability than 

machine type B relative to performing operation j. 

In terms of the responsiveness to potential changes (see Section 4.1), the machine 

processing capability measures are useful to assess if the machine population can handle 

part design changes. Assume that M;c is 1 for anyone machine type and that any part 

design changes will not add any operations to the set O. Then, we know that there is a 

single machine type which can perform all the operations when redesigning a part. 

Further, these measures can also be used to compare and evaluate the flexibility of 

different machine types in the system. 
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(2) Cell Availability 

The availability of a type m machine is denoted by ~, where ~ is the 

percentage of time that a machine of type m is operational or the probability that a 

machine of type m is operational. Assuming that all machine types are statistically 

independent in downtimes and each machine of the same type has the same availability, 

the probability that no machine of type m in cell c is operational is (1-Am)K-. Note that 

(I-A )K_=O if K =0 and A =1. The availability of at least one machine of type m in m mc m 

cell c would be expressed as 1 - (1-Am)K- . 

The availability of a manufacturing cell to process a certain operation j, j E 0, is 

the availability of at least one machine of any machine type allocated to that cell and 

capable of processing operation j (~j = 1). Let Acj be the availability of cell c to 

perform operation j, j E ° ignoring workload and scheduling considerations. A ~ is 
CJ 

measured by the following quantity: 

Acj = 1 - II (1-Am)K,., (4-10) 
m: X .. =l 

We define total availability of a manufacturing cell as its availability to perform 

as many operations from the global set of operations, 0, as possible. Availability of cell 
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c, A
e
C , is measured by the average cell availability relative to individual operations 

which can be written as follows: 

AC = e 

(4-11) 

Ac C < 1 and Aec = 1 if and only if Acj = 1 V j EO. If operations have importance weights, 

Wj' where the weights sum to one, the cell c weighted average availability is expressed 

as follows: 

AcWC = L Wj Acj (4-12) 
j<O 

The cell availability measures focus on integrating the possible downtime of each 

machine type assigned to a cell in assessing the flexibility of the system. Hence, they 

have a direct impact on how the CM system can handle changes in machine availability 

(in terms of the generic operation set) for the cell as a whole. 

(3) Cell Processing Capability 

The operations which can be performed by cell c is represented by the cth row of 

matrix U. Let Uej ' be 1 if Uej > 0 and 0 otherwise (i.e., there is at least one machine in 

cell c which can perform operation j). Cell c processing capability relative to 0, denoted 

by C
e
Pc

, is measured by the proportion of operations from the set 0 it is capable of 
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perfonning. Assuming that all operations have the same relative importance, Cepe can 

be written as follows: 

101 
L U ej 

C pe = j=l 

e ':"""""'10""""'1-

(4-13) 

Cepe = 1 if cell c is capable of perfonning all the operations in the global set of 

operations O. This measure complements the measure given by equation (4-10). Hence, 

if Cepe = 1 and Ace < 1 this indicates that cell c is capable of perfonning all the 

operations in 0 but it is not available all the time to perfonn all of them. On the other 

hand, if this is the case, then it also indicates that cell c can be made flexible enough to 

handle all operations in set 0 by increasing its availability. This measure helps to assess 

the responsiveness of a cell to changes in part redesign and machine processing 

capability. 

(4) Primary Comprehensiveness 

If there exists a cell c that is capable of perfonning all the operations of a certain 

part type p, p = 1 ,2, ... ,I iF I then cell c is a primary comprehensive cell for this part 

type. If Am ~ 1 V m, the availability of cell c to be a primary comprehensive cell with 

respect to part type p, denoted by Ac~, becomes the availability of the machine types 

allocated to cell c and capable of perfonning all the operations required by part type p. 
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~? > 0 if and only if cell c is capable and available to perfonn operation jp. The 
1. 

product of ~? over all jp E Op will be greater than zero if and only if cell c is capable 
1. 

and available to perfonn all the operations required by part type p, accordingly Ac~ can 

be written as follows: 

(4-14) 

Cell c is a primary comprehensive cell with respect to part type p if and only if A ccp > O. 

Let Ccc represent the comprehensiveness of cell c relative to the set of all part types, '1'. Cc
c 

is measured by the average availability of cell c to be a comprehensive cell relative to 

all the members of '1'. Ccc would be expressed as follows: 

(4-15) 

Let c CP = 1 if A C > 0 and zero otherwise. C CP indicates whether cell c is a 
~ ~ ~ 

primary comprehensive cell relative to part type p or not. The number of primary 

comprehensive cells with respect to part type p, C C , is calculated as the sum ofC CP 
p ~ 

over c : 
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C 

e p
C = L ec~P (4-16) 

c=l 

Note that this is measure of part operation flexibility. Let Pcc denote the number of part 

types for which cell c is comprehensive. Pcc is calculated by summing the ec~P over part 

types, p: 

I q,l 
pC = ~ecp c L.J cp 

p=l 

(4-17) 

Let Mp~~ be the used processing capability of all machines of type m allocated 

to cell c if cell c is a primary comprehensive cell relative to p, i.e. if e CP = 1. ThenM uc cp pem 

can be expressed as a function of the number of machines of type m allocated to cell c, 

K.nc, the importance of part p measured by its relative demand Dp and the weighted 

processing capability of machine type m relative to the set Op. The weighted machine 

processing capability of all machines of type m in cell c relative to part type p iSM~PC 

multiplied by the expected available number of type m machines in cell c, this would be 

M WPC A K . This term is multiplied by the indicator variable e CP which takes the value 
~ m = ~ 

1 if cell c is a comprehensive cell in terms of part type p. The term e cPM WPC A K cp mp m me 

represents the expected contribution of all type m machines in cell c to the 
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comprehensiveness of cell c relative to part type p. This term can be adjusted by the 

importance of part type p as given in equation (4-18) below: 

uc Dp CP WPC 
Mpcm = 1 '1'1 Ccp Mmp Am Kmc 

LDp 
(4-18) 

p=l 

Note that, if operations are equally important M:c can be replaced by M~~ in equation 

(4-18). The measure given by equation (4-18) has a number of properties: the fIrst 

property is that this measure increases with an increase in the expected available number 

of type m machines in cell c. The second property is, if machine type m can perform the 

operations required by part type p in shorter time, this will make its weighted processing 

capability increase and thus, the measure as well. The third property of this measure is 

that it takes the value zero if cell c is not a comprehensive cell relative to part type p. 

The fourth property is that this measure increases if type m machine is processing a 

relatively more important part type (assuming that the relative demand Dp reflects the 

importance of a part type). The proposed measure in equation (4-18) can be aggregated 

at the machine type level, part type level, cell level, and system level to quantify the 

contribution of a machine type, machine types, or manufacturing cells to the CM system 

comprehensiveness (the ability of the system to process part types entirely within cells). 

Let Cc~ be the sum of Mp~;over all the available machine types in cell c. Cc~ 

is the used processing capability of all the machines in cell c to perform all the 

operations in set Op. Cc~ is referred to as cell c's used processing capability if it is a 
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primary comprehensive cell relative to part p and is written as follows: 

IMI D 
= L p 

m=l Iqrl 
LDp 

(4-19) 

p=l 

Equations (4-19) is an aggregation measure at the cell level and it is obtained by 

aggregating a machine level measure (4-18). This property will be used later to obtain 

a single primary comprehensive measure which can be cascaded from the system level 

to machine level. The cell comprehensiveness measures are useful to assess whether there 

exists a single cell to process all the operations on a part. Further, the measure of part 

operation flexibility (equation 4-16) also indicates whether there are multiple cells to 

process a part. This would be useful when part volume changes cannot be handled in 

a single cell due to capacity limitations in that cell. Hence, an alternative cell could be 

used to handle potential increases in part volume requirements if slack capacity is 

available in that cell. 

(5) Secondary Cell Comprehensiveness 

If there exists a cell c1, C1 = 1 ,2, ... , C that is not capable of performing all the 

operations required by a certain part type p, p = 1 ,2, ... , I iT I but is capable of performing 

a non-empty subset of Op then cell C1 is called a secondary cell relative to part type p. 

If cell c1 can be paired with another secondary comprehensive cell relative to the same 

part type p, c2, such that the pair Cl~ is capable of performing all the operations in Op, 

then the pair C1C2 is called a "secondary comprehensive cell pair" relative to part type p. 
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The number of secondary comprehensive cell pairs to perform all the operations required 

by a certain part type measures the ability of the CM system to finish a part type by 

carrying out a single intercell move per unit of part type. Let A N denote the availability 
C,C,P 

of the secondary comprehensive cell pair c1 and C2 to perform all the operations required 

by part type p, and it can be determined by the following quantity: 

(4-20) 

This measure is bounded above and below by 0 and 1, respectively, and assesses the 

availability of machines in cell pair c1Cz for performing all operations jp E 0p' AN> 0 r1c,c,P 

if and only if C1 and c2 are capable and available to perform all the operations in the set 

0p' If C1 is a comprehensive cell relative to part p then the value of C CP is one, which 
C,P 

leads to A N = O. This means that A N = 0 if and only if C1 or C2 or both are 
r1c,c,P c,c,P 

comprehensive cells relative to part p. A N can be modified to measure the secondary 
C,C,P 

comprehensiveness of cell pair C1C2 with respect to part type p even if Ch C2 ' or both are 

primary comprehensive with respect to part type p by redefining Cc~P to be 1 if cell c 

can perform a non-empty set of 0p' The modified A. N is useful when machines become 
~,C,P 

overloaded or down in the primary comprehensive cells. 
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The secondary comprehensiveness of cell c1, denoted by C N is measured by the 
c, 

average availability of cell C1 paired with all the other cells in the system to process any 

part in the set 'lr. C N can be written as follows: 
c, 

1'1'1 C 

L L Ac~c,p 
= p=l c,=l,c,;o!c, 

(4-21) 

l'lr I 

Let W = 1 if Ac
N > 0 and zero otherwise. The number of secondary comprehensive 

C,C,P ,C,P 

cell pairs to relative to part type p, CN
p can be calculated as follows: 

(4-22) 

This last measure is useful to investigate the trade-off between flexibility and intercell 

moves. Equations (4-18) and (4-19) can be rewritten for the secondary pair of cells C1 

and C2 as 

Mp~,m = 1 'I'~ P W C,c,p M.:'r
PC 

Am (Kmc, + Kmc) 

LDp 
(4-23) 

p=l 

C U = ~ M UN 
pC,C, L.J pC,c,m (4-24) 

mEM 

where M is the used processing capability of all type m machines in cell pair C1C2 pC,c,m 

relative to part type p. Similarly equations (4-23) and (4-24) will be used later to obtain 
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an aggregated secondary comprehensiveness measure at the system level. 

(6) Volume Flexibility Measure 

The volume flexibility of a given cell system is computed as the maximum equal 

percentage (defined as 0*) increase in volume for all parts which can be processed 

without changing the system configuration (in terms of part and machine type 

assignments to cells, part operation assignment to machines and the number of machines 

of each type). Hence, this measure is directly related to the slack capacity built into the 

system. 0* is computed as : 

0* = max { 0 I Machine Capacities are not exceeded } (4-25) 

where 0 = the equal percentage increase in volume for all part types. 

(7) Mix Flexibility Measures 

The flexibility of the cell system to respond to a change in part mix can be 

assessed depending upon the type of such change. A mix change occurs either when the 

relative volume requirements of the current part mix change, or a new part with an 

associated operation set and volume requirement is introduced in the system. To assess 

the flexibility of a cell system to the first type of change (i.e., relative volume change), 

we compute the maximum percentage of demand for each individual part which can be 

accommodated within the current cellular configuration. This is computed as follows: 

Op* = max { Op I Machine Capacities are not exceeded } (4-26) 

where op = the percentage increase in volume for part type p, pEw. 

In order to assess the flexibility of the cell system to respond to the introduction 
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of a new part, we need to consider two aspects: (i) the amount of slack capacity in the 

cell system to completely process all the demand requirements for the new part, and (ii) 

whether there is a set of machines within anyone cell with adequate slack capacity to 

completely process all the demand requirements for the new part. Obviously (ii) is 

preferred since the new part will be completely processed in a cell (leading to no increase 

in intercellular flows). However, if this is not possible, it may be possible to process the 

new part through multiple cells as long as adequate capacity is available in the system 

to do so. In order to assess these two aspects, we compute the three measures. 

The first measure is denoted by 1'1 and is defined as the percentage of new parts 

which can be accommodated in the current configuration without regard to intercellular 

flows. The second measure focuses on the percentage of new parts which can be 

completely processed within an existing cell without regard to capacity constraints (i.e., 

there exists at least one primary comprehensive cell to process the new part) and is 

denoted by 1'2' The final measure (1'3) integrates the first two measures and assesses the 

percentage of new parts which can be completely processed within a single existing cell 

by explicitly considering the availability of capacity in the cell. 

In the next section two approaches for developing aggregated system flexibility 

measures are discussed. 

4.4 Aggregated Comprehensiveness Measures 

We consider the global set of operations where there are I {} I operations to be 

performed on I'l'l part types. These operations can be undertaken in any order. For each 
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operation of the I {} I operations there are one, or more than one, machine type m 

available. However there is a certain probability of the availability (reliability) for each 

machine type, Am. The eM system has three levels (see Figure 4-2) of flexibility: one 

due to option of choosing machine type, the second level is due to choosing the cell for 

that machine type, and the third level is due to the structure of the cellular design. To 

develop an aggregated system flexibility measure that relates the flexibility at a lower 

level to higher levels, we adopt the axiomatic method. We fIrst discuss the essential 

axioms to develop such a measure. Then we discuss some desirable axioms of this 

measure for its better application. 

(a). Essential Axioms 

Let the system aggregated flexibility measure be denoted by F. Then we must 

have the following essential properties of F (Brill and Mandelbaum, 1989; and Kumar, 

1986, 1987): 

1. F should be a function of the system components (machines, parts, and cells) and 

of the level of freedom to choose among components. 

2. F should be a non-negative continuous function of the relative importance of 

each component. Since the measure should not be negative, it should change by 

a small amount when each importance of the components changes by a small 

amount. 

3. F is minimum if and only if the capability of the system is limited to one option. 

For example, when a system consists of one cell with one machine to make one 
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part type its flexibility should be minimum. 

4. The maximum value of F should monotonically increase (at least it should not 

decrease) with the number of the system components. There is more flexibility 

with more options. 

(b). Desirable Axioms 

5. F should be a differentiable function of the relative importance of the system 

components. This property will be of great convenience if we need to maximize 

F. 

6. Since we want to maximize F subject to constraints, which are generally linear, 

we would like F to be a concave or pseudo-concave or strictly quasi-concave 

function of the relative importance of the system components so that the local 

maximum of F may also be the global maximum. 

7. We may be able to transform a situation, let us say (a), where there are a number 

of machines, into another situation, let us say (b), where these machines are 

divided into two cells such that there are two consecutive sets of options, first set 

to choose a cell (Le., primary comprehensive cell) and then the second set to 

choose machine(s) in that particular primary comprehensive cell. In other words, 

it may be desirable that F for situation (a) should be decomposable into two 

measures of flexibility, vis. a measure of flexibility between cells and a measure 

of flexibility within cells. This property develops ease in interpreting and 

calculating the measure and implementing any related principle. We call this 
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property the property of decomposition. 

8. F should increase (decrease) in value, if the system can do more (fewer) parts 

with positive processing capability. 

9. F should increase (decrease) in value, if the processing capability for doing any 

part or operation increases (decreases). 

10. F may involve a parameter. This would give us flexibility to take into account the 

factors which may not be taken into account otherwise. 

11. F should be mathematically tractable. 

The observance of the necessary axioms does not lead to a unique measure. There 

may not be even any measure which satisfies both the necessary axioms as well as all the 

desirable axioms. As a matter of fact, we are not interested specifically to develop a 

unique measure. Two measures are proposed which, from our perspective, are 

appropriate for eM configuration. 

4.4.1 Measure I: Entropic Aggregated System Flexibility Measure 

Let the relative contribution of each component,i, to the aggregated flexibility 

denoted by fi where i =1,2, ... ,n. The first appropriate measure of aggregated flexibility 

is 

n 

F = -L fj In f j , where 0 . In 0 = 0 
j=l 

(4-27) 

This expression was first obtained for "entropy" in thermodynamics. In the physical 
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sciences entropy is considered a measure of the degree of disorder. Later, Shannon 

(1948) obtained the same expression in infonnation theory as a measure of uncertainty 

of infonnation or randomness of a probabilistic system. He also called it entropy. 

Entropy is a convenient measure of the uncertainty or unpredictability of a system or of 

a process containing an element of contingency. We shall however call equation (4-27) 

the aggregated entropic measure of system flexibility. This measure satisfies all the above 

properties except number 10 since there is no parameter in this measure. The proofs of 

the compatibility of this measure with the mentioned properties are given in Shannon 

(1948), Jaynes (1957), and Behara (1991). 

The great success of Shannon's entropy measure encouraged several authors to 

attempt the fonnulation of an objective theory of flexibility based on this measure 

(Kapur, 1986; Kapur and Kumar, 1986; Kumar, 1985, 1987; and Yao, 1986). Based on 

this analysis, we propose the following entropic measure of primary comprehensiveness 

flexibility aggregated at the system level: 

c 

F~ = - L L L 
pE'i' c=1 mEM 

uc uc 
~cm In ~cm -- --

Sc Sc (4-28) 
c 

where: Sc = L L L 
pE'i' c=1 mEM 

uc uc 
The tenn - Mpcm In Mpcm represents the flexibility contribution of type m machines in 

Sc Sc 

cell c to the comprehensiveness with respect to part type p. F~ represents the system 
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comprehensiveness flexibility expressed as the sum of the flexibility contributions of 

machine types aggregated at the cell level which is in tum aggregated at system level. 

M UC M UC 

We defme - L ~ In ~ as the total contribution of all machine types in cell c 
mEM Sc Sc 

to the comprehensiveness with respect to part type p. Equation (4-28) satisfies all the 

properties except number 10 (Shannon, 1948) since it is an entropic measure and it 

satisfies all the properties of Mp~; given equation (4-28) is perfectly correlated with it. 

Next we explain, using algebra, how the system comprehensiveness flexibility measure 

can be decomposed to machine type flexibility measure and cell flexibility measure. We 

start by multiplying equation (4-28) by Cp~ I Cp~ and rewrite it as 

~ Mp~; Mp~; _ _ ~ [Cp~ Mp~; 1 [Cp~ Mp~; 1 -L..J--In--- L..J --- In ---
mEM Sc Sc mEM C U Sc C U Sc pc pc 

which can be rewritten as follows 

. Cp~. h smce _ IS constant, t en 
Sc 
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ue ue 
_ ~ Mpcm Mpcm 
~ In--= 

mEM Se Se 

Since C u = ~ M ue then pc ~ pcm 
mEM 

ue ue _ L Mpcm In Mpcm = 
mEM Se Se 

u u 
define Fe = - Cpc In Cpc which is the flexibility contribution by cell c to the system's 

pc Se Se 

comprehensiveness with respect to part type p, and Fp~ 

above expression can be rewritten as 
ue ue u 

_ ~ Mpcm I Mpcm e Cpc M 
~ n -- = Fpc + - Fpc 

mEM Se Se Se 

ue ue 
= _ L Mp~m In Mp~m then the 

mEM Cpc Cpc 

Hence, the primary comprehensiveness flexibility aggregated at the system level 

expressed as the sum of the total cell flexibility and the total machine type flexibility 

contributions can be written as 

(4-29) 

Similarly, the secondary comprehensiveness aggregated flexibility measure can 

be written as 
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(4-30) 

The tenn - ~~.m In Mp~.m represents the flexibility contribution of type m machines 
SN SN 

in cell pair c1 c2 to the secondary comprehensiveness with respect to part type p. F~ 

represents the system secondary comprehensiveness flexibility expressed as the sum of 

the flexibility contributions of machine types aggregated at the cell level which is in tum 

aggregated at system level. Following similar steps as before, F~ can written as 

(4-31) 

where 

the flexibility contribution by the cell pair C1C2 to the 

secondary comprehensive with respect to part type p, and 

M UN M UN 

Fp~c. = - L p~c.m In pC,c,m = the flexibility contribution by all machine types in 
C C U 

mEM pc,C. pc,C. 

cell pair CIC2 to the secondary comprehensiveness with respect to part type p. 
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4.4.2 Measure II: Simple Aggregated Measure 

The second appropriate aggregated primary comprehensiveness measure is: 

c 

F; = Sc = L L L ~~~ (4-32) 
pE'i' c=l mEM 

and the aggregated secondary comprehensiveness measure is: 

C-l C 

F~ = SN = L L L L ~~~,m (4-33) 
pE'i' c,=l c,=c,+l mEM 

These two measures satisfy all the properties except numbers 5,7, and 10. 

The four aggregated flexibility measures (equations 4-30, 4-31, 4-32, and 4-33) 

are expressed in terms of machine processing capabilities and independent of the 

operation assignments to machines. These measures can be expressed in terms of the 

current operation assignments by simply redefining C CP in equation 4-18 and W in 
~ c~ 

equation 4-23. Let cc~P be 1 if all the operations required by part type p are assigned to 

cell c and 0 otherwise. Let the aggregated primary comprehensiveness flexibility measure 

in terms of the operation assignments be denoted bYF~A, which is expressed by equation 

4-30 (as entropic measure) or 4-32 (as simple measure). Similarly, let W be 1 if the 
C,C,p 

part operations required by part type p are assigned to both cells C1 and C2 and 0 

otherwise. This means that w is one if part type p is an exceptional part which needs 
C,c,p 

just one intercell move to be completed. In this case the secondary comprehensiveness 

measure is denoted by F~A, which can be expressed as in equation 4-31 (as entropic 
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measure) or as in equation 4-33 (as simple measure). 

This concludes our description of the measures related to the different flexibility 

types discussed in Section 4.2. Essentially, we have developed explicit measures of 

flexibility which reflects the ability of the eM system to respond to internal and external 

changes. Before concluding this chapter, we illustrate the computation of all these 

measures in the next section. 

4.5 Example 

In this section a numerical example is provided to demonstrate the use of all the 

eM performance measures proposed in the previous sections. We assume an already 

existing eM system that consists of 2 manufacturing cells each with 4 machines of 

different types. There are 6 different machine types in the system. The system produces 

10 part types requiring 12 different operations. 

The available number of machines for each machine type (NnJ, the machine type 

availability (Am), the annual amortized machine cost (FnJ, and the machine run cost per 

hour (cnJ are given in table 4-1. The part type demands (Qp), the number of required 

batches (lp), and the processing requirements matrix [P] are given in table 4-2. 
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Table 4-1: Machine types data 

m Nm Am Fm em 

1 1 0.90 6,949 3.10 

2 2 0.85 2,872 1.80 

3 1 0.80 3,046 1.10 

4 2 0.90 6,869 2.20 

5 1 0.95 2,239 6.80 

6 1 0.80 4,832 7.20 

The machine-type-operation matrix [Xu], which shows the operations that each 

machine type is capable of perfonning from the global set of operations 0, is given in 

table 4-3. Matrices [T] and [8] are shown in tables 4-4 and 4-5, all the entries of this 

matrix are in minutes. 
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Table 4-2: Parts types data 

operation (j) 
p Qp 1;, 

1 2 3 4 5 6 7 8 9 10 11 12 

1 9 600 1 1 1 

2 3 1200 1 1 1 1 

3 4 1800 1 1 

4 7 900 1 1 1 

5 8 1000 1 1 1 

6 5 700 1 1 

7 5 900 1 1 1 

8 4 800 1 1 1 

9 2 1100 1 1 1 

10 6 1000 1 1 

Table 4-3: Machine type processing capabilities matrix [Xu] 

m operation 

1 2 3 4 5 6 7 8 9 10 11 12 

1 1 1 1 

2 1 1 1 

3 1 1 

4 1 1 1 

5 1 1 1 1 1 

6 1 1 1 
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Table 4-4: Machine run time (minutes) matrix [T] 

operation 

m 

1 2 3 4 5 6 7 8 9 10 11 12 

1 4.5 

2 3.0 3.5 
3.5 

3 
3.0 3.5 3.5 

4 3.0 
3.5 

5 4.0 3.0 3.5 3.0 
3.5 3.0 3.5 

6 4.0 3.5 4.0 

Table 4-5: Machine setup time (minutes) matrix [S] 

operation 

m 

1 2 3 4 5 6 7 8 9 10 11 12 

1 12 

2 14 24 
16 

3 
38 80 12 

4 54 
80 

5 12 24 60 20 
80 32 42 

6 30 20 34 

Table 4-6 shows the number of machines from each type assigned to each cell 

(matrix [K]). The assignments of part types to manufacturing cells (matrix [V]) are given 

in table 4-7. Table 4-8 shows the part-machine incidence matrix representing this system. 
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Table 4-6: Values of ~c Table 4-7: Part-cell assignments 

m CELL P CELL 

1 2 1 2 

1 0 1 1 1 0 
2 1 1 2 1 0 
3 0 1 3 0 1 
4 1 1 4 1 1 
5 1 0 5 1 1 
6 1 0 6 0 1 

7 0 1 
8 1 0 
9 1 0 
10 1 1 

Table 4-8: Part-machine incidence matrix 

MACHINES 

Code 2 5 7 8 1 3 4 6 
m 2 4 5 6 1 2 3 4 
Num 1 1 1 1 1 2 1 2 

1 1 1 1 
2 1 1 1 
4 1 1 1 

P 8 1 1 1 
A 9 1 1 1 
R 10 1 1 
T 
S 3 1 1 

5 1 1 1 
6 1 1 
7 1 1 
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STRUCTURAL :MEASURES: 

Table 4-9 shows the number of machines in each cell that are capable of 

performing each operation (Ucj) in the global set of operations, O. For instance, in cell 

1, both machines 2 and 5 can perfonn operation 7. 

Table 4-9: Values of Ucj 

operation 
cell 

1 2 3 4 5 6 7 8 9 10 11 12 

1 0 1 0 1 1 1 2 2 1 2 2 1 
2 1 1 1 1 1 0 1 0 2 1 1 1 

1. Machine Processing Capabilities 

Table 4-10 shows the machine type processing capabilities (equation 4-7). 

Mtc = 0.25 since machine type 1 can perfonn 3 of the 12 operations. 

Table 4-10: Machine type processing capabilities(M~C) 

m 1 2 3 4 5 6 

M PC 0.25 0.25 0.167 0.25 0.417 0.25 
m 
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Table 4-11 shows the machine type processing capabilities relative to part type 

(equation 4-8). Ml~c = 0.50 because machine type 1 can perform half the set of 

operations required by part type 3, 03={1,4}, namely operation 1. 

Table 4-11: Machine type processing capabilities relative to Parts(M~~) 

m p 

1 2 3 4 5 6 7 8 9 10 

1 0.00 0.00 0.50 0.00 0.33 0.00 0.67 0.00 0.00 0.00 
2 0.33 0.50 0.00 0.33 0.00 0.50 0.00 0.33 0.33 0.00 
3 0.33 0.00 0.00 0.00 0.33 0.00 0.33 0.00 0.00 0.50 
4 0.00 0.25 0.50 0.33 0.67 0.50 0.00 0.33 0.00 0.50 
5 0.33 0.25 0.00 0.33 0.33 0.00 0.33 0.00 0.33 0.50 
6 0.33 0.25 0.00 0.33 0.00 0.50 0.00 0.33 0.67 0.00 

2. Cell Availability and Processing Capability 

Table 4-12 shows the cell availability to process operations from the global set 

of operations, 0, (equation 4-10). For instance, to calculate the availability of cell 1 to 

perform operation 2, from table 4-6 the machine types allocated to ce112 are 2,4,5, and 

6 with X22=1, X42=O, XS2=O, and X62=O. Only machine type 2 in cell 1 can perform 

operation 2 and machine type 2 is available 85 % of the time, hence Al~ = 0.85 . 
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Table 4-12: Cell availabilities relative to operations (A ~) 
CJ 

j CELL #1 CELL #2 

1 0.000 0.900 
2 0.850 0.850 
3 0.000 0.800 
4 0.900 0.900 
5 0.950 0.800 
6 0.800 0.000 
7 0.993 0.850 
8 0.990 0.000 
9 0.900 0.990 
10 0.995 0.900 
11 0.970 0.850 
12 0.950 0.900 

Table 4-13 shows the availability of each cell to be a comprehensive cell relative 

to the part type population, it and the cell processing capability. The entries in this table 

are based on equations (4-11) and (4-13) respectively. Al
c = 0.7748 which is the 

average of Ale; V j E {}. ctc = 0.8333 because cell 1 can perform 10 out of the 12 

operations 

Table 4-13: Values of Acc and CcPc 

c A C C Pc 
c c 

1 0.7748 0.8333 
2 0.7283 0.8333 

Table 4-14 shows the availability of the cells to be comprehensive relative to individual 
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part types. This table is based on equation (4-14). For instance, AI~ = 0.65 because 

0 1 ={2,5,6} and AI~ = 0.85, AI~ = 0.95, and AI~ = 0.80 hence Al~ = 0.65. 

Table 4-14: Values of ~~ 

p C 
Alp 

C 
A 2p 

1 0.65 0.00 
2 0.61 0.00 
3 0.00 0.81 
4 0.76 0.00 
5 0.00 0.71 
6 0.87 0.76 
7 0.00 0.65 
8 0.61 0.00 
9 0.67 0.00 
10 0.85 0.72 

Table 4-15 shows the number of part types for which a specific cell is capable of being 

comprehensive. This table is based on equation (4-17). PIC = 7 because cell 1 can 

perform 7 part types completely, namely part types 1,2,4,6,8,9, and 10. 



116 

Table 4-15: Number of parts for each primary comprehensive cell(pcC
) 

c pC 
c 

1 7 
2 5 

Table 4-16 shows the number of comprehensive cells relative to individual part types. 

This table is based on equation (4-16). For instance, c6
c = 2 because part type 6 can be 

produced completely in anyone of the two cells. 

P 

c C 
p 

Table 4-16: Number of primary comprehensive cells per part (c C) 
p 

1 2 3 4 5 6 7 8 9 

1 1 1 1 1 2 2 1 1 

10 

2 

There is one pair of cells in this system. The availability of the two cells to be 

secondary comprehensive pair of cells with respect to each part type which is expressed 

by equation (4-20) is ZERO for all the part types. This is because there is at least one 

primary. comprehensive cell for each part. The secondary comprehensiveness measured 

with respect to the cell processing capabilities for each part type is shown in Table 4-17. 

In Table 4-17 an asterisk indicates that AN> O. For example, part type 1 needs 
C,c,p 

operations 2,5, and 6 cell 1 can perform all of them with different availabilities (see 
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Table 4-12 and cell 2 can perfonn 2 and 5 only. Hence Al~l = 0.1615 which is greater 

than 0 to indicate that the pair of cells is capable of perfonning all the operations 

required by part type p. It can be noted from Table 4-17 that the pair of cells is capable 

of perfonning all the part types in the current part mix by carrying a single intercell 

move. 

Table 4-17: Values of AN 
C,c,p 

P 1 2 3 4 5 6 7 8 9 10 

AN * * * * * * * * * * C,c,p 

3. Flexibility Measures 

The aggregated flexibility measures for this system are calculated by using 

equations (4-25), (4-26),(4-29), and (4-31). The aggregated volume flexibility measure, 

0* (equation 4-25) is 117% of the current part demand values. The volume flexibility 

measure with respect to each part type, 0 * (equation 4-26) is evaluated for each part 
p 

type and the results are given in Table 4-18. In Table 4-18, the maximum increase in 

part type's 1 demand before machine number 2 becomes bottleneck (overutilized) is 

140% of the current demand. 



P 1 

0* % 140 
p 

m * 2 

Table 4-18 : Values of volume flexibility measure( 0 * ) 
p 

2 3 4 5 6 7 8 

220 290 160 160 490 620 220 

5 6 5,7 5 6 4 5 

118 

9 10 

280 160 

7 7 

The aggregated system entropic primary comprehensiveness flexibility with respect to the 

current operation assignments (equation 4-29) is F~A=2.8198 and the secondary 

comprehensiveness with respect to the current operation assignments (equation 4-31) is 

F~A= 3.3012. The aggregated system nonentropic primary comprehensive measure 

(equation 4-32) Sc=0.5485 and the nonentropic secondary comprehensiveness flexibility 

measure (equation 4-33) SN=I.6519. 
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CHAPrER5 

FLEXIBLE CELL FORMATION (FCF) METHOD 

This chapter specifies the operational details of the proposed FCF method. The 

discussion in the following sections focuses on the data required and each phase of the 

FCF method. 

5.1 Data Requirements 

In summarizing the data requirements for the FCF method, we reintroduce some 

of the notation described in Chapter 4. The number of part types to be processed in the 

CM system (I 'Ir I), the number of generic operations to be carried out on these parts 

( I n I) and the number of machine types available (I M I) to process these part types are 

given. For an existing system, I M I is the number of machine types currently in the 

system, while for a new system, 1M I is assumed to be the maximum number of machine 

types required to carry out all operations in the set n. 

For each part type p, p E 'Ir, the number of batches to be produced per year, 1;" 

and the batch sizes, Qp, are assumed to be known. Further, we also know the set of 

generic operations required by each part type, Op. We assume that these operations can 

be performed in any order. We define a matrix [P] where each binary entry Ppj is I if 

part type p requires generic operation j and 0 otherwise. 

For each machine type m, the availability of each machine type, Am, is known. 

Note that 0 :::;; A.n :::;; I and this indicates the proportion of total time a machine of type 

m is available. We also assume that the hourly operating costs per machine of each type, 
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cm, are known. For an existing system, we also know the number of machines of each 

type Nm. For a new system, where Nm is assumed to be a decision variable, we assume 

that we know the fixed cost (FnJ of procuring an additional machine of type m. 

The setup time for each generic operation j on machine type m is represented by 

Smj (m E M and j E 0) time units. These setup times are assumed to be identical for all 

part types as long as generic operation j is being carried out. These values are 

represented by matrix [S]. The run time per unit of any part type requiring operation 

j on machine type m is represented by tmj (m E M and j E 0) time units. These values are 

represented by matrix [T]. We define a matrix [X] where each binary entry Xmj is 1 if 

machine type m can process operation j and 0 otherwise. The machine type processing 

capability with respect to 0 is given by equation (4-7). 

5.2 Overview of the FCF method 

An overview of the proposed FCF method for designing a CMS is shown in 

Figure 6-1. The FCF method consists of five phases. Given a global set of generic 

operations, 0, and a population of machine types, M, with different processing 

capabilities, Phase I is concerned with assigning operations to machine types. For an 

existing system where we know Nm, we explicitly consider the machine type operating 

costs (cnJ and a user specified maximum machine usage limit (defined as Urn>. For a 

new system, we also compute the number of machines of each type required (Nrn> by 

explicitly considering the fixed cost of each machine of each type (FnJ. Based on the 

output of Phase I, Phase IT assigns each part-operation to a specific machine of each type 
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such that the similarity between part-operations assigned to a machine is maximized and 

the user specified maximum machine usage (in Phase I) is not exceeded. 

Individual machines and part operations are grouped into manufacturing cells in 

Phase ID. In this phase, we consider the machine processing capabilities. Phase IV is 

used to improve the cellular configuration. At this point, the user can choose to either 

improve primary cell comprehensiveness or volume flexibility or both. Finally, Phase 

V evaluates the resulting cellular configuration in terms of all or some of the structural 

measures proposed in Chapter 4. 
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Figure 5-1: An Overview of The FCF Method tv 
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5.3 PHASE I: Assigning operations to machine types 

The fIrst phase of the FCF method undertakes the assignments of operations to 

machine types. A comprehensive mathematical formulation (FCF-I) of this subproblem 

is given below. 

IMI IIlI IMI 
FCF-I: minimize L L crnj xrnj + L F rn Nrn 

s.t. 

rn=l j=l rn=l 

IMI 
L xrnj = 1 vjEO 
rn=l 

IIlI 
L urnj xrnj ~ Urn Nrn, 
j=l 

v mEM 

Xrnj = 0 or 1, v mEM and jEO 

Nrn > 0 and integer, v mEM 

(5-1) 

(5-2) 

(5-3) 

(5-4) 

(5-5) 

The binary decision variables Xmj indicate if operation j is assigned to machine type m 

while the integer decision variables Nrn represent the number of type m machines. 

Machine type m annual operating cost for generic operation j is represented by Crnj' Frn 

is the annual procurement cost of a type m machine. Urn is the user specifIed maximum 

allowed utilization for machine type m. By setting Urn to be less than 100 %, the user can 

build some slack capacity into the system and hence, make the fInal cellular confIguration 

more responsive to part volume and part mix changes. Urnj is the utilization of machine 

type m induced by operation j (j E 0) based on the assumption that all part types requiring 

operation j are processed on machine type m. In other words, Urnj is machine type m 
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fraction required to perfonn operation j and is computed as equation (5-6). In order to 

obtain a conservative estimate of tImj' it is assumed that a single part type is processed 

per setup. Finally, note that the solution to phase I as fonnulated above is given by the 

set of indicator variables Xmj which is represented by matrix [xl and the set of Nm values. 

1"'1 
L (Smj + tmj Qp)Lp P pj 
p=l if Xmj = 1 (5-6) 

00 if Xmj = 0 

In fonnulation FCF-I, the objective function (5-1) minimizes the fixed and 

operating costs of machine type assignments. The first constraint set (5-2) ensures that 

each operation is assigned to a single machine type while the second constraint set (5-3) 

computes the number of machines of each type required to satisfy capacity constraints 

and maximum allowed machine utilization. For a known vector of Nm values, problem 

FCF-I is reduced to a generalized assignment problem (GAP) which is an NP-hard 

combinatorial optimization problem (Fisher, Jaikumar and Van Wassenhove, 1986; and 

Cattrysse and Van Wassenhove, 1992). Thus, we can conclude that FCF-I is NP-hard. 

Given the difficulty of obtaining optimal solution to FCF-I, we develop a two-stage 

hierarchical scheme to obtain the required assignments of operations to machine types. 

The first stage focuses on estimating N m and based on these values, the second stage 

provides an estimate of Xmj. A heuristic is needed in order to fmd the Nm estimates in the 
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fIrst stage. This reduces the FCF-I problem to GAP problem. As pointed out earlier, if 

we are converting an existing system into a cellular system Nm is known and hence, stage 

one can be skipped. Details of each stage are as follows. 

Stage (1): Estimating Nm 

Two heuristics are proposed in order to estimate the values of Nm • The fIrst 

proposed heuristic (GREEDY -I) to estimate the number of machines for each type, Nm, 

consists of three steps: 

1. Calculate the total cost induced by each operation j E 0 on each machine type 

mEM which is denoted by Hmj. Hmj can be expressed as 

where Cm is machine type m operating cost per unit time and T is the available 

working time per year. Am is the reliability of machine of type m. 

2. Assign each operation to the machine type with the minimum value of Hmj. The 

pseudo code of this step is as follows: 

for eachjEO do 

begin 

find mj • such that H .. = min {H } 1/1, J III} 
mEO 

end 

3. Given the operation-machine type assignments of step 2, Nm can be estimated as 

follows: 
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v mEM 

otherwise 

The second heuristic to estimate Nm (GREEDY-IT) is similar to GREEDY -I except 

how 14j is defined. 14j in heuristic GREEDY -IT is expressed as follows: 

{

umj F m , if X mj =1 
H. = 

mJ 00 ,if X . =0 
mJ 

In order to compare the performance of the two heuristics proposed, 35 test 

problems were randomly generated. To obtain the optimal solution to the problems for 

comparison purpose, the STORM package (Emmons et aI, 1992) was used. STORM is 

an integrated software package using depth-first search in a branch and bound (B&B) 

scheme. The problem is first solved as an ordinary linear program, the linear relaxation, 

in which all the integer restrictions are ignored. Then, at each successive level of the 

search tree, one (or more) integer variables are fixed at integral values and a new 

solution is found. 
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Table 5-1: Heuristic comparison results 

------------------------------------------------------------------------------------------------------
Problem LP OPT G-I G-II I % TI% 
------------------------------------------------------------------------------------------------------
1 33,964.30 42,675.00 42,675.00 42,675.00 0.00 0.00 
2 44,758.24 67,971.00 70,806.00 70,806.00 0.04 0.04 
3 72,686.43 107,401.00 113,517.00 113,517.00 0.06 0.06 
4 50,420.50 72,847.00 72,847.00 72,847.00 0.00 0.00 
5 63,773.66 86,160.00 93,476.00 86,160.00 0.08 0.00 
6 40,338.44 53,304.00 56,966.00 53,304.00 0.07 0.00 
7 55,782.94 79,274.00 79,274.00 79,274.00 0.00 0.00 
8 56,863.22 79,897.00 79,897.00 79,897.00 0.00 0.00 
9 48,264.22 76,036.00 79,471.00 79,471.00 0.05 0.05 
10 53,458.88 80,474.00 81,384.00 81,384.00 0.01 0.01 
11 57,582.44 81,762.00 88,788.00 88,788.00 0.09 0.09 
12 61,048.52 94,530.00 99,674.00 99,674.00 0.05 0.05 
13 51,872.76 67,366.00 67,366.00 67,366.00 0.00 0.00 
14 63,691.97 89,630.00 97,725.00 93,067.00 0.09 0.04 
15 56,040.44 81,741.00 84,551.00 84,551.00 0.03 0.03 
16 56,155.65 82,337.00 87,702.00 87,702.00 0.07 0.07 
17 49,971.83 72,407.00 79,936.00 79,936.00 0.10 0.10 
18 38,190.34 49,544.00 49,544.00 50,577.00 0.00 0.02 
19 49,958.11 72,547.00 75,049.00 75,049.00 0.03 0.03 
20 44,948.48 58,758.00 59,261.00 58,758.00 0.01 0.00 
21 53,035.75 73,356.00 78,180.00 78,180.00 0.07 0.07 
22 57,849.49 80,812.00 90,001.00 90,001.00 0.11 0.11 
23 49,462.76 72,113.00 75,168.00 74,534.00 0.04 0.03 
24 54,550.55 77,585.00 83,369.00 83,369.00 0.07 0.07 
25 60,057.38 87,678.00 90,855.00 90,855.00 0.04 0.04 
26 58,049.11 83,088.00 87,723.00 87,723.00 0.06 0.06 
27 66,543.32 96,579.00 99,231.00 99,231.00 0.03 0.03 
28 59,449.24 78,698.00 78,698.00 78,698.00 0.00 0.00 
29 69,338.25 91,975.00 101,612.00 102,462.00 0.10 0.11 
30 56,710.68 84,291.00 87,809.00 87,809.00 0.04 0.04 
31 65,322.21 89,715.00 96,968.00 96,968.00 0.08 0.08 
32 38,938.54 51,057.00 52,847.00 52,847.00 0.04 0.04 
33 34,335.84 47,614.00 52,018.00 51,812.00 0.09 0.09 
34 26,537.02 35,417.00 36,708.00 36,269.00 0.04 0.02 
35 26,198.52 39,408.00 39,441.00 39,441.00 0.00 0.00 
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Heuristics GREEDY-I and GREEDY-IT were applied to the set of 35 test 

problems. The overall results are given in Table 5-1. The fourth and fifth columns of 

Table 5-1 give the solutions of the two heuristics GREEDY -I (G-I) and GREEDY -IT(G-

IT) respectively. The last two columns of the table give the relative difference between 

the two heuristics and the optimal solution computed as: 

1% = (G-I) - (OPT) x 100 
(OPT) 

IT% = (G-IT) - (OPT) x 100 
(OPT) 

(5-8) 

(5-9) 

It can be seen from Table (5-1) that each heuristic obtained the optimal solution for 8 

(GREEDY I) and 10 (GREEDY IT) of the 35 test problems. The average error for 

GREEDY-I is 5% and for GREEDY-IT 4%. Since both procedures are comparable, we 

recommend the use of both procedures for practical applications. 

Stage (2): Assigning operations to machine types 

Once we have estimated Nm, problem FCF-I is reduced to a generalized 

assignment problem (GAP). The GAP problem is formulated in our context in order to 

find the minimum operating cost assignment of jobs (operations) to machine types (see 

5-10) so that each operation is assigned to exactly one machine type (see constraint set 

5-2) and the total resources available for every machine type are not exceeded (see 

constraint set 5-3). This formulation is as follows: 
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IMI 101 
(GAP) min {L L Cmj Xmj I (5-2), (5-3), and (5-4)} 

m=l j=l 

(5-10) 

Considerable research has been done to fmd effective enumeration algorithms to 

solve GAP's to optimality. Most algorithms are based on branch-and-bound (B&B) 

techniques and on relaxation of the assignment (assignment constraint set) or the 

knapsack constraints (capacity constraint set). Two of the fastest available algorithms for 

the GAP are the branch and bound methods developed by Ross and Soland (1975) and 

Martello and Toth (1981). Comparisons between the two methods have indicated that 

the Martello and Toth (1981) procedure is superior in terms of solution quality. Hence, 

we used that method to obtain near-optimal solutions to our problem of assigning 

operations to machine types. 

Martello and Toth (1981) presented an enumerative algorithm for the solution of 

GAP based on a heuristic preprocessing, a reduction phase and a branch and bound 

scheme. A brief overview of the Martello and Toth (1981) method is as follows. They 

reformulate the problem into an equivalent maximization problem (GAP-2) as follows: 
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{ 
IMI 10 1 } 

(GAP-2) max .E L rmj xmj 1(5-2), (5-3), and (5-4) 
m=1 j=1 

(5-11) 

where rmj = max { cmj } - cmj , 
m 

v JEO and mEM 

At each node of the decision-tree, an upper bound, UBMT , is obtained by solving the 

following relaxed problem (MT): 

(MT) { 
IMI 101 } 

max L ~ rmj xmj I (5-3) and (5-4) 
m=1 J=1 

(5-12) 

This results in M 0-1 single knapsack problems <Km V mE M) with solution ~ and 

IMI 
solution value zn: . The corresponding upper bound is UB

MT 
= L 

m=1 

max {Zm = L rmj xmj I (5-3) and (5-4) } 
jEO 

-. 
Zm • 

(5-13) 

The authors also try to improve upon the upper bound, UBMT , obtained for model 

GAP-2 by solving model MT. UBMT is improved by computing a lower bound, A, on 

the penalty incurred to satisfy constraints (5-2) and by deriving the better upper bound 

UBGAP-2 = UBMT - A. This improvement step requires the computation of an upper bound 

on the zn: of a 0-1 single knapsack problem <Km), which can easily be computed as the 

continuous linear programming solution to the single knapsack problem (K,J. The reader 

interested in more details regarding this procedure is referred to Martello and Toth 
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(1981). 

The output of this phase is I M I sets of operation-machine type assignments. 

Each set consists of the operations assigned to machine type m and is represented by the 

mth row of matrix [x]. Thus, the steps in Phase I can be summarized as follows: 

Step 0 Based on the input data, Crnj is specified. Urnj V mE M and j E n is calculated by 

using expression (5-6). The user specifies the input parameter Urn. FCF-I is 

formulated as in expressions (5-1)-(5-5). If Nrn is known goto step 2. 

Step 1 Estimating Nrn V mEM by applying GREEDY-lor GREEDY IT. 

Step 2 Solution of GAP-2 by the Martello and Toth (1981) procedure. 

Step 3 GAP-2 is infeasible if there is at least one operation which needs usage units 

more than those available. To force feasibility two strategies are used. The first 

is to split the operation into a number of part-operations so that the operation can 

be assigned to multiple machine types. The second strategy is to add more 

machines of the bottleneck machine type. The second strategy is used when the 

first fails to get a feasible solution. 

5.4 PHASE II: Assigning part-operations to individual machines 

Given the operation assignments to machine types, the operations are next 

assigned to individual machines of the same type. Note that this is only carried out for 

machine type m provided Nrn > 1 (if Nrn = 1, this implies that all operations assigned 

to machine type m are assigned to be processed on this machine). This phase is carried 

out in three stages. A graph where each node represents each operation of a part type 
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(referred to as OPN-OPN graph) is constructed in the fIrst stage. In the second phase, 

an initial partition for the OPN-OPN graph is obtained by using a heuristic procedure. 

Finally in the third stage we improve on the initial partition by using Kernighan and Lin 

(1970) (referred to as KL). Next each stage is discussed in detail. 

5.4.1 Stage (1): Constructing OPN·OPN Graph 

In this stage OPN-OPN graph is constructed for every machine type (m) with 

more than one machine available, where each node represents each operation of a part 

type which is to be processed on machine type m. Note that the Phase I output only 

specifIes the generic set of operations to be processed on machine type m. In 

constructing the graph, however, there is a node for each part requiring the generic 

operation assigned to machine type m. Thus, the number of nodes in the graph is 

typically greater than the number of generic operations assigned to machine type m in 

Phase I. 

Second, the part-operation nodes on the graph are connected by an arc with an 

associated weight defIned as follows: 

where: 

1 , if operation pair i and j are required by the same 
part type 

SpJ'j , if operation i is required by part type Pi 

and operation j is required by part type Pj 

(5-14) 



SpJ'J = similarity between part type Pi and Pj and is defmed as 

where: 

N = number of common operations between part type Pi and Pj 
PJ'J 
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(5-15) 

This similarity coefficient is bounded above and below by 1 and 0, respectively. It 

assesses the maximum proportion of common operations between part types Pi and Pj. 

The greater this value is, the more desirable it is to assign the two part-operations for 

processing on the same machine. 

5.4.2 Stage (2): Identifying Initial Partition 

The second stage of phase IT is to find an initial partition for the OPN-OPN graph 

associated with machine type m. We partition this graph into Nrn subgraphs such that the 

number of nodes referred to as number of part-operations from now on within each 

subgraph are approximately equal. We hereafter refer to each subgraph as a machine. 

In assigning part-operations to a machine, we also ensure that the maximum allowable 

utilization of the machine (defined as Urn) is not exceeded. In essence the heuristic 

procedure (HEU-IP) we use is as follows. First, we assign highly dissimilar part-

operations to distinct machines such that each machine is assigned one part-operation. 

Then, we assign the remaining part-operations to machines in order to maximize the 

internal similarity of all part-operations assigned to a specific machine such that machine 
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availability is not exceeded and the number of part-operations assigned to each machine 

are as equal as possible. 

Let IV m I represent the total number of part-operations assigned for machine type 

m. The partitioning procedure (HEU-IP) is as follows: 

1. Identify part-operations i * & j * such that ej* J* = min {eJ . 
jJEV

m 
J 

2. Assign part-operation i* and j* to two machines which do not contain a single 

part-operation. If there is only one machine remaining which does not have a 

part-operation assigned, then assign part-operation i* to this machine. 

3. Repeat 1 and 2 until each of the Nm machines contains one part-operation. Let 

020 represent the set of part-operations assigned to machine n (n = 1, .. , Nm>. 

Let Oim represent the set of part-operations not assigned to any machine. If Oim 

is empty, then STOP else set n =0 goto 4. 

4. Set n = n + 1. If n > Nm or Oim is empty, STOP. 

5. Identify part-operation k* such that ej*,k* = max {eilc liE 020 ; k E OIm}. 

6. Assign part-operation k* to machine n if and only if the total load associated with 

the part-operations assigned to machine n is less than or equal to Um. If Um is 

exceeded then goto 4, else set Oim = Oim - {k*}; 020 = 020 + {k*}; ej*,k* = 

O. If Oim is empty, STOP. Else goto 5. 

At the end of this process, we equalize the number of part-operations assigned to each 

machine by assigning dummy part-operations. We also allow the inclusion of a fIxed 
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additional percentage of dummy part-operations for all machines (the percentage being 

specified by the user). The reason for incorporating dummy part-operations is that this 

facilitates switching a part-operation from machine i to machine j without a 

corresponding switch of a "real" part-operation from machine j to machine i. Thus, note 

that the greater the number of dummy part-operations introduced, the more likely it is 

that the number of fmal part-operation assignments are not balanced across machines. 

5.4.3 Stage (3): Applying Kernighan and Lin Improvement Method 

Finally, at the last stage of Phase IT, an attempt is made to improve upon the 

initial partition obtained in stage 2 for machine type m' s OPN-OPN graph using the KL 

pairewise improvement heuristic. This improvement procedure is implemented for all the 

possible pairs of type m individual machines. The objective of KL method is to maximize 

the similarity between part-operations assigned to the same machine and to minimize the 

similarity between part-operations assigned to different machines by interchanging part

operations between machines. In the context of our problem this is carried out for 

machine pair i & j as follows: 

1. For each part-operation assigned to machines i andj, we compute the single-gain 

in similarity (defined as the difference between external and internal similarities) 

if this part-operation is re-assigned to the other machine. For example, consider 

part-operation s assigned to machine i. The external similarity for this part

operation is computed as the sum of the similarity values between part-operation 

s and all part-operations assigned to machine j while the internal similarity is 
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computed as the sum of similarity values between part-operation s and all other 

part-operations assigned to machine i. Then the single-gain in similarity 

associated with part-operation s is computed as the external similarity less the 

internal similarity. 

2. For each possible part-operation pair with a part-operation from each machine, 

we calculate the pair-gain in similarities if these two part-operations are 

interchanged. The part-operation pair with the maximum pair-gain and does not 

violate the machine ca:,acity constraint if interchanged is added to a sequence of 

possible interchanges and discarded from any further consideration. 

3. The single-gain in similarity for the remaining part-operations are updated 

assuming that the part-operation pair selected in step 2 is already interchanged. 

4. Steps 2 and 3 are repeated until all the part-operations are exhausted. In this case, 

the sequence of possible interchanges includes a number of pairs equal to the 

number of part-operations assigned to machine i or j. Note that the sum of all 

the pair-gains of all the part-operation pairs in the sequence of possible 

interchanges is zero. Choose the first K pairs of part-operations from the 

sequence to maximize the partial sum of the pair-gains and implement them. 

5. The new partition is treated as the initial partition and steps 1,2,3, and 4 are 

repeated until no further improvement is possible. 

The output of this phase is represented by the set Omn V mEM and n=1,2, ... ,Nm 
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defined as: 

Based on this discussion, we summarize the stages of Phase II below. 

Step 0 Prepare the data for analysis. This essentially involves splitting up the generic 

operation set assigned to each machine type into specific part operations. For 

each machine type m for which Nrn = 1, assign all part operations assigned to 

that machine type to the individual machine. 

Step 1 For each machine type m for which Nrn > 1, a graph is constructed where the 

nodes represent all part-operations to be carried out on that machine type. The 

arcs connecting these nodes are weighted using the similarity measure defined 

earlier. 

Step 2 After specifying Urn, the heuristic graph partitioning procedure is used to create 

Nrn partitions for each machine type m. 

Step 3 The KL improvement procedure is used to develop a final partitioning scheme for 

each machine type m. 

Phase II of the FCF method does not explicitly incorporate any measures of 

flexibility. However, as with Phase I, we do consider Urn (Le., the capacity of each 

machine of type m) and hence, by building in slack capacity in individual machine, we 

could make the system more responsive to part mix and part volume changes. 
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5.5 PHASE ill: Assigning Machines to Manufacturing Cells 

The third phase of the FCF method involves clustering individual machines to 

create machine groups. Given that Phase II has assigned part-operations to individual 

machines, the machine groups can be considered to be potential manufacturing cells. 

The general procedure to create machine groups/manufacturing cells is similar to that of 

Phase IT, except that we now consider partitioning the individual machine set into a 

number of desired cells. Details of the procedure are as follows. 

First, we construct a graph where each node represents an individual machine. 

These machine nodes are connected by an arc with an associated weight defined in terms 

of a desirability measure. Let <iuln2 represent the desirability measure between machines 

nl and n2. This is computed as: 

(5-16) 

where: 

WS 
-nl,n2 - the maximum proportion of machine nl usage or machine n2 usage related 

to part-operations for common parts (i.e., the set of parts processed on 

both machines nl and n2). This measure is relative to the current part 

mix and the given part-operation assignment sets Oml,nl and Om2,n2' Let 

Wr ,8 be the proportion of machine r workload associated with parts that 

also use machine s. Our measure is expressed as follows: 
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W:1,o2 = max { W nl,02 , W n2,nl } 
(5-17) 

The combined processing capability of machine pair nl of type ml and n2 

of type m2 based on their maximum machine processing capabilities 

relative to matrix [Xu]. This measure is determined by the proportion of 

operations that can be performed by the machine pair nl and n2 from the 

global set of operations {} multiplied by the average compatibility between 

the generic operations that each machine is capable of performing: 

[

101-1 101 1 
(L~IJ + L~J - L~IJ ~J) L L ~IJ2 ~~j2 

We _ JEO jdl JEQ jl=1 j2=jl+l 

nl,n2 - In I 101-1 101 
(5-18) 

L L ~~j2 
jl-1 j2-j1+1 

where: ~IJ2 = the probability that operation jl and j2 are required by the same part type 

and O~a~ 1. 

if Xm1j1 =1 and Xm2j2 =1 
or Xm1 J2 = 1 and Xm2jl = 1 
otherwise 

Note that 0 :::;; ~1n2 ~ 1. ~1,n2 represents the contribution of machine pair nl and 

n2 to the responsiveness (in terms of part-operations on the same part type and/or in 

terms of machine processing capabilities) of a cell if both machines are allocated to it. 
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If a = 1 in equation (5-16), the desirability measure considers the current part mix and 

demand pattern only. This indicates a lesser focus on responsiveness to change and 

would be useful for cases where the part volume and the part mix are relatively stable. 

On the other hand, if a = 0 the desirability measure considers the machine-pair's 

maximum processing capability. Hence, in this case, we are interested in identifying 

machine groups with a capability to process a large set of operations and thus, be more 

responsive to part volume and mix changes. 

Once this measure has been computed for each machine pair, the user is required 

to specify the number of cells (C) which are to be identified. Thus, in the second stage 

of this Phase, we partition this graph into C subgraphs such that the number of nodes 

(machine) within each subgraph (cell) are approximately equal. The partitioning 

procedure is similar to that of Phase ll. We first assign dissimilar machines to separate 

cells and then equalize the number of machine assignments to each individual cell by 

maximizing internal similarity. Finally, we attempt to improve upon the solution using 

the KL heuristic. 

In assigning a total of Q machines to cells, the following partitioning procedure 

is used: 

1. Identify machines i* & j* such that ~.J. = min{d{}. 
{JEM /} 

2. Assign machines i* and j* to two cells which do not contain a single machine. 

If there is only one cell remaining which does not have a machine assigned, then 
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assign machine i* to this cell. 

3. Repeat 1 and 2 until each of the C cells contain at least one machine. Let Q2c 

represent the set of machines assigned to cell c (c = 1, .. , C). Let Q 1 represent 

the set of machines not assigned to any cell. If Ql is empty, then STOP else 

goto 4. 

4. Compute R = int [Q/C]. Set c = o. 

5. If Ql is empty, STOP. Set c = c + 1. If c > C, STOP. 

6. Identify machine k* such that dj*,k* = max {dik liE Q2c; k E Ql}. If ~*,k* = 

0, then goto 5, else goto 7. 

7. Assign machine k* to cell c if and only if the cardinality of set Q2c :::; R. If 

machine k* is assigned to cell c, then set Ql = Ql - {k*}; Q2c = Q2c + {k*}; 

dj*,k* = O. If Ql is empty, STOP. If the cardinality of set Q2c = R, goto 5. 

Else goto 6. 

At the end of this process, we equalize the number of machines assigned to each cell by 

assigning dummy machines. Further, in a similar manner to Phase II, we also allow the 

inclusion of a fixed additional percentage of dummy machines for all cells (the 

percentage being specified by the user). The reason for incorporating dummy machines 

is that this facilitates switching a machine from cell i to cell j without a corresponding 

switch of a "real" machine from cell j to cell i. Thus, note that the greater the number 

of dummy machines introduced, the more likely it is that the number of final machine 

assignments are not balanced across cells. 
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Finally, at the last stage of Phase ill, an attempt is made to improve upon the 

initial partition using the KL improvement heuristic. This improvement procedure is 

implemented for each pair of cells (i and j) and is identical to that described in Phase ll. 

The output of this phase is the set of machines of each type assigned to each cell 

represented by matrix [K], k
mc 

V mEM and c=I,2, ... ,C , and the part types 

assigned to each cell which is represented by matrix [Y], Y pc = 1 if cell c is the primary 

cell for part type p and 0 otherwise. The primary cell for a part type is defmed as 

follows. If there is no single cell which processes all the part-operations for a part type 

(Le., there is no primary comprehensive cell for this part type), then the primary cell is 

the one that contains the machines processing the maximum number of part operations 

for the part type. 

5.6 Phase IV: Design Improvement 

In this final phase of the FCF method, we attempt to improve upon the proposed 

cellular configuration. Depending upon the user input, we can improve the primary 

comprehensiveness and/or the volume flexibility of the system design. 

The primary comprehensiveness of the system design is improVed by reassigning 

parts, reassigning individual machines and reassigning part-operations, in that order. 

1. Reallocation of Parts: First, an attempt is made to reduce exceptional part

operations by respecifying the primary cell to which a part type is assigned. A 

part-operation is considered exceptional if it is carried out in a cell which is not 
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the primary cell for the part type. Note that this is only relevant for part types 

for which at least one part-operation is perfonned outside the primary cell. The 

procedure for respecifying the primary cell for a part type is as follows. For 

each part type, we sum up the number of part-operations carried out in each cell. 

We then respecify the primary cell for the part type as that which carries out the 

maximum number of part-operations. 

2. Reallocation of Individual Machines: Once all possible part type reallocations 

have been carried out, the second step is to check whether any reallocation of 

individual machines can further reduce the number of part-operation exceptions. 

This machine reallocation is only contemplated for those machines processing 

part-operations on parts for which the primary cell is not the one in which the 

machine is currently allocated. 

3. Reallocation of Exceptional Part-Operations: Finally, we attempt to reallocate 

individual exceptional part-operations. Assume that the part-operation jp is 

carried out on a machine of type ml in cell cl and the primary cell for part p is 

cell c. Initially, an attempt is made to assign operation jp to another machine of 

type m 1 in cell c such that the upper bound on machine usage (Urn> is not 

violated. If this is not possible (due to violation of the usage upper bound or if 

machine type m 1 does not exist in cell c), then an attempt is made to reallocate 

this operation to another machine of another type which is capable of perfonning 

the operation. Once again, the upper bound on capacity usage is enforced in 
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carrying out such a reallocation. 

The volume flexibility of the cell design is improved by attempting to increase the system 

response to volume changes. This is carried out as follows: 

1. Increase the demand for all part types by a constant percentage denoted by 0 > 

100% and check the response of the system. The system response is measured by 

checking the maximum allowable machine utilization limit, Urn. If all the machine 

utilization is less than or equal to Urn, then the system can respond to an 

aggregated increase in demand of o. 

2. Step 1 is repeated until at least one machine becomes overloaded. This machine 

(n*) is called the bottleneck machine and 0 value at which the system failed to 

respond is called the critical value and denoted by 0*. 

3. The bottleneck machine, n* is studied carefully and the amount by which its 

usage exceeds the allowable usage is determined, Vo-' We first try to re

allocate/interchange a single part-operation from n* to any machine in the same 

cell. The part-operation to be re-allocated is selected to be the part-operation with 

the minimum run time greater than Yo- to minimize the disturbance in the cell 

loading. If there is another machine in the same cell that is capable to perform 

the part-operation without violating Urn, then the part-operation is assigned to it. 

If the first attempt of re-allocating/interchanging a part-operation from n* fails, 

the same attempt is made with any machine in the system. 

4. Steps 1,2, and 3 are repeated until the system fails to respond and the bottleneck 
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machine is un-shiftable. 

Volume/mix improvement can be done by improving the system response to 

demand change of an individual part type. This improvement is carried out in the same 

way of improving the system volume flexibility explained above. Instead of increasing 

all part demands simultaneously, the demand is increased for an individual part p and 

op becomes the percent increase in part type p's demand. o*p is the critical value at which 

at least one machine becomes overloaded. In this case at least one bottleneck part

operation is identified, j*p and the bottleneck machine n*p is identified. The bottleneck 

part-operation(s) is(are) re-allocated/interchanged as explained above to increase the 

system response to demand changes for part type p. 

5.7 PHASE V: Evaluating the Cellular Configuration 

Phase V of the FCF method is an evaluation of the cellular configuration in terms 

of some or all the measures of flexibility presented in Chapter 4. A complete example 

detailing all the steps in the FCF method for a hypothetical data set is included in 

Appendix A. 
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CllAPfER6 

COMPARISON OF FCF AND SELECTED CF METHODS 

6.1 Introduction 

A comprehensive review of prior research on CF was presented in Chapter 2. 

Table 2-2 compared a significant set of this prior research in terms of the objectives 

considered, constraints incorporated as well as the problem size solved by the procedure. 

Based on the description of the FCF method in the previous chapter, we can see that it 

can be considered as a procedure based on machine groups identification (MGI) and that 

it uses graph partitioning and mathematical programming, it is based on similarity 

measures, and that it considers the availability of multiple machines, machine 

loadings/utilization and that it permits the incorporation of cell size limits. In addition, 

it incorporates the objectives of cell independence and external/internal flexibility. Based 

on such an overall comparison, it is obvious that, in scope, the proposed procedure 

significantly expands the prior research on CF. Further, it is unique in its focus on 

designing "flexible" cells as well as its inclusion of generic operations on parts. The 

purpose of this chapter is to demonstrate that the FCF method also generates solutions 

which are equivalent or better than those identified by other CF methods. 

6.2 Issues in Comparing CF Methods 

In identifying the prior CF methods for comparison, the following issues need to be 

discussed: 

• Which methods should be chosen for comparison purposes? In this context, we 
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have chosen to focus on the HPH method (Askin, et al 1991) and the method 

proposed by Co and Araar (1988) referred to as CA. The reasons for selecting 

these two methods are: (i) detailed solutions generated by these methods to one 

or more data sets are available and hence, there is no need to develop codes for 

operationalizing these procedures; and (ii) the HPH method has been shown to 

dominate previous matrix restructuring methods for CF and thus, is a valid choice 

for comparison. Further, unlike most of other methods which are more 

restrictive, the CA method does consider the information similar to that of FCF 

method (e.g., multiple machines, machine loadings, etc.) which makes it a 

reasonable choice for comparison. 

• What is the basis for comparing the solutions generated by the HPH, CA and 

FCF methods? Given that both the HPH and CA methods focus explicitly on the 

objective of minimizing intercell and maximizing intracell cell linkages, we 

choose to rely on the grouping efficiency (GE) measure developed by 

Chandrasekharan and Rajagopalan (1986). This measure is defined as follows: 

(6-1) 

where: 

(}1 = the ratio of the number of '1' entries in the diagonal blocks of the rearranged 

part-machine matrix to the total number of possible' 1 ' entries in all the diagonal 

blocks. Thus, 0::;; (}1 ::;; 1. This measure focuses on the within cell 'utilization' for 

a particular solution. The higher this value, the greater is the similarity (in terms 
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of processing requirements) between parts included in each cell. (}I can be 

computed as: 

el 
() 1 = -c""---

LPeMe 
(6-2) 

e=1 

where 

e l = total number of '1' entries in all the block diagonal matrices identified 

eo = total number of '1' entries outside the block diagonal matrices identified 

Pc = total number of rows (part types) included in the block diagonal matrix, c 

Me = total number of columns (machines) included in the block diagonal matrix , c 

In using the GE measure, we assume that q = 0.5, i.e., both intercell and 

intracell linkages are equally weighted. 

(}2 = the ratio of the number of 'blank (or zero)' entries in the off-diagonal blocks of 

the rearranged part-machine incidence matrix to the total number of possible 

'blank (or zero)' in the off-diagonal blocks. Thus, as with (}h 0 < (}2 =::; 1. This 

second component of GE focuses on the intercell materials handling. A high value 

of this measure implies that there are few exceptional part operations in the 

system. Hence, maximizing this measure is equivalent to maximizing 

comprehensiveness. (}2 can be computed as: 

eo 
(}2 = 1 - ------c."...---

Ii'I L Nm - LPeMe 
(6-3) 

mEM e=1 
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• What data sets should be used for comparison purposes? We choose to rely on 

the six data sets shown in Askin, et at (1991) and the one data set shown in Co 

and Araar (1988). 

• How should the FCF method be operationalized for comparison purposes? Given 

the earlier discussion, it is obvious that if we consider all the facets of the FCF 

procedure, the solution generated by this method would dominate solutions 

generated by HPH and CA. Hence, when we operationalize the FCF method, we 

eliminate Phases I and II and simply implement Phase ill. Phase I is unnecessary 

since all the data sets used for comparison purposes do NOT have information on 

operation sequences available since process plans for parts are stated in terms of 

machine types. Hence, we assume that each operation of each part is unique. 

Regarding Phase II, this is unnecessary for the six data sets in Askin, et al (1991) 

since only one machine of each type is assumed to be available. For the single 

data set in Co and Araar (1988), there are multiple machines of the same type 

available. The machine types required for each part type are given (the output 

of Phase I of the FCF method). We use this information as inputs to Phase II of 

the FCF method. Once Phase II and ill of the FCF method are applied, we 

evaluate the resulting solution in terms of GE. We also elect to improve the 

solution in terms of primary cell comprehensiveness by implementing Phase IV 

of the FCF method and once again evaluate the resulting solution in terms of GE. 
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6.3 An Overview of the HPH and CA Methods 

The HPH method is an array based method used to rearrange the part-machine 

incidence matrix. Given the part-machine incidence matrix, the HPH method consists of 

three stages. The fIrst stage focuses on computing a distance matrix for parts or machines 

included in the part-machines incidence matrix. Once the distance matrix for parts and 

machines has been computed, the second and third stages are carried out separately for 

the set of machines and the set of parts. In the second stage, the problem of rearranging 

machines and parts in the matrix is formulated as a travelling salesman problem (TSP). 

The third stage of the HPH method modifIes the ordering of parts/machines obtained 

using the TSP by focusing on the associated Hamiltonian Path problem. The results 

clearly indicate that the HPH method dominates the ROC2 method in terms of the GE 

measure. 

The CA methodology consists also of three stages. The given data to initialize this 

method consist of the number of machines of each type available, the available time for 

each machine type, the part type processing requirement (as a sequence of machine 

types), and part type processing times. First, assuming that each machine type is capable 

of performing a single operation, part-operations are assigned to individual machines, 

with the objective of maximizing the utilization of the machines by minimizing the 

deviation between assigned workload and available capacity. The workload assigned to 

a machine is the sum of all processing times that are processed on that machine. This 

stage is formulated as 0-1 integer program solved by a generic branch and bound method 
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using UNDO. Then, in the second stage the ROC method (King, 1979) is extended to 

rearrange the part-machine incidence matrix based on the similarities of operations. 

Finally, a direct search algorithm for rmding the size and composition of the cells is 

applied on the results of the extended ROC method. There are two objectives considered 

in the third stage. The first objective is to maximize the number of completed parts in 

each cell, or minimize the number of cells visited by each part by minimizing the number 

of exceptional part-operations. The second objective is to maximize the number of cells. 

The three stages of the CA method make it a good method for comparison to the FCF 

method. Both methods start with assigning operations to machines, followed by a cell 

formation mechanism, and finally an improvement is carried out. 

6.4 Comparison Results 

In Table 6-1, we present the results of a comparison of the HPH and FCF 

methods for six data sets. Note that for five of the six data sets, the solutions generated 

by the HPH and FCF methods are identical. The reader interested in the detailed part

incidence matrix structures for these five data sets is referred to Askin, et al (1991). For 

data set number 5, the matrix structures for the three solutions are shown in Figures 6-1 

(HPH), Figure 6-2 (FCF Phase III) and Figure 6-3 (FCF Phase IV). On comparing these 

solutions, note the following: 

(1) The differences between the FCF Phase ill solution and the HPH solution are that 

part type 7 and machine type 6 are assigned to cell 3 in Figure 6-2 while they are 

included in cell 1 in Figure 6-1. Machine 8 is assigned to cell 2 in Figure 6-1 
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while it is assigned to cell 5 in Figure 6-2. These reassignments are reflected in 

the improvement in 01 of 0.6596 (for FCF Phase ill) versus 0.6507 (for HPH) in 

Table 6-1. However, there is a simultaneous decrease in O2 to 0.9433 (for Phase 

ill FCF) from 0.9465 (for HPH) in the same Table. Overall, in terms of GE, the 

solution shown in Figure 6-2 for FCF (GE = 0.8014) dominates the solution 

shown in Figure 6-1 HPH (GE = 0.7986). 

(2) The differences between the FCF Phase IV solution and the HPH solution are that 

machine types 8 and 6 are assigned to cells 2 and 3 respectively in Figure 6-3 

while they are assigned to cells 1 (machine type 6) and 2 (machine type 8) in 

Figure 6-1. Part assignments for these solutions are the same. Table 6-1 reveals 

that these machine reassignments have increased O2 (HPH = 0.9465, FCF Phase 

IV = 0.9513) but decreased 01 (HPH = 0.6507, FCF Phase IV = 0.6364). 

Although in this case the overall GE does not increase due to FCF as compared 

to HPH, it shows the additional user flexibility which is built into the FCF 

method through the improvement of Phase IV. Hence, if the user desired fewer 

intercell linkages at the expense of lesser intracell linkages, Phase IV could be 

implemented. 



Table 6-1: FCF and HPH comparison results 

FCF Method Solution 

Phase ill 

Data Set 
(JI (J2 GE (JI 

1 0.8800 0.9500 0.9150 0.8800 

2 0.6842 0.8487 0.7664 0.6842 

3 1.0000 0.9167 0.9583 1.0000 

4 0.6860 0.9920 0.8390 0.6860 

5 0.6596 0.9433 0.8014 0.6364 

6 0.6667 0.9937 0.8302 0.6667 

--

Phase IV 

(J2 GE 
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0.9920 0.8390 

0.9573 0.7939 

0.9937 0.8302 

I 

HPH Method Solution 

(JI (J2 

0.8800 0.9500 
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Figure 6-1: HPH rearranged incidence matrix - data set 5 
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Figure 6-2: FCF Phase ill rearranged incidence matrix - data set 5 
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Figure 6-3: FCF Phase IV rearranged incidence matrix - data set 5 
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To apply the FCF method to the Co and Araar (1988) data set, the following 

parameters are used: U=100%, C=6, a=l.OO, and D2=20%. We used the same 

number of machines of each type as given in Co and Araar (1988). Phase I is not 

applicable because each machine type is assumed to perform a single operation type. 

Phase II is used to assign part-operations to machines. Figure 6-4 shows the part-machine 

incidence matrix obtained by Co and Araar (1988) for the CA method. Figure 6-5 and 

6-6 show the part-incidence matrix structures for the FCF Phase ill and FCF Phase IV 

solutions, respectively. The values of 0h O2 and GE for each solution are indicated at 

the bottom of each figure. These results show the following: 

(1) Both the FCF Phase ill and FCF Phase IV solutions dominate the CA solution with 

respect to GE measure. FCF Phase ill solution has a GE value of 0.71725 versus 

0.6834 for the CA solution. The effect of Phase IV of the FCF method is reflected 

in the improvement in GE value of 0.7276. 

(2) The difference between FCF Phase ill solution and CA solution is the large number 

of machines of each type (10 machine types and 63 individual machines). This 

difference makes Phase II of the FCF method very effective in getting a good 

solution due to the flexibility in interchanging part-operations among the large 

number machines of the same type. 

(3) It can be noted from Figure 6-4 that there are 11 exceptional parts in the CA 

solution and 9 exceptional parts in the FCF Phase ill solution. It can be noted also 

that the FCF Phase ill solution has more dense cells than the CA solution. This is 
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reflected in ()l value of 0.4011 for CA and 0.4625 for FCF Phase III. ()2 is slightly 

better in the FCF Phase III solution due to the less dense cells provided by the CA 

solution. Note that both CA and FCF Phase III solutions have the same value of 

eo=22. 

(4) The difference between the FCF Phase IV solution and the CA solution is in the 

primary comprehensiveness improvement which is one of the objectives of Phase IV 

of the FCF method. The cells generated by the FCF Phase IV (see Figure 6-6) are 

more dense than both the CA and the FCF Phase III solutions. As a result of the 

primary comprehensiveness improvement there are less exceptional part-operations 

in the FCF Phase IV solution ( 16 in the FCF Phase IV versus 22 in the CA 

solution). This is reflected in the improvement in ()l of 0.4756 for the FCF Phase IV 

solution versus 0.4011 for the CA solution and in ()2 value of 0.9795 for the FCF 

Phase IV solution versus 0.9712 for the CA solution. In general, due to the FCF 

phase IV improvement the GE measure value improved from 0.6861 for the CA 

solution to 0.7276 for the FCF Phase IV solution. 
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Based on this discussion, the following conclusions can be drawn: 

(a) Note that the FCF method operationalized for the comparison with the HPH 

method did not consider the objectives of minimizing the investment by assigning 

operations to machine types and individual machines of a specific type (Phases 

I and II of the FCF method). No workload balancing was considered and all the 

machine types used are assumed to have a very limited processing capabilities 

(ONE operation). The improvement phase of the FCF method was not used in 

full. The primary comprehensiveness improvement was the only improvement 

algorithm that can be applied on all the six data sets. This is because the HPH 

does not consider part type demands. Although the FCF method was reduced to 

Phase III and just one part of Phase IV, the solutions derived by the FCF method 

are comparable and/or better than the solutions derived by the HPH method. 

(b) The FCF method operationalized for the comparison with the CA method used 

phase II to assign part-operations to individual machines in addition to Phases III 

and IV. The objective of machine investment was not applicable also in this case. 

The volume and mix improvement were not carried out because the CA method 

ignores part volumes. The domination of the FCF method is reflected on the GE 

measure. 

(c) The FCF method can generate a large number of alternative cellular 

configurations and, hence, ~an be considered more flexible than the other two 

methods. 
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6.S Concluding Remarks 

In this chapter an attempt was made to compare the FCF method and two selected 

methods of cell formation. The comparison was made in terms of the Grouping 

Efficiency measure (GE). Although the FCF method evaluates and compares alternative 

solutions in terms of several other measures (see chapter 4), GE was selected because the 

selected methods focus on cell independence (primary comprehensiveness). When applied 

on 7 data sets from the literature, it was found that the FCF method was either 

comparable or better than the selected methods of cell formation. In the next chapter an 

experimental analysis is carried out to test the relationships between the input parameters 

and the structural and flexibility measures of the FCF method. 
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CHAPfER 7 

FCF MEmOD: EXPERIMENTAL ANALYSIS 

In this chapter an experimental analysis is performed in order to test the 

effectiveness of the improvement algorithms (Phase IV of the FCF method) and the 

impact of the user input parameters .(Phases I,ll, and m of the FCF method) on the 

flexibility measures proposed in Chapter 4. In the ftrst section we introduce the 

experimental methodology and the selected factors. In the second section, the 

effectiveness of the three improvement algorithms (lC, IV, and CV) are evaluated. The 

impact of the input parameters are discussed in the third section, and ftnally, conclusions 

are presented in the last section. 

7.1 The Experimental Methodology 

There are six user input parameters to the FCF method. In Phase I the maximum 

allowable machine usage, U, is used as an input with the objective of controlling the 

system response to volume and mix changes. In Phase II, the percentage of dummy part

operations, Dl, is an input in the ftrst KL graph partitioning algorithm which is used in 

assigning part-operations to individual machines. Dl effects the number of part

operations assigned to each individual machine of a speciftc type. Given that U controls 

the maximum machine usage which in tum controls the number of part-operations 

assigned to each machine we assume Dl to be constant throughout the experiment. In 

Phase m, the weighing factor, ex, the number of cells, C, and the percentage of dummy 
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machines, D2 are the user inputs. The improvement algorithm, G, is selected by the user 

in Phase IV. Thus we explored the impact of these parameters U, lX, C, D2, and G in 

our experiment. 

7.1.1 Factor Levels 

These five input parameters under consideration are used as factors in a full 

factorial design. The levels used for each factor are given in Table 7-1. Two levels are 

selected for U, 100 % which allows each machine to be used in full, and 85 % which 

allows 15 % slack. lX has three levels, 1.00 which considers only the similarity between 

machines with respect to the current part mix, 0.50 which equally weighs the similarity 

and the processing capability of the machines, and 0.00 which creates the manufacturing 

cells based on the machine processing capabilities only. C has three levels denoted LOW, 

MED, and IDGH. Given that these are data set dependent, we fix the MED level and 

LOW is set at MED-l and IDGH is set at MED+ 1. D2 has two levels; 0 % to obtain 

cells with near equal number of machines; and 20 % to introduce variability in the cell 

sizes. Besides the initial design, I, there are three improvement algorithms, IC which 

improves the comprehensiveness of the initial design, IV which improves the volume 

flexibility of the initial system, and CV which improves both volume flexibility and 

comprehensiveness. Hence, the full factorial design is a 2x3x3x2x4 (144 factor level 

combinations) design. 
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Table 7-1: Factor levels 

No. of 
FACTOR Level Settings 

Levels 

U 2 (85%, 100%) 

a 3 (0.0, 0.5, 1.0) 

C 3 (LOW, MED, IDGH) 

D2 2 (0%,20%) 

G 4 (I, IC, IV, CV) 

7.1.2 Performance Measures 

Eight perfonnance measures are used to evaluate the cellular design at each factor 

level combination. The eight perfonnance measures used are: 

(1) The entropic primary comprehensiveness flexibility measure, F~A, which 

measures the capability of the system to perfonn all the operations required by 

each part type without carrying intercell moves. 

(2) The nonentropic primary comprehensiveness flexibility measure, Sc. 

(3) The entropic secondary comprehensiveness flexibility measure, F~A, which 

measures the capability of the system to perfonn all the operations required by 

a part type by carrying at most one interceII move. 
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(4) The nonentropic secondary comprehensiveness flexibility measure, SN' 

(5) The volume flexibility measure, 0, which measures the capability of the system 

to deal with an aggregated constant increase in the part type volumes. 

(6) The ftrst mix flexibility measure, 1'1' This measure represents the system's 

primary comprehensiveness response to the introduction of new part types without 

a capacity check. 

(7) The second mix flexibility measure, 1'2' This measure represents the system's 

volume response to the introduction of new part types without a primary 

comprehensiveness check. 

(8) The third mix flexibility measure, 1'3' which represents the primary 

comprehensiveness and volume response of the system to the introduction of new 

part types. 

The data sets used and the experimentation details are discussed next. 

7.1.3 Data Sets 

Eight data sets (l randomly generated and 7 published data sets) are used to carry 

out the experimental analysis. Table 7-2 shows the details of the 8 data sets. Data set 8 

includes all the required input information to apply the FCF method. Data sets 1,2,3,4, 

6, and 7 do not include machine costs, machine run times, machine setup times, and part 

type demands. Data set 5 does not include machine costs, machine setup times, and part 

type demands. All this missing information is randomly generated for each data set using 

uniform probability distributions. 
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Table 7-2: Details of data sets 

DATA SET Ii'I 101 IMI 

1. Burbidge I (1975) 43 16 16 

2. Burbidge IT (1975) 43 14 14 

3. Chan and Milner (1982) 15 10 10 

4. Chandrasekharan and 20 8 8 

Rajagopalan (1986) 

5. Co and Araar (1988) 15 95 10 

6. deWitte (1980) 19 12 12 

7. Stanfel (1985) 24 14 14 

8. RANDOM 19 12 10 

7.1.4 Experimental Procedure 

Each replication for each factor level combination involves a change in the 

machine processing capabilities ( represented by matrix [Xu]) and accordingly the 

machine type fIxed (Fm> and operating (cm> costs. Five replicates for each data set and 

each factor level combination were carried out. To generate the required [Xu] matrix for 

each data set we use the following procedure: 

1. Generate the mth row of matrix [Xu] as follows: 

generate 101 integer and uniformly distributed values, U(O, 10 I Inm> 

where nm - U(1, 10 I /2). For example, if the average machine processing 

capability is 2 operations (Dm =2) and I 0 I = 10, the entries of the 

randomly generated row are between 0 and 5. 
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2. If m = I M I , goto step 4 otherwise repeat step 2 

3. Keep the zeros and ones in the generated matrix and replace all the other values 

by zeros. 

For each case the machine type values and the running costs are selected 

according to the generated processing capability. A machine type with high processing 

capability is assigned a high value and vice versa. For each replicate for a data set and 

a factor level combination, the FCF method is used to generate 4 different cellular 

designs as follows: 

1. Run the fIrst three phases of the FCF method to get the initial system design I. 

2. Evaluate the design in terms of eight flexibility performance measures. 

3. Perform the comprehensiveness improvement algorithm on system design I to get 

system design IC and repeat step 2. 

4. Perform the Volume improvement algorithm on system design I to get system 

design IV and repeat step 2. 

5. Perform both volume and comprehensiveness improvement algorithms on system 

design I to get system design CV and repeat step 2. 

7.2 Evaluating the Flexibility Improvement Algorithms 

To evaluate the effectiveness of the flexibility improvement algorithms, we 

aggregated the data across the 8 data sets for each factor level combination and 
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perfonnance measure. The improvement algorithms are evaluated in tenns of two 

aspects. The fIrst aspect is the number of times that each algorithm achieved the 

maximum value of the perfonnance measure under consideration. In other words, this 

aspect represents the number of times that an improvement algorithm is the best (in tenns 

of a perfonnance measure) compared to the other algorithms. The second aspect is the 

average rank of each improvement algorithm. Let Br? denote the number of times 

algorithm G (I, IC, IV, and CV) perfonned the best in tenns of flexibility measure r 

combination f (l ,2, ... ,36). The number of factor level combinations is 36 because of the 

choice of solution algorithm (factor G), separated for the evaluation process. LetRr~ 

denote the average rank of algorithm G in tenns of flexibility measure r at factor level 

combination f. The following procedure is applied to evaluate these two aspects: 

evaluative measures. 

(1) Set r=l, f=l, data set=l, and replicate = 1 

(2) The four values of flexibility measure (r) associated with the replicate under 

consideration are ordered in a non-increasing order. The algorithm associated 

with the maximum value is assigned a rank of 1. If there is more than one 

algorithm tied for the maximum value of measure (r) a rank of 1 is assigned to 

all of them. The rank of each algorithm is calculated as the number of 

algorithm(s) better than it plus 1. For example, assume that the four values of the 
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measure (r) are 1.5, 2.5, 1.5,2.5 for algorithms I, IC, IV, and CV respectively. 

Algorithms IC and CV achieved the maximum value, hence both have a rank of 

1. Algorithms I and IV rank is 3 (1 +2). 

(3) If the number of replicates=5 goto (4). Otherwise increment the replicate 

number by 1 and goto (2). 

(4) If the number of data sets = 8 goto step 5. Otherwise increment the data set 

number by 1 and set the replicate number = 1 and goto (2) 

(5) For each flexibility improvement algorithm G calculate: 

Br~ = the number of times out of 40 that G' s rank is 1, and 

G the sum of GIS ranks 
Rrf = 40 

(6) Iff=36 goto (7) otherwise increment fby 1, set the replicate number=l, and the 

data set number= 1. Goto (2). 

(7) Ifr=6 STOP. Otherwise increment r by one, set f=l, replicate number=l, and 

data set number = 1. Goto (2). 

The results are shown in Tables 7-3 to 7-10. These 8 tables show the performance 

of the three flexibility improvement algorithms with respect to each performance 

measure. Each cell in these tables contains the two values of B~ in the top and R~ in 
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the bottom. An asterisk for each factor level combination indicates the best algorithm(s). 

Tables 7-3 and 7-4 show the performance of the improvement algorithms for 

measures F~A and Sc, respectively. It can be noted that the IC algorithm applied on the 

initial system design I dominates all the other algorithms with respect to the primary 

comprehensiveness. This indicates that the comprehensiveness improvement algorithm 

has achieved its objective. For example, in Table 7-3 at U=0.85, C=LOW, 02=0%, 

and cx=O.O the IC system design has the maximum primary comprehensiveness in 34 

cases out of 40 with an average rank of 1.225 which is the best among all the 4 system 

designs. System design CV came second to system design IC. This indicates that when 

we improve both volume responsiveness and primary comprehensiveness the system loses 

some primary comprehensiveness. It can be noted also that the performance of the 

improvement algorithms increase with the increase in 02. This is due to the increase in 

the flexibility of changing the cell size and improving the within cell bonds between 

machines in the third phase of the FCF method. This indicates that the interaction 

between G and 02 should have a significant effect on the primary comprehensiveness 

measure. 

Tables 7-5 and 7-6 show the performance of the improvement algorithms for the 

secondary comprehensiveness measures, F;A and SN' respectively. As we see in Table 

7-5 when 02=0.20 the comprehensiveness improvement algorithm failed to improve the 

secondary comprehensiveness because it is not considered explicitly as an objective. On 
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the other hand when 02=0.0 improving primary comprehensiveness improved also the 

secondary comprehensiveness. For example, in Table 7-5 at U=0.85, C=MEO., 

02=0.0 and a=O.O, IC system design has the maximum, F~A, in 37 out of 40 cases 

versus 24 out of 40 cases for system design I. On the other hand in the same Table, at 

U=0.85, C=MED., 02=0.20 and a=O.O there was no improvement in F~A. 

Table 7-7 shows the performance of the improvement algorithms with respect to 

the volume responsiveness measure, o. It is clearly that the IV and CV system designs 

are dominating the system designs I and IC in the number of times that they performed 

the best and the average rank. These tables show how the volume improvement algorithm 

has effectively increased the system volume responsiveness. 

Tables 7-8, 7-9, and 7-10 show the performarice of the improvement algorithms 

with respect to 'YI, 'Y2, and 'Y3 respectively. These tables clearly indicate that the 

improvement algorithms IV and CV are preferred for these performance measures. 

This discussion has focused on the three design improvement options open to the 

user. We have shown that in order to improve F~\ So and F~A, SN' the user should 

apply the IC improvement algorithm; while to improve 0, 'Yh 'Y2' and 'Y3' the user should 

apply the IV and CV algorithms. We now tum to an analysis of the other user 

parameters (U, a, C, 02) in the FCF method. 



Table 7-3: Perfonnance of the improvement algorithms in tenns of F;A 

a=O.O a=0.5 a=1.0 
FACTOR LEVELS 

I IC IV CV I IC IV CV I IC IV CV 

! 

7 34* 9 30 8 35* 7 19 6 33* 7 20 I 
D2=0% 

2.750 1.225 2.700 1.275 2.675 1.225 2.875 1.825 2.700 1.275 2.900 1.800 

C=LOW 39 40* 38 38 36 40* 35 38 36 40* 35 38 
D2=20% 

1.050 1.000 1.125 1.075 1.200 1.000 1.275 1.075 1.200 1.000 1.275 1.075 

6 35 8 38* 8 40* 8 20 3 35* 5 21 
D2=0% 

2.825 1.225 2.700 1.325 2.65 1.45 2.825 1.775 2.825 1.225 3.025 1.600 

C=MED 38 40* 38 40* 37 40* 36 38 38 40* 36 37 
U= 0.85 

D2=20% 
1.100 1.000 1.100 1.000 1.150 1.000 1.225 1.075 1.100 1.000 1.225 1.125 

5 33* 6 28 9 35* 8 21 10 32* 10 24 

D2=0% 
2.925 1.275 2.725 1.375 2.550 1.225 2.750 1.750 2.500 1.350 2.650 1.650 

C=HIGH 38 40* 38 38 38 40* 37 38 39 40* 37 38 

D2=20% 
1.075 1.000 1.100 1.050 1. 100 1.000 1.175 1.075 1.050 1.000 1.150 1.100 ..... 

~ 



Table 7-3 Continued 

a=O.O a=O.5 a=I.0 

FACTOR LEVELS 
I IC IV CV I IC IV CV I IC IV CV 

7 35* 9 23 11 34* 9 14 10 34* 7 19 
02=0% 

2.775 1.200 2.650 1.600 2.625 1.275 2.750 1.925 2.700 1.225 2.850 1.775 

C=LOW 36 38 36 40.0--~ 38 40* 36 37 37 40* 36 37 
02=20% 

1.200 1.050 1.175 1.000 1.100 1.000 1.225 1.125 1.150 1.000 1.250 1.100 

9 34* 8 29 15 30* 7 14 II 34* 6 12 
02=0% 

2.775 1.250 2.700 1.375 2.275 1.375 2.800 2.150 2.375 1.275 2.950 2.125 

C=MEO 38 40* 38 38 39 40* 36 37 40* 40* 38 38 U= 1.00 
02=20% 

1.125 1.000 1.100 1.000 1.050 1.000 1.225 1.150 1.000 1.000 1.125 1.100 

12 33* 12 26 13 32* 12 18 10 34* 10 19 
02=0% 

2.500 1.300 2.500 1.500 2.475 1.375 2.550 1.775 2.650 1.300 2.700 1.675 

C=HIGH 39 40* 38 38 40 40* 36 36 40* 40* 38 38 
02=20% 

1.025 1.000 1. 125 1.100 1.000 1.000 1.200 1.200 1.000 1.000 1.100 1. 100 

..... 
~ 

_ .. _- , - --- -- ---- - '---



Table 7-4: Perfonnance of the improvement algorithms in tenns of Sc 

a=O.O a=0.5 a=1.0 
FACTOR LEVELS 

I IC IV CV I IC IV CV I IC IV CV 

12 36* 12 29 4 37* 4 22 6 33* 4 23 
02=0% 

2.450 l.l50 2.425 1.425 2.900 1.150 2.950 1.650 2.750 1.275 3.000 1.725 

C=LOW 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 
02=20% 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

6 36* 12 30 9 36* 8 25 7 34* 4 19 
02=0% 

2.850 1.200 2.500 1.250 1.200 2.475 1.175 2.825 2.600 1.225 2.975 1.850 

C=MEO 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* U= 0.85 
02=20% 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

9 33* 10 30 9 37* 8 25 II 33* 9 23 
02=0% 

2.725 1.225 2.550 1.300 2.550 1.125 2.775 1.600 2.425 1.275 2.750 1.725 

C=HIGH 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 
02=20% 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 ..... 
~ 



Table 7-4 Continued: 

a=O.O a=O.5 a= 1.0 
FACTOR LEVELS 

I IC IV CV I IC IV CV I IC IV CV 

8 34* 12 27 7 35* 5 19 7 37* 7 20 
D2=0% 

2.650 1.275 2.450 1.475 2.725 1.200 2.975 1.675 2.700 1.150 2.975 1.625 

C=LOW 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 
D2=20% 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

9 32* 14 27 8 36* 5 19 11 34* 7 16 
D2=0% 

2.725 1.350 2.325 1.425 2.550 1.200 2.900 1.850 2.425 1.250 2.800 1.975 

C=MED 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* U= 1.00 
D2=20% 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

14 33* 14 24 13 33* 10 22 14 34* 11 20 
D2=0% 

2.175 1.300 2.250 1.575 2.275 1.275 2.725 1.750 2.300 1.250 2.650 1.700 

C=HIGH 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 
D2=20% 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 ..... 
-....) 

- -- - - ~-.-----
-....) 



Table 7-5: Perfonnance of the improvement algorithms in tenns of F~A 

a=O.O a=0.5 
FACTOR LEVELS 

I IC IV CV I IC IV 

31 39* 31 39* 39* 33 39* 
02=0% 

1.450 1.050 1.450 1.050 1.050 1.350 1.050 

C=LOW 40* 40* 40* 40* 40* 40* 40* 
02=20% 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 

24 37* 24 37* 36* 25 36* 
02=0% 

1.800 1.150 1.800 1.150 1.200 1.750 1.200 

C=MEO 40* 40* 40* 40* 40* 40* 40* U= 0.85 
02=20% 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 

27 34* 27 34* 36* 25 36* 
02=0% 

1.650 1.300 1.650 1.300 1.200 1.750 1.200 

C=HIGH 40* 40* 40* 40* 40* 40* 40* 
02=20% 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 
-_.- --- ~- - - L~_ '----- ~ - - .~ ~ - ---

CV I 

33 37* 

1.350 1.150 

40* 40* 

1.000 1.000 

25 36 

1.750 1.225 

40* 40* 

1.000 1.000 

25 35 

1.750 1.250 

40* 40* 

1.000 1.000 

a=I.0 

IC IV 

34 37* 

1.300 1.150 

40* 40* 

1.000 1.000 

30 37* 

1.500 1.150 

40* 40* 

1.000 1.000 

28 38* 

1.600 1.250 

40* 40* 

1.000 1.000 
-

CV 

34 

I 

1.300 i 

I 

40* j 

1.000 . 
I 

30 I 

1.500 I 

40* 
I 

1.000 • 

28 
I 

1.600 i 

I 

40* I 

i 

1.000 I 
I 

...... 
-...l 
00 



Table 7-5 Continued: 

a=O.O a=0.5 a=I.0 
FACTOR LEVELS 

I IC IV CV I IC IV CV I IC IV CV 

33 37* 33 37* 37* 35 37* 35 36* 36* 36* 36* 
02=0% 

, 

1.350 I.l50 1.350 1.150 1.150 1.250 1.150 1.250 1.200 1.200 1.200 1.200 I 
I 

C=LOW 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* I 

02=20% 
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 I 

25 35* 25 35* 38* 26 38* 26 35* 31 35* 31 
I 02=0% 

1.750 1.250 1.750 1.250 1.100 1.700 1.100 1.700 1.250 1.450 1.250 1.450 I 

C=MEO 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* U= 1.00 
02=20% 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

29 31* 29 31* 36* 26 36* 26 31 32* 31 32* 
D2=0% 

1.550 1.450 1.550 1.450 1.200 1.700 1.200 1.700 1.450 1.40 1.450 1.400 

C=IDGH 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 
02=20% 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
-~ 

-\c1 



Table 7-6: Perfonnance of the improvement algorithms in tenns of ~ 

a=O.O 
FACTOR LEVELS 

I IC IV CV I 

36 39* 36 39* 37 
02=0% 

1.200 1.050 1.200 1.050 1.150 

C=LOW 40* 40* 40* 40* 40* 
02=20% 

1.000 1.000 1.000 1.000 1.000 

36 39* 36 39* 35 
02=0% 

1.200 1.050 1.200 1.050 1.250 

C=MEO 40* 40* 40* 40* 40* U= 0.85 
02=20% 

1.000 1.000 1.000 1.000 1.000 

35 40* 35 40* 36 
02=0% 

1.250 1.000 1.250 1.000 1.200 

C=HIGH 40* 40* 40* 40* 40* 
02=20% 

1.000 1.000 1.000 1.000 1.000 
-'--- --_ .. _.-

a=0.5 

IC IV CV 

38* 37 38* 

1.100 I. 150 I.lOO 

40* 40* 40* 

1.000 1.000 1.000 

40* 35 40* 

1.000 1.250 1.000 

40* 40* 40* 

1.000 1.000 1.000 

39* 36 39 

1.050 1.200 1.050 

40* 40* 40* 

1.000 1.000 1.000 
L-___ --

I 

38 

1.100 

40* 

1.000 

37 

I. 150 

40* 

1.000 

36 

1.200 

40* 

1.000 

a=1.0 

IC IV 

39* 38 

1.050 1.100 

40* 40* 

1.000 1.000 

38* 37 

1.100 1.150 

40* 40* 

1.000 1.000 

39* 36 

1.050 1.200 

40* 40* 

1.000 1.000 

CV 

39* 

1.050 

40* 

1.000 

38* 

1.100 

40* 

1.000 

39* 

1.050 

40* 

1.000 -00 o 



Table 7-6 Continued: 

0:=0.0 0:=0.5 0:=1.0 
FACTOR LEVELS 

I IC IV CV I IC IV CV I IC IV CV 

35 40* 35 40* 37 38* 37 38* 37 38* 37 38* 
02=0% 

1.250 1.000 1.250 1.000 1.150 1.100 1.150 1.100 1.150 1.100 1.150 1.100 

C=LOW 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 
02=20% 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

36 39* 36 39* 36 39* 36 39* 37 38* 37 38* 
02=0% 

1.200 1.050 1.200 1.050 1.200 1.050 1.100 1.050 1.150 1.100 1.150 1.100 

C=MEO 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* U= 1.00 
02=20% 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

36 39* 36 39* 36 39* 36 39 35 40* 35 40* 
02=0% 

1.200 1.050 1.200 1.050 1.200 1.050 1.200 1.050 1.250 1.000 1.250 1.000 

C=HIGH 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 40* 
02=20% 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
00 

- - - L-_____ '---- - - -- --_._.- - -



Table 7-7: Perfonnance of the improvement algorithms in tenns of 0 

a=O.O 

FACTOR LEVELS 
I IC IV CV I 

6 6 32* 32* 5 
02=0% 

2.800 2.775 1.200 1.200 2.875 

C=LOW 7 7 40* 39 7 
02=20% 

2.675 2.650 1.000 1.025 2.675 

6 6 35* 30 6 

02=0% 
2.800 2.750 1.125 1.250 2.900 

C=MEO 7 7 40* 40* 7 u= 0.85 
02=20% 

2.650 2.650 1.000 1.000 2.675 

7 8 36* 30 7 
02=0% 

2.825 2.650 1.100 1.250 2.875 

C=HIGH 7 7 39 40* 7 
02=20% 

2.675 2.650 1.025 1.000 2.675 
'------- - -- .. -- ---

a=0.5 

IC IV CV I 

5 33 34* 6 

2.700 1.175 1.150 2.900 

7 40* 40* 7 

2.650 1.000 1.000 2.675 

7 34* 34* 7 

2.600 1.150 1.150 2.875 

7 40* 40* 7 

2.650 1.000 1.000 2.675 

7 34* 31 7 

2.700 1.150 1.225 2.825 

7 40* 40* 7 

2.650 1.000 1.000 2.675 
- ---

a=I.0 

IC IV 

7 31 

2.675 1.225 

7 40* 

2.650 1.000 

7 32* 

2.725 1.200 

7 40* 

2.650 1.000 

8 32 

2.650 1.200 

7 40* 

2.650 1.000 

I 

CV ! 

32* 

1.200 

40* 

1.000 

31 

1.225 

40* 

1.000 

34* 

1.150 

40* 

1.000 
-_.- ... _-

-00 
N 



Table 7-7 Continued: 

a=O.O 
FACTOR LEVELS 

I IC IV CV I 

5 5 35 36* 5 
02=0% 

2.850 2.775 1.125 l.loo 2.825 

C=LOW 5 5 40* 40* 5 
02=20% 

2.775 2.750 1.000 1.000 2.750 

6 7 33 35* 5 
02=0% 

2.925 2.675 1.200 1.125 2.950 

C=MEO 5 5 40* 39 5 U= 1.00 
02=20% 

2.750 2.750 1.000 1.025 2.750 

5 6 38* 36 5 
02=0% 

2.850 2.775 1.050 1.100 2.950 

C=lliGH 5 5 40* 39 5 
02=20% 

2.775 2.750 1.000 1.025 2.750 

a=0.5 

IC IV CV 

4 38* 33 

2.875 1.050 1.175 

5 40* 40* 

2.750 1.000 1.000 

5 35 36* 

2.775 1.125 1.100 

5 40* 40* 

2.750 1.000 1.000 

5 37* 34 

2.80 1.075 l.l50 

5 40* 40* 

2.750 1.000 1.000 

a=1.0 

I IC IV 

4 4 38* 

2.950 2.850 1.050 

4 4 40* 

2.825 2.800 1.000 

3 4 35 

3.000 2.800 1.125 

4 4 40* 

2.800 2.800 1.000 

4 4 38* 

2.975 2.775 1.050 

4 4 40* 

2.800 2.800 1.000 

I 

CV I 

I 

34 I 

, 

l.l50 i 

39 

1.025 I 
I 

38* i 

I 

1.050 I 

i 

40* 

1.000 • 

36 

1.100: 

40* I 

1.000 I -00 
w 



Table 7-8: Perfonnance of the improvement algorithms in tenns of 'Yt 

a=O.O 
FACTOR LEVELS 

I IC IV CV I 

25 21 33* 29 27 
02=0% 

1.675 2.125 1.300 1.475 1.625 

C=LOW 30 30 34* 34* 30 
·02=20% 

1.500 1.500 1.300 1.300 1.500 

23 21 32* 27 24 
02=0% 

1.825 1.975 1.350 1.675 1.725 

C=MEO 30 30 34* 34* 30 U= 0.85 
02=20% 

1.500 1.500 1.300 1.300 1.500 

28 26 30* 29 23 
02=0% 

1.600 1.800 1.550 1.425 1.750 

C=HIGH 30 30 34* 34* 30 
02=20% 

1.500 1.500 1.300 1.300 1.500 
-_.- -_.- - _._- - - --- -

a=O.5 

IC IV CV I 

25 31* 30 27 

1.775 1.375 1.425 1.625 

30 34* 34* 30 

1.500 1.300 1.300 1.500 

27 29 30* 24 

1.725 1.475 1.324 1.750 

30 34* 34* 30 

1.500 1.300 1.300 1.500 

25 30* 29 25 

1.725 1.450 1.475 1.725 

30 34* 34* 30 

1.500 1.300 1.300 1.500 
-_._-_ .. _- --

a= 1.0 

IC IV 

26 31 

1.725 1.425 

30 34* 

1.500 1.300 

22 31* 

1.900 1.450 

30 34* 

1.500 1.300 

26 30* 

1.600 1.500 

30 34* 

1.500 1.300 
~. 

CV 

32* 

1.350 

34* 

1.300 

27 

1.525 

34* 

1.300 

26 

1.600 

34* 

1.300 
--_.-

..... 
00 
.f:>. 



Table 7-8 Continued: 

a=O.O 
FACTOR LEVELS 

I IC IV CV I 

18 22 27 34* 21 
D2=0% 

2.150 1.775 1.550 1.225 2.050 

C=LOW 25 25 36 37* 25 
D2=20% 

1.775 1.775 1.200 1.150 1.750 

19 24 30 35* 23 
D2=0% 

2.050 1.775 1.475 1.200 1.975 

C=MED 25 25 37* 36 25 U= 1.00 
D2=20% 

1.750 1.775 1.150 1.175 1.750 

25 26 32 34* 20 
D2=0% 

1.800 1.700 1.350 1.300 2.000 

C=IDGH 25 26 36* 36* 25 
D2=20% 

1.775 1.700 1.175 1.175 1.750 

a=0.5 

IC IV CV I 

21 32 34* 21 

1.925 1.275 1.225 2.000 

25 37* 37* 25 

1.750 1.150 1.150 1.775 

22 34* 34* 21 

1.925 1.225 1.325 2.050 

25 37* 37* 25 

1.750 1.150 1.150 1.750 

19 32 38* 21 

2.025 1.250 1.100 2.000 

25 37* 37* 25 

1.750 1.150 1.150 1.750 

a=1.0 

IC IV 

22 29 

1.850 1.375 

24 37* 

1.825 1.150 

23 33 

1.925 1.325 

25 37* 

1.750 1.150 

18 34* 

2.075 1.250 

25 37* 

1.750 1.150 

I 

I 

CV I 

33* , 

i 

1.300 

36 

1.175 

35* 

1.225 

37* 

1.150 

33 

1.325 

37* 

1.150 I 
..-
00 
VI 



Table 7-9: Performance of the improvement algorithms in terms of 1'2 

a=O.O 
FACTOR LEVELS 

I IC IV CV I 

21 23 25* 24 24 
D2=0% 

2.000 1.750 1.650 1.700 1.825 

C=LOW 40* 40* 40* 40* 39* 
D2=20% 

1.000 1.000 1.000 1.000 1.050 

18 23* 20 23* 26* 
D2=0% 

1.975 1.725 2.025 1.750 1.750 

C=MED 40* 39 38 38 39* U= 0.85 
D2=20% 

1.000 1.025 1.075 1.075 1.050 

25 26* 23 26* 25 
D2=0% 

1.875 1.525 1.900 1.500 1.650 

C=HIGH 38 39* 38 37 39* 
D2=20% 

1.100 1.075 1.075 1.125 1.050 

a=0.5 

IC IV CV I 

27* 21 26 23 

1.600 2.075 1.650 1.850 

38 38 37 39* 

1.100 1.100 1.150 1.050 

22 18 20 19 

1.825 2.100 1.950 1.925 

38 38 37 38 

1.100 1.100 1.150 1.100 

26* 18 22 24* 

1.450 2.100 1.850 1.675 

39* 39* 39* 39* 

1.050 1.050 1.050 1.050 

a=I.0 

IC IV 

26* 19 

1.600 1.975 

39* 38 

1.050 1.100 

20 20 

1.850 2.025 

39* 37 

1.050 1.150 

24* 24* 

1.675 1.825 

39* 38 

1.050 I. too 

CV 

22 

1.825 

38 

1.100 

26* 

1.750 

38 

1.100 

21 

1.925 

38 

1.100 -00 
0'\ 



Table 7-9 Continued: 

a=O.O 
FACTOR LEVELS 

I IC IV CV I 

21 22 25* 21 26* 
02=0% 

1.925 1.700 1.750 1.875 1.675 

C=LOW 39* 39* 39* 37 39 
02=20% 

1.025 1.025 1.025 1.150 1.050 

20 28* 21 23 26 
02=0% 

1.850 1.475 2.000 1.575 1.650 

C=MEO 38 39* 39* 39* 38 
U= 1.00 

02=20% 
1.100 1.025 1.050 1.025 1.100 

22 29 16 30* 24 
02=0% 

1.925 1.400 2.100 1.400 1.800 

C=IDGH 38 38 40* 39 38 
02=20% 

1.075 1.100 1.000 1.050 1.100 

a=0.5 

IC IV CV I 

22 18 22 26 

1.650 2.075 1.925 1.675 

39 39 40* 38 

1.050 1.025 1.000 1.125 

28* 24 25 26 

1.500 1.800 1.650 1.625 

39 39 40* 38 

1.050 1.050 1.000 1.100 

29* 24 26 26 

1.525 1.800 1.575 1.600 

39* 39* 39* 39 

1.050 1.075 1.025 1.050 

a= 1.0 

IC IV 

27* 22 

1.475 1.875 

40* 39 

1.000 1.050 

29* 21 

1.475 1.900 

39 39 

1.050 1.050 

30* 22 

1.475 1.975 

39 40* 

1.050 1.000 

CV 

20 

2.025 

40* 

1.000 

20 I 
, 

1.875 

40* , 
I 
I 

1.000 
I 
, 

30* 

1.475 i 

40* 

1.000 ...... 
00 
-....) 



Table 7-10: Perfonnance of the improvement algorithms in tenns of 'Y3 

0'=0.0 
FACTOR LEVELS 

I IC IV CV I 

25 24 29* 26 25 
D2=0% 

1.725 1.700 1.550 1.625 1.725 

C=LOW 30 30 34* 34* 30 
D2=20% 

1.500 1.500 1.300 1.300 1.500 

23 21 25* 25* 26* 
D2=0% 

1.775 1.800 1.750 1.650 1.650 

C=MED 31 30 32* 32* 30 U= 0.85 
D2=20% 

1.450 1.475 1.375 1.375 1.500 

24 26 25 29* 27 
D2=0% 

1.750 1.500 1.725 1.425 1.550 

C=HIGH 29 30 32* 31 30 
D2=20% 

1.525 1.525 1.375 1.425 1.500 
--_._ .. - --- -- ---- ~---

0'=0.5 

IC IV CV 

27 26 29* 

1.625 1.750 1.500 

29 33* 32 

1.550 1.350 1.400 

25 23 26* 

1.525 1.750 1.600 

29 33* 32 

1.550 1.350 1.400 

30* 23 29 

1.325 1.775 1.525 

30 33* 33* 

1.500 1.350 1.350 
- -_.-

0'= 1.0 

I IC IV 

23 27* 24 

1.775 1.600 1.725 

30 30 33* 

1.500 1.500 1.350 

19 22 23 

1.925 1.675 1.825 

29 30 31 

1.550 1.500 1.450 

27 27 30* 

1.525 1.550 1.500 

30 30 33* 

1.500 1.500 1.350 

CV 

26 

1.650 

33* 

1.350 

28* 

1.500 

32* 

1.400 

28 

1.525 

33* 

1.350 ...... 
00 
00 



Table 7-10 Continued: 

a=O.O 
FACTOR LEVELS 

I IC IV CV I 

25 25 32* 31 24 
02=0% 

1.650 1.600 1.400 1.425 1.675 

C=LOW 26 26 35* 35* 26 
02=20% 

1.650 1.675 1.200 1.225 1.700 

30 29 30 35* 28 
02=0% 

1.500 1.425 1.475 1.200 1.550 

C=MEO 26 27 36* 36* 26 U= 1.00 
02=20% 

1.700 1.625 1.200 l.l75 1.700 

29 31 28 32* 30 
02=0% 

1.475 1.375 1.550 1.375 1.500 

C=H1GH 27 26 37* 36 26 
02=20% 

1.650 1.700 l.l50 1.225 1.700 
-_ ... _- _ .. _- -_.-

a=0.5 

IC IV CV I 

30 27 31* 26 

1.425 1.625 1.325 1.650 

26 36 37* 26 

1.700 1.175 1.150 1.725 

29 31 34* 28 

1.400 1.400 1.225 1.525 

27 36 37* 26 

1.650 1.200 1.150 1. 700 

29 33 34* 30 

1.450 1.300 1.250 1.450 

27 36* 36* 26 

1.650 1.225 1.175 1.675 
'-------- . 

a=I.0 

IC IV 

34* 28 

1.300 1.550 

27 36* 

1.625 1.200 

32* 30 

1.300 1.450 

27 36 

1.650 1.200 

32* 30 

1.325 1.475 

26 36 

1.675 1.175 

CV 

28 

1.500 

36* 

1.175 

29 

1.375 

37* 

l.l50 

32* 

1.300 

37* 

1.150 

! 

..... 
00 
\0 



190 

7.3 EVALUATING INPUT PARAl\1ETERS 

In order to evaluate the input parameters, we analyzed the data using ANOV A for 

each data set. The detailed results are given in Appendix B. Table 7-11 shows the 

number of data sets (a total of 8) that each factor level combination effect(s) was 

significant with respect to each performance measure. We also used ANOVA on all the 

data sets aggregated as one to check the consistency of the effects. Table 7-12 shows the 

aggregated results. It can be noted from Table 7-11 and Table 7-12 that each factor or 

an interaction between two or more factors which has a significant effect on a 

performance measure in 6 or more data sets turned out to be significant in the 

aggregated data. In the next two subsections we analyze the main effects and the two-way 

interaction effects based on the aggregated results represented by Table 7-11 and Table 

7-12. 
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Table 7-11: Number of data sets with significant factor effects 

EFFECT F~A Sc F~A SN 0 'Yt 'Y2 'Y3 

U 3 8 3 7 8 8 3 8 
ex 8 6 5 1 - - 5 1 
C 8 6 8 8 - - 7 4 

D2 8 8 8 8 - 1 8 8 
G 6 1 - - 8 3 - 2 

DATA 8 8 8 8 8 8 8 8 

Uex 2 1 - - - - 3 1 
UC 1 1 - - - - 3 -
UD2 4 6 2 3 - - 3 8 
UG 1 - 4 4 - 3 1 1 
exC 4 1 - - - - 1 -

ex D2 8 6 1 - - - 5 1 
exG 2 - 5 1 3 - - -

C D2 8 6 - - - - 7 4 
CG - - 8 8 - - - -
D2G 6 1 - - - - - 2 

UexC 1 - - - - - - -
U ex D2 2 - - - - - - -
UexG - 1 - - - - 2 1 
UCD2 1 - - - - - - -
UCG - 1 1 1 - - 1 -
UD2G - - - - - - 3 -
ex C D2 3 - 2 1 - - 1 -
exCG 1 1 1 - - - 2 3 

ex D2 G 2 - - - - - - -
CD2G - - - - - - - -

U ex C D2 - - - - - - - -
UexCG - - - - - - - -

U ex D2 G 1 - 1 1 - - - -
UCD2G - - - - - - - -
ex C D2 G - - - - - - - -

U ex C D2 G - - - - - - - -



* 
** 

Table 7-12: Significance of factor effects for the aggregated data 

EFFECT F~A 

U 
ex ** 
C ** 

D2 ** 
G ** 

DATA ** 

Uex 
UC 
UD2 
UG 
exC 

ex D2 ** 
exG ** 

C D2 ** 
CG 
D2G ** 

UexC 
U ex D2 
UexG 
UCD2 
UCG 
UD2G 
ex C D2 
exCG 

ex D2 G ** 
CD2G 

U ex C D2 
UexCG 

U ex D2 G 
UCD2G 
ex C D2 G 

U ex C D2 G 

significant at p~O.05 
significant at p~O.OOI 

Sc F~A SN 0 'Yl 'Y2 'Y3 

** ** ** ** ** ** 
* ** 

** ** ** ** * 
** ** ** ** ** 

** 
** ** ** ** ** ** ** 

* 

** ** ** 
* 

* ** 

** ** ** ** * 

* 

192 
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7.3.1 Main Effects Analysis 

By analyzing the main factor effects in Table 7-11 and Table 7-12, the following 

conclusions emerge: 

1. U influences 0, 'Yh and 'Y3 in all the 8 data sets. Note that the introduction of U 

in Phase I is intended to increase the system's volume responsiveness. ° is the 

percentage of volume increase before a machine becomes overloaded, 'Yl is the 

percentage of new parts that the system has enough unused capacity to make, and 

'Y3 is the percentage of new parts that the system has enough unused capacity to 

make and there is at least one comprehensive cell for each part. It can be noted 

also that U has a significant effect on the entropic primary and secondary 

comprehensivenesses in 3 data sets out of 8. On the other hand, U has a 

significant effect on the nonentropic primary and secondary comprehensivenesses 

in 8 data sets and 7 data sets out of 8 respectively. The aggregated data is 

classified into 2 categories, one for each level of U. This means that there are 

2880 (144 factor level combinations x 8 data sets x 5 replicates / 2) values for 

each flexibility performance measure, r. The average flexibility performance 

measure is evaluated for each performance measure significant! y (p::;; 0.001) 

affected by U (Le., Sc, SN,O, 'Yh 'Y2' and 'Y3)' Table 7-13 shows the mean values 

of each performance measure at the two levels of U for each improvement 

algorithm. It can be noted from Table 7-13 that the values of the flexibility 



194 

measures at U=0.85% dominate the values at U=100%. This means that when 

the maximum machine usage is set at a low level the volume flexibility and some 

of the comprehensiveness measures increase. The effectiveness of the 

improvement algorithms can be noted in Table 7-13, for example Sc values for 

improvement algorithms C and CV dominate the Sc values for I and V. 

Table 7-13: Mean values of performance measures affected by U 

Factor Design Sc SN 0% 'Yl% 'Y2% 'Y3% 

I 2.76 11.08 118 56 60 33 

U=85% 
C 2.83 11.20 118 56 60 33 
V 2.75 11.08 131 54 61 32 

CV 2.82 11.20 131 54 61 32 

I 2.49 10.16 102 38 59 23 
U=100 C 2.55 10.27 103 38 60 23 

% V 2.49 10.16 117 42 59 24 
CV 2.54 10.27 117 43 59 24 

2. The effect of a is significant with respect to F~A and 'Y2. The aggregated data is 

classified into three categories, one for each level of a. Each category contains 

1920 values of F~Aand 'Y2. The mean value of each measure is evaluated for each 

improvement algorithm and the results are given in Table 7-14. It can be noted 

that the primary comprehensiveness with respect to the current part mix increases 

as a increase. The "comfortable" setting of a=O.5, which equally weighs 

current and potential future part mixes, was successful in maintaining primary 



195 

comprehensiveness and second mix flexibility measures for current parts. 

Table 7-14: Mean values of the affected measures by Ol 

Factor Design F~A 1'2% 

I 3.05 58 

Ol = 0.0 
C 3.36 58 
V 3.06 58 

CV 3.35 58 

I 3.66 61 

Ol = 0.5 
C 3.75 61 
V 3.63 61 

CV 3.71 61 

I 3.69 61 

Ol = 1.0 
C 3.76 60 
V 3.67 61 

CV 3.73 60 

3. C affects the four comprehensiveness measures (F~A, Sc, F~A, and SN) and 

affects 1'2. The aggregated data is classified into 3 categories, one for each level 

of C. There are 1920 values of each performance measure in each category. 

Table 7-15 shows the mean values of the five affected measures at the three 

levels of C for each improvement algorithm. It can be noted that as the number 

of cells increases the primary comprehensiveness decreases because the cells are 

getting smaller and as expected the secondary comprehensiveness increases. This 

is due to the fact that with a larger number of cells the possibility that a pair 
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(c tc2) exists such that they are comprehensive with respect to a part increases. 

Table 7-15: Mean values of the measures affect by C 

Factor Oesign F~A Sc F~A SN 'Y2% 

I 3.61 2.76 4.84 7.98 63 

C=LOW 
C 3.76 2.84 4.84 8.03 63 
V 3.60 2.75 4.84 7.98 64 

CV 3.74 2.83 4.84 8.03 63 

I 3.47 2.60 5.24 10.71 59 

C=MED 
C 3.63 2.66 5.24 10.83 60 
V 3.46 2.59 5.24 10.71 59 

CV 3.60 2.64 5.24 10.83 59 

I 3.31 2.51 5.47 13.16 56 

C=IDGH 
C 3.48 2.56 5.48 13.35 57 
V 3.30 2.51 5.47 13.16 56 

CV 3.45 2.55 5.48 13.35 56 

4. The effect of the number of dummy machines (02) is significant with respect to 

categories with 2880 values of each flexibility measure in each. Table 7-16 shows 

the mean values of F~A, Sc' F~A, SN' 'Y2' and 'Y3 at the two values of 02 for 

each improvement algorithm. It can be noted from Table 7-16 that the values of 

the affected measures at 02=20% dominate the values at 

02=0% 
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Table 7-16: Mean values of measures affected by D2 

Factor Design F~A Sc F~A SN 1'2% 1'3% 

I 2.58 0.63 4.99 6.21 19 9 

D2=0% C 2.90 0.76 4.99 6.45 19 8 
V 2.56 0.62 4.99 6.21 19 9 

CV 2.85 0.73 4.99 6.45 19 8 

I 4.35 4.62 5.38 15.02 100 47 

D2=20% 
C 4.35 4.62 5.38 15.02 100 47 
V 4.35 4.62 5.38 15.02 100 48 

CV 4.35 4.62 5.38 15.02 100 48 

5. The improvement algorithms satisfy their objectives and significantly affect the 

primary comprehensiveness and the volume responsiveness. Table 7-17 shows the 

mean values of F~A and 0 for each improvement algorithm. It can be noted that 

the values of F~A for algorithms Ie and CV are higher than the values for 

algorithms I and CV. The values of 0 for IV and CV are higher than the values 

of 0 for I and IC. These results support the analysis of the four improvement 

algorithms carried out in section 7.2 and the analysis carried out in this section. 
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Table 7-17: Mean values of the measures affected by G 

Perfonnance 
I IC IV CV 

Measure 

F~A 3.47 3.62 3.45 3.60 

0% 110 110 124 124 

7.3.2 Two-way Interactions analysis 

From both Tables 7-11 and 7-12 it can be noted that some of the two-way 

interactions have a significant effects on some of the flexibility perfonnance measures. 

ex and 02 interaction has a significant effect on the entropic primary comprehensiveness 

measure, F~A. Figure 7-1 shows the plot of ex versus F~A at the two levels of 02. If no 

dummy machines are introduced to the cell fonnation phase of the FCF method then the 

cell sizes will be near equal and there will be less flexibility of interchanging machines 

between cells to increase the within cell similarity between machines. It is noted from 

Figure 7-1 that the comprehensiveness with respect to the current mix is maximum at 

ex=l.O and 02 is high. In general the primary comprehensiveness increases with the 

increase in 02 and ex. 

The interaction between ex and G has a significant effect on F~A. Figure 7-2 

shows the relationship between ex and F~A for each system design or improvement 
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algorithm. System design Ie dominates all the other system designs with respect tOF~A 

and system design ev comes second. These results are also shown in Table 7-3. It can 

be noted that as O! increases so does the F~A. There is a strong relationship between O! 

and G, both try to improve primary comprehensiveness. 

The interaction between e and D2 has a significant effect on F~A. This 

interaction is significant because D2 controls the cell structure and this is affected by the 

number of cells. Figure 7-3 shows e versus F~A at the two levels of D2. 
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5.00 

02 - 20 % 
4.00 

3.00 
D2 .. 0 % 

2.00 

0.00 0.50 1.00 

Figure 7-1: Plot of a. versus Fe SA for the two values of D2 
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3.80 

3.70 

3.60 

3.50 

« 3.40 
rI) u 
~ 

3.30 

3.20 
-

3.10 
III IC 
~ IV 

CV 

3.00 

0.00 0.50 1.00 

Figure 7-2: Plot of a versus FcsA for the improvement algorithms 
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5.00 

-

D2 - 20 % 
4.00 -

3.00 

-: 
D2 '" 0 % 

- -----
2.00 

LOW MED HIGH 

c 
Figure 7-3: Plot of C versus FcsA for the two values of D2 
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D2 and G interaction significantly affects F~A. The relationship between the Cell 

size and the effectiveness of the improvement algorithm is obvious. For example, the 

smaller the cell size the lesser the possibility that it becomes a comprehensiveness cell 

with respect to parts. Figure 7-4 shows the relationship between G and F~A at the two 

levels of D2. It can be noticed that at a low D2 the effectiveness of the improvement 

algorithms is high. If D2 is high the improvement algorithms become almost not 

effective, but the primary comprehensiveness is higher. 

The interaction between U and D2 is affecting Sc. Figure 7-5 shows a plot of 

U versus Sc for each value of D2. It can be noted that the nonentropic primary 

comprehensiveness values at low values of U and high values of D2 dominate all other 

level combinations. 

The interaction between C and D2 has a significant effect on Sc. Figure 7-6 shows 

a plot of C versus Sc for each value of D2. It can be noted that at D2 =0 %, the primary 

comprehensiveness decreases as C increases. At D2=20% the primary 

comprehensiveness is very high compared to its values at D2=0%. 
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5.00 

D2 .. 20 % 
4.00 

3.00 

0%-------
2.00 

IC IV CV 

G 

Figure 7-4: Plot of G versus FcsA for the two values of D2 
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5.00 

-

D2 - 20 % 
4.00 -

-

3.00 -

r;nU -

2.00 -

-

1.00 -
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0.00 
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Figure 7-5: Plot of U versus Sc for the two values of D2 
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5.00 
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4.00 -
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3.00 -

-

2.00 -

-
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Figure 7-6: Plot of C versus Sc for the two values of D2 
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The interaction between C and D2 is affecting F~A. Figure 7-7 shows C versusF~A 

for each value of D2. This plot shows that at D2=20%, the entropic secondary 

comprehensiveness measure values dominate the values at D2 =0 %. The best secondary 

comprehensiveness is achieved by setting C to mGH and D2=20%. It can be noted also 

that the secondary comprehensiveness increases as C increases. The interaction between 

C and D2 is also affecting the nonentropic secondary comprehensiveness (SN)' Figure 7-8 

shows a plot of C versus SN for the two values of D2. 

U and D2 interaction has a significant effect on 'Y2' Figure 7-9 shows a plot of U 

versus 'Y2 at the two values of D2. The value of 'Y2 is 100% for both levels of U at 

D2=20%. 

The interaction between a and D2 has a significant effect on 'Y2 especially at 

a=O.O and 0.5 as shown in Figure 7-10. It can be noted that when D2 is high 'Y2 is high 

and vice versa. If a is between 0.0 and 0.5 'Y2 increases with D2. Figure 7-11 shows the 

effect of C and D2 interaction on 'Y2' It can be concluded that as C increases, the 'Y2 

effect decreases at D2 low, but at D2 high, C has a smaller effect. 
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Figure 7-7: Plot of C versus FN SA for the two values of D2 
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1.10 

1.00 $ 
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0.90 

0.80 

0.70 
N 

?- 0.60 

0.50 
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0.30 
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Figure 7-9: Plot of U versus 12 for the two values of D2 
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1.10 
-
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-
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U and D2 interaction has a significant effect on 1'3 in all the data sets and in the 

aggregated data. 1'3 measures the system capability to perform a new part completely in 

a cell and that there is enough unused resources to produce it. U controls the unused 

resources (availability of slack on machines) and D2 introduces a flexibility of 

constructing large and small cells and of course a large cell has more probability of being 

a comprehensive cell with respect to a new part. Figure 7-12 shows a plot of the mean 

values of 1'3 at all the possible combinations of U and D2 levels. The following can be 

noted from this graph: 

1. When D2 is high and U is low, the system has the maximum volume and 

comprehensiveness responsiveness with respect to new part types. 

2. As U increases 1'3 decreases. This is obvious, because in this case the slack 

decreases which is required to respond to the production volume of the new part 

types. 



214 

0.60 

0.50 

D2 = 20 % 

0.40 

r=: 0.30 -

0.20 

0.10 -1----______ ....:D=-:2=--=_0:.....:%~ __ __1 

0.00 

85 100 

U % 

Figure 7-12: Plot of U versus 'YJ for the values of D2 
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7-4 CONCLUSION 

In this chapter we verified the effectiveness of the FCF method in generating 

flexible cellular designs. The verification is carried out by designing an experimental 

analysis which included 8 data sets. In general the following concluding remarks are 

verified: 

(1) The three improvement algorithms, comprehensiveness, volume, and both are 

effective in increasing the cellular systems responsiveness to changes in volume, 

mix and even internal changes. 

(2) The relationships among the design parameters (factors) and the flexibility 

measures are shown in order to indicate the best suitable set of factors to achieve 

the intended objectives. Table 7-18 shows a summary of the results obtained. We 

have chosen to eliminate the results relating to the nonentropic aggregate 

measures Sc and SN since similar effects were found for the entropic aggregate 

measures. This summary of results shows that: 

• Primary comprehensiveness can be improved by using high Ol, low C, 

high D2, and using improvement algorithm IC. 

• Secondary comprehensiveness can be improved by using high C, high D2, 

and improvement algorithm IC. 

o 0 and 1'1 can be improved by using low U and improvement algorithms IV 

and CV. 
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• 1'2 can be improved by using high D2 and improvement algorithms IV and 

CV 

• 1'3 can be improved by using low U, high D2 and improvement algorithms 

IV and CV 

• Allowing more variability in the cell size (setting D2 to high) showed an 

improvement in all comprehensiveness measures and two out of the three 

mix flexibility measures. This is because high D2 means more large cells 

and this in turn increases comprehensiveness, hence the improves the 

second and the third mix flexibility measures. 

• Allowing a volume flexibility buffer by setting U to low is the second 

important parameter. This buffer allows the improvement algorithms to 

perform more effectively because the buffer means availability of unused 

resource that can be used to respond to part-operation reallocation and/or 

performing new part-operations required by new part types. 

Table 7-18: Summary of results for "optimal" performance 

Input 
Performance Measure 

Parameter 
F~A F~A 0 1'1 1'2 1'3 

U - - LOW LOW - LOW 
ex lllGH - - - - -
C LOW lllGH - - - -

D2 lllGH lllGH - - lllGH lllGH 
G IC IC IV/CV IV/CV IV/CV IV/CV 
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(3) To verify the results shown in Table 7-18, the aggregated data were scanned to 

fmd the overall maximum and minimum value of each performance measure and 

the associated factor level combination. The results are plotted in Figures 7-13 

to 7-18. The consistency of the results shown in Table 7-18 and Figures 7-13 to 

7-18 can be noted clearly. 
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CHAPfER8 

CONCLUSIONS AND FUTURE RESEARCH 

8.1 Contributions and Conclusions 
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In this dissertation, manufacturing flexibility is incorporated in designing cellular 

manufacturing systems (CMS) in order to deal with changing environments and gain a 

strategic competitive edge. A comprehensive flexible cell formation (FCF) method is 

developed and tested to design flexible CMSs. The proposed method consists of five 

phases. Generic operations are assigned to machine types in the first phase. The second 

phase undertakes the assignments of part-operations to specific machines conditioned on 

results of the first phase. In the third phase manufacturing cells are created. The cellular 

design is evaluated in the fourth phase. In the last phase, manufacturing flexibility is 

improved by using three different approaches. The evaluation of cellular designs is 

carried out using families of flexibility performance measures. 

The results of this dissertation show that tradeoffs among the flexibility 

performance measures and design parameters can be presented to users in order for them 

to make an informed decision. Among the contributions and conclusions of this 

dissertation are: 

• Based on the classification of prior research on cell formation, presented in 

Chapter 2, it can be shown that there is a lag in manufacturing flexibility 

modeling and quantification in the context of cellular manufacturing. This 
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research developed a framework to define various types of manufacturing 

flexibility in order to respond to different types of changes (internal and external 

changes) which are relevant in CM context. The CM manufacturing flexibility 

types are linked to the components of cellular manufacturing systems (part 

families and machine groups) to form a CM flexibility hierarchy. 

• This research developed several flexibility and structural measures to quantify the 

CM flexibility at each level of the CM flexibility hierarchy and for each 

component of the CMS. Unique aggregated cellular manufacturing flexibility 

measures (entropic and nonentropic) are developed. The property of these 

measures is their ability to be dissaggregated to evaluate the contribution of each 

component of the CM system to the overall flexibility of the system. This 

property helps in incorporating a certain level of manufacturing flexibility in the 

system or a component of the system. 

• This research has proposed a flexible cell formation method with several unique 

features. These features are: 

1. It allows the user to control the maximum allowable machine usage (U) 

which is used as a design parameter by the FCF method. It has been 

shown by experimentation that this parameter has significant effects on the 

CM machine, volume and mix flexibility measures. This parameter 

introduces a new notion called IIflexibility bufferll because it sets the 

proportion of time that a machine is unused. This unused resource is used 
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to respond to the different types of changes, internally (machine 

processing capability and machine breakdown) and externally (part volume 

and mix). 

2. It allows the user to control the number of cells (C) and the cell sizes. The 

experiments showed that more variability in cell sizes is preferred to deal 

with variable part family sizes and processing requirements. 

3. The FCF method includes a unique weighing factor (ex) which gives the 

user the choice of creating "strategic" manufacturing cells to deal with 

future part mixes or "local" manufacturing cells to deal with a single 

present part mix. The "strategic" cells are created by grouping machines 

based on their processing capabilities with respect to potential part mixes. 

The "local" cells are created by grouping machines based on their 

processing capability with respect to the present part mix. The "strategic" 

cells are appropriate in a highly variable environments and "local" cells 

are appropriate if the environment is stable. 

4. The output of the third phase of the FCF method is an initial cellular 

design. Three flexibility improvement approaches are developed to 

improve on the initial system. The first approach is a primary 

comprehensiveness improvement approach which is carried out by 

reallocating exceptional part-operations such that all the part-operations 

required by a single part type are performed in one cell. The second 
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approach is volume improvement and is carried out by re-allocating 

critical part-operation(s) which cause a machine to become overused due 

to part volume changes. The third approach implements both primary 

comprehensiveness and volume improvement approaches. 

• The FCF method is operationalized through the use of several C codes which can 

run on an ffiM-PC or compatible computer. This should enhance the portability 

of the method to be used by researchers and practitioners in the field. 

• In Chapter 6, the FCF method was compared to two selected methods of the cell 

formation. The first method (HPH) was selected because of its dominant 

performance over some of the current matrix restructuring cell formation 

methods. Only the third phase of the FCF was used in this comparison. The 

second method (CA) was selected because it is one of very few comprehensive 

cell formation methods. The second and third phases of the FCF method were 

used in this comparison. The 10perationaIized" FCF method developed CMSs 

which were comparable to or better than those derived using the HPH and CA 

methods. 

• A comprehensive experimental analysis was carried out in Chapter 7 to 

investigate the impact of user defined parameters in the FCF method. The results 

of this analysis showed how each design parameter should be set given the 

importance of a particular measure of flexibility. 
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8.2 Future Research 

Future research relevant to this dissertation may be divided into the following 

areas: 

• Developing a branch and bound algorithm to solve problem FCF-I described in 

Chapter 5 as one problem. This problem attempts to assign generic operation to 

machine types and determine the required number of machine types 

simultaneously. 

• Additional work can be done on the graph partitioning algorithm used in Phases 

IT and ill of the FCF method. For example, more heuristics to generate the initial 

partitions are needed to test the sensitivity of the KL algorithm to the initial 

partition heuristics. The original KL algorithm was restricted by introducing the 

machine usage constraint in Phase IT and the number of cells in Phase ill. This 

restricts the number and size of each node added to or eliminated from each 

partition. More testing on the performance of KL algorithm under these 

modifications is required. 

• More studies and analysis can be done to generate graphical or mathematical 

relationships between the cellular flexibility measures and the design parameters 

developed in this research. 
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APPENDIX A: FULL EXAMPLE 

In this appendix the FCF method is demonstrated on an example with I M I = 10 

machine types, I 'It I = 19 part types and I (} I = 12 generic operations. The steps of solving 

this example follow the FCF phases and steps explained in Chapter 5. 

A.I Data Requirements 

The machine type availabilities, fixed costs, and operating costs per hour are 

given in Table A-I. The part type batch sizes and number of batches are given in Table 

A-2. Generic operations processed by each machine type is given by matrix [Xu] which 

is shown in Table A-3. In Table A-3 the maximum processing capability is two generic 

operations out of 12. The machine type setup times in minutes for each generic operation 

is represented by matrix [S] and shown in Table A-4. An entry of asterisk denotes the 

inability of a machine type to perform that generic operation. The processing (run) time, 

in minutes per unit, for each generic operation on each machine type is represented by 

matrix [T] and given in Table A-5. Generic operations required by each part type is 

represented by matrix [P] which is shown in Table A-6. Part type 8 is the most 

complicated part type because it needs 7 out of 12 generic operations. 
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Table A-I Table A-2 

Machine types data Part types data 

m ~ Fm Cm p Qp I;, 

1 0.85 5000 1.70 1 100 9 

2 0.90 1500 1.80 2 700 11 

3 0.60 3000 1.20 3 400 5 

4 0.90 8000 1.80 4 500 6 

5 0.80 1500 1.60 5 840 5 

6 0.80 4000 1.60 6 900 5 

7 0.70 3500 1.40 7 956 4 

8 0.90 2000 1.80 8 116 4 

9 0.95 4000 1.90 9 624 5 

10 0.80 1000 1.60 10 928 7 

11 410 9 

12 690 6 

13 562 3 

14 827 5 

15 961 5 

16 491 8 

17 895 5 

18 742 6 

19 627 4 
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Table A-3 Machine type processing capability matrix [Xu] 

machine type 

Opn. 1 2 3 4 5 6 7 8 9 10 

---------------------------------------------------------------

1 0 0 0 0 0 0 0 1 0 0 

2 0 0 0 0 0 0 1 0 0 0 

3 1 0 0 0 0 0 0 0 0 0 

4 0 0 0 1 0 0 0 0 0 0 

5 0 0 1 0 0 0 0 0 0 0 

6 0 0 0 0 0 0 0 0 1 0 

7 0 0 0 0 0 0 1 0 1 0 

8 0 0 0 0 1 0 0 0 0 0 

9 1 0 0 1 0 0 0 0 0 0 

10 0 0 0 0 1 0 0 0 0 1 

11 0 1 0 0 0 0 0 0 0 0 

12 0 0 0 0 0 1 0 0 0 0 

---------------------------------------------------------------
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Table A-4 Setup time (minutes) matrix [S] 

machine t y p e 

opn 1 2 3 4 5 6 7 8 9 10 

-------------------------------------------------------------------------------------------------

1 * * * * * * * 420 * * 
2 * * * * * * 100 * * * 
3 140 * * * * >I< * * * * 
4 * * * 120 * * * * * * 
5 * * 300 * * * * * * * 
6 * * * * * * * * 20 * 
7 * * * * * * 20 * 40 * 
8 * * * * 20 * * * * * 
9 140 * * 100 * * * * * * 

10 * * * * 420 * * * * 10 

11 * 240 * * * * * * * * 
12 * * * * * 20 * * * * 
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Table A-5 Run time (minutes) matrix [T] 

machine type 

opn 1 2 3 4 5 6 7 8 9 10 

-------------------------------------------------------------------------------------------------

1 * * * * * * * 2.5 * * 
2 * * * * * * 3.5 * * * 
3 4 * * * * * * * * * 
4 * * * 3 * * * * * * 
5 * * 4.5 * * * * * * * 
6 * * * * * * * * 5 * 
7 * * * * * * 4 * 3 * 
8 * * * * 3 * * * * * 
9 2 * * 1.5 * * * * * * 

10 * * * * 3.5 * * * * 2.5 

11 * 3.5 * * * * * * * * 
12 * * * * * 2.5 * * * * 
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Table A-6 Part type processing requirements matrix [P] 

operation 

part 1 2 3 4 5 6 7 8 9 10 11 12 

-------------------------------------------------------------------------

1 1 0 0 1 0 1 0 0 1 0 1 0 

2 0 1 1 1 0 0 0 1 0 0 0 0 

3 1 1 0 1 0 0 0 1 0 0 0 0 

4 1 0 0 1 0 0 1 0 1 0 1 0 

5 1 0 0 0 0 0 1 0 1 0 1 0 

6 0 0 0 0 0 1 0 1 0 1 0 1 

7 0 0 1 0 0 1 0 1 0 1 0 1 

8 0 1 1 1 1 0 0 1 1 0 0 0 

9 0 0 1 1 1 0 0 1 1 0 0 0 

10 0 0 1 1 0 1 0 1 0 1 0 1 

11 0 0 1 0 0 0 0 1 0 1 0 1 

12 1 0 0 1 0 0 1 0 0 0 1 1 

13 0 0 0 0 0 0 0 0 0 1 1 1 

14 0 0 0 0 0 0 0 0 0 1 1 0 

15 0 0 0 0 0 0 0 0 0 1 1 0 

16 1 0 0 1 0 0 0 0 0 0 1 1 

17 1 0 0 0 0 0 1 0 0 0 1 1 

18 0 0 0 0 0 0 0 0 0 1 1 0 

19 0 0 0 0 0 0 0 0 0 1 1 0 

-------------------------------------------------------------------------
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A.2 Phase I: 

Step O. 

The machine type fraction (umj V m,j) required to process each generic operation 

is calculated and given in Table A-7. In examining Table A-7, for example, machine 

type 7 fraction required to perform generic operation 2 for all part types which require 

that operation, (part types 2,3, and 8 ) is calculated as follows (see expression 5-6): 

_ (100+3.5x700)x11 + (100+3.5x400)x5 + (l00+3.5x116)x4) = 0.447 
U7,2- 8x250x60xO.7 

U is selected to be 90 % to allow an external flexibility buffer of at least 10% to respond 

to volume and mix changes. 

Step 1. 

Since the number of machines available for each machine type is unknown, 

GREEDY-IT heuristic is used to determine an estimate for Nm (mEM). Table A-8 shows 

UmjFm (jE (1 and mEM). The GREEDY-IT assignments are shown in bold and underlined 

in Table A-8). The GREEDY-IT assignments are used to determine the number of 

machines required from each type such that the average machine usage does not exceed 

U=90%, The results are given in the last row of Table A-8. Given Nm estimates, GAP 

is solved and the final matched the GREEDY-IT solution shown in Table A-8. The total 

running cost of the final solution is $30,115. The total fixed cost required to purchase 

the new machines is $58,500. 
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Table A-7 The machine type fractions required for each generic operation 

machine type 

opn 1 2 3 4 5 6 7 8 9 10 

--------------------------------------------------------------------------------------------------

1 * * * * * * * 0.695 * * 
2 * * * * * * 0.447 * * * 
3 1.047 * * * * * * * * * 
4 * * * 0.950 * * * * * * 
5 * * 0.234 * * * * * * * 
6 * * * * * * * * 0.694 * 
7 * * * * * * 0.758 * 0.424 * 
8 * * * * 1.004 * * * * * 
9 0.269 * * 0.178 * * * * * * 

10 * * * * 1.526 * * * * 0.945 

11 * 1.377 * * * * * * * * 
12 * * * * * 0.862 * * * * 
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Table A-8: Values of UmjFm (jEO and mEM) 

machine t y P e 

opn 1 2 3 4 5 6 7 8 9 10 

----------------------------------------------------------------------------------------------------------

1 * * * * * * * 1390.51 * * 
2 * * * * * * 1565.58 * * * 
3 5234.12 * * * * * * * * * 
4 * * * 7597.33 * * * * * * 
5 * * 702.00 * * * * * * * 
6 * * * * * * * * 2775.44 * 
7 * * * * * * 2654.17 * 1695.61 * 
8 * * * * 1505.97 * * * * * 
9 1344.51 * * 1427.11 * * * * * * 

10 * * * * 2289.00 * * * * 945.00 

11 * 2065.02 * * * * * * * * 
12 * * * * * 3449.48 * * * * 

2 1 2 2 2 2 2 
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A.3 Phase II: 

Step 1 

The operation-operation graph is created for each machine type by using the 

OPN-OPN GRAPH heuristic. Machine type 5 is used as an example to demonstrate this 

phase. From Table A-8, generic operation 8 is assigned to machine type 5 i.e., 

OMs={8}. From Table A-6, generic operation 8 is required by part types 

2,3,6,7,8,9,10, and 11. This means that Jg={2,3,6,7,8,9,10,1l}. Generic operation 8 

is represented by 8 part-operation nodes. 

Table A-9 shows the infonnation required to solve the KL problem for machine 

type 5. The first row of Table A-9 represents the node label for each part-operation. The 

second and third rows show the generic operation and the part type associated with each 

node, respectively. The fourth row shows the machine fraction required to perfonn the 

node's part operation on any machine of type m. Each entry of the table is eij as given 

by equation (5-17). Node pair 1 and 5 have the maximum desirability to be assigned to 

the same machine because they represent a generic operation (8) which is required by 

two part types with similarity measure of "1" . Nodes 1 and 6 have a desirability measure 

of 0.75 which represents the similarity between part types 2 and 9. The graph 

representing Table A-9 is shown in figure A-I. The similarity between part types is 

calculated by using equation (5-16). These similarities are used as arc weights if the two 

part-operation nodes are associated with different part types. The similarity coefficients 

between part-operation nodes are calculated by using expression (5-15). 



Figure A-I: Machine Type 5 opn-opn Graph 
Note: for arc weights refer to Table A-9 
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Table A-9: KL infonnation for machine type 5 

NODE 

1 2 3 4 5 6 7 8 

------------------------------------------------------------------------------------------

OPN. 8 8 8 8 8 8 8 8 

PART 2 3 6 7 8 9 10 11 

SIZE 0.243 0.064 0.142 0.120 0.015 0.099 0.204 0.117 

------------------------------------------------------------------------------------------

1 0.00 0.75 0.25 0.50 1.00 0.75 0.75 0.50 

2 0.00 0.25 0.25 0.75 0.50 0.50 0.25 

3 0.00 1.00 0.25 0.25 1.00 0.75 

4 0.00 0.40 0.40 1.00 1.00 

5 0.00 1.00 0.50 0.50 

6 0.00 0.60 0.50 

7 0.00 1.00 

8 0.00 

Step 2 
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The initial feasible solution for each machine type graph is obtained by using the 

INITIAL-PARTITION heuristic. The machine type 5 graph needs to be partitioned into 

two subgraphs because there are two type 5 machines available. Figure A-2 shows the 

initial partitions obtained for machine type 5 graph which is shown in figure A-I. The 

initial assignments are: nodes 1,4,5, and 7 to machine 1 of type 5, nodes 2,3,6 and 8 

to machine 2 of type 5. 
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Step 3 

KL method is applied to improve on the initial assignments given by step 2. The 

final partitioning for machine type 5 is shown in figure A-3. The final partitioning 

indicates that nodes 1,2,5, and 6 are assigned to machine 1 of type 5 and nodes 3,4,7, 

and 8 are assigned to machine 2 of type 5. Machines 1 and 2 utilizations are 0.421 and 

0.583 respectively. This step is repeated for each machine type. 

At the end of this phase, the operation-operation global graph is created. This 

graph represents a data bank for the rest of the FCF method. Each part-operation is 

represented as a node. In this example there are 76 part-operation nodes. Table A-lO 

shows the data for each part-operation node. 
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Table A-IO: OPN-OPN global graph 

Node Opn Part M/C Usage Node Opn Part M/C Usage 

------------------------------------------- -------------------------------------------

1 3 2 1 0.317 26 9 9 6 0.046 

2 3 7 1 0.155 27 4 1 7 0.035 

3 3 10 1 0.264 28 4 4 7 0.090 

4 3 8 2 0.024 29 4 12 7 0.122 

5 3 9 2 0.129 30 4 16 7 0.118 

6 3 11 2 0.157 31 9 1 7 0.018 

7 11 1 3 0.049 32 9 4 7 0.045 

8 11 4 3 0.111 33 9 5 7 0.061 

9 11 5 3 0.147 34 8 2 8 0.243 

10 11 12 3 0.148 35 8 6 8 0.142 

11 11 16 3 0.145 36 8 7 8 0.120 

12 11 17 3 0.156 37 8 10 8 0.204 

13 11 13 4 0.061 38 8 3 9 0.064 

14 11 14 4 0.145 39 8 8 9 0.015 

15 11 15 4 0.167 40 8 9 9 0.099 

16 11 18 4 0.158 41 8 11 9 0.117 

17 11 19 4 0.090 42 12 6 10 0.118 

18 5 8 5 0.033 43 12 7 10 0.100 

19 5 9 5 0.201 44 12 10 10 0.171 

20 4 2 6 0.226 45 12 11 10 0.098 

21 4 3 6 0.061 46 12 13 10 0.045 

22 4 8 6 0.017 47 12 12 11 0.109 

23 4 9 6 0.092 48 12 16 11 0.104 

24 4 10 6 0.188 49 12 17 11 0.118 

25 9 8 6 0.009 50 2 2 12 0.334 
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Table A-1O continued: 

operation-operation global graph 

Node Opn Part M/C Usage Node Opn Part M/C Usage 

------------------------------------------- ----------------------------------------------------

51 2 3 12 0.089 74 10 15 17 0.126 

52 2 8 12 0.024 75 10 18 17 0.117 

53 1 1 13 0.056 76 10 19 17 0.066 

54 1 3 13 0.066 

55 1 4 13 0.093 

56 1 5 13 0.117 

57 1 12 13 0.119 

58 1 16 13 0.122 

59 1 17 13 0.123 

60 6 6 14 0.198 

61 6 7 14 0.168 

62 6 10 14 0.286 

63 7 5 14 0.112 

64 6 1 15 0.041 

65 7 4 15 0.081 

66 7 12 15 0.111 

67 7 17 15 0.120 

68 10 6 16 0.118 

69 10 7 16 0.100 

70 10 10 16 0.170 

71 10 11 16 0.097 

72 10 13 17 0.044 

73 10 14 17 0.108 
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A.4 Phase ill: 

Step 0 

The machine-machine global graph is created. This graph consists of 17 machine 

nodes labelled 1 to 17. The machine type, machine number, and machine usage for each 

machine node are shown in Table A-II. 

Table A-ll: Machine-machine global graph 

---------------------------------- ----------------------------------

mc mc mc usage mc mc mc usage 

node type # node type # 

---------------------------------- ----------------------------------

1 1 1 0.736 9 5 3 0.583 

2 1 2 0.310 10 6 1 0.532 

3 2 1 0.756 11 6 2 0.331 

4 2 2 0.621 12 7 1 0.447 

5 3 2 0.234 13 8 1 0.696 

6 4 1 0.639 14 9 1 0.764 

7 4 2 0.489 15 9 2 0.353 

8 5 2 0.421 16 10 1 0.485 

17 10 2 0.461 

---------------------------------- ----------------------------------
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Step I. 

The processing capability for each machine type pair is evaluated by using 

expression (5-18) and matrix D'n] which is represented by Table A-3. The results are 

shown in Table A-12. In this table, machine type pairs 5&6 possess the maximum 

combined processing capabilityof 0.10. This pair is capable of performing 114 of 0, 

namely generic operations 8,10, and 12. The compatibility between each pair of these 

generic operations are f8.10=f8.12=0.364 and flO•12 =0.455. Using expression 5-18, 

Machine type 5 is dominated by machine type 10, therefore the pair 5&10 has no 

combined processing capability because this pair does not add to the processing capability 

of machine type 10. This is indicated by an entry of -1.0 in Table A-12 

Table A-12: Machine types combined processing capability 

M/C 1 2 3 4 5 6 7 8 9 10 
-----------------------------------------------------------------------------------------------

1 0.00 0.03 0.05 0.09 0.08 0.03 0.04 0.03 0.04 0.03 
2 0.03 0.00 0.00 0.08 0.06 0.06 0.05 0.09 0.06 0.08 
3 0.05 0.00 0.00 0.05 0.02 0.00 0.01 0.00 0.00 0.00 
4 0.09 0.08 0.05 0.00 0.06 0.03 0.06 0.09 0.05 0.01 
5 0.08 0.06 0.02 0.06 0.00 0.10 0.02 0.01 0.05 -1.00 
6 0.03 0.06 0.00 0.03 0.10 0.00 0.02 0.05 0.06 0.08 
7 0.04 0.05 0.01 0.06 0.02 0.02 0.00 0.06 0.00 0.00 
8 0.03 0.09 0.00 0.09 0.01 0.05 0.06 0.00 0.06 0.00 
9 0.04 0.06 0.00 0.05 0.05 0.06 0.00 0.06 0.00 0.03 

10 0.03 0.08 0.00 0.01 -1.00 0.08 0.00 0.00 0.03 0.00 
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Step 2 

The machine pair similarity coefficients are calculated by using expression 5-17, 

matrix [Xu] given in Table A-3, and the part-operation assignments to individual 

machines given by the 17 sets of part-operations, Omn. The similarity coefficients are 

shown in Table A-13. For example, the similarity between individual machines 1 and 6 

(denoted by W1: 6 ) is the maximum between W1,6 and W6,h where Wr,s represents the 

proportion of machine r workload associated with parts that also use machine s. From 

Table A-IO, part types 2,7, and 10 are assigned to machine 1 with associated work load 

of 0.317,0.155, and 0.264 respectively and part types 2,3,8,9, and 10 are assigned to 

machine 6 with associated work load of 0.226, 0.061, 0.026, 0.138, and 0.188 

respectively . Using expression 5-17: 

W S = max {0.317+0.264 0.226+0.188} = 0.79 
1,6 0.736' 0.639 

Step 3 

The desirability measure is evaluated by using expression 5-16, tables A-12, and 

A -13 with ex = 1. O. The desirability measures will match the similarity coefficients at 

ex=1.0. This means that the eMS is designed based on the current demand pattern and 

part types processing requirements. The current part mix requires the maximum 

processing capability of the available machine types. Based on this mix the eMS 

generated by a value of ex= 1.0 should have a good responsiveness. Later the designed 

eMS will be tested when ex varies. 



Table A-13: Machines similarity coefficients and machine desirability measures at a= 1.0 
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249 

Step 4 

Using the desirability measures in table A-13 as arc weights in the global 

machine-machine graph, the machine-machine graph is decomposed into C cells. In this 

example C is selected to be 4 cells. Based on the assignment of part-operations to 

machines the part machine incident matrix is shown in Figure A-4. The decomposed part

machine incident matrix is shown in Figure A-S. 

The fmal solution of phase ill is four part families and four cells. Table A-I4 

shows the machine types, individual machines, and individual machine usages in each 

cell. Table A-IS provides the part families, their associated cells, and whether the part 

type is exceptional or not (BPs have an entry of one in the last column). This cellular 

structure is evaluated in the next phase. 



Figure A-4: Part machine incident matrix 
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Figure A-5: 
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Table A-14: Cells structure - Machines data 

CELL M/C M/C Usage 

# Type # 

1 1 

5 
6 

9 

10 

1 

2 

1 
1 

1 

0.736 

0.583 

0.532 

0.764 

0.485 

-----------------------------------------------
2 2 1 0.756 

4 2 0.489 

6 2 0.331 

8 1 0.696 

9 2 0.353 

----------------------------------------------
3 

4 

1 

3 

4 

5 

7 

2 

10 

2 

1 

1 

1 

1 

2 

2 

0.310 

0.234 

0.639 

0.421 

0.447 

0.621 

0.461 
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Table A-15: The Cells Structure-Parts data: 

CELL PART EXCRMaONAL 

# Type Indicator 

1 6 0 

7 0 
10 1 

11 1 

2 1 0 
4 0 
5 1 
12 0 

16 0 
17 0 

3 2 1 

3 1 
8 0 
9 0 

4 13 1 

14 0 

15 0 

18 

19 

o 
o 
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A.S Phase IV: Evaluation 

The cellular design obtained by phase ill is evaluated by using the measures 

presented in chapters 4 and 5. Machine level measures are reported first followed by part 

level , cell level, and system level measures. 

1. Machine Level Measures 

The structural flexibility measures for machines are presented in Tables A-15, and 

A-16. The second column of Table A-16 shows M!C V mEM which are the machine 

type processing capabilities with respect to the global set of operations, O. Columns 3 

to 6 show M PC V mEM and c=1 23 4which are the machine type processing me , , , 

capabilities with respect to each cell. It can be noted from Table A-16 that machine types 

1,4,5,7, and 9 possess the maximum processing capability with respect to O. They are 

capable of performing 1/6 (2 out of 12) of the global set of operations. It can be noted 

also that other machine types have the minimum processing capability (lout of 12) of 

8.33 %. Machine type 2 has the maximum processing capability with respect to cell 4, 

it is capable of performing 50 % of the generic operations that cell 4 is capable of 

performing. Table A-17 shows the machine type processing capability with respect to 

the set of operations required by each part type (Op). For example, machine type 1 is 

capable of performing 50% of the set of operations required by part type 14,18, and 19. 
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Table A-16 Machine type processing capabilities 

m M PC M PC M~ M.!i M PC 
m mt m4 

1 0.167 0.29 0.00 0.25 0.00 
2 0.083 0.00 0.14 0.00 0.50 
3 0.083 0.00 0.00 0.13 0.00 
4 0.167 0.00 0.29 0.25 0.00 
5 0.167 0.29 0.00 0.25 0.00 

6 0.083 0.14 0.14 0.00 0.00 
7 0.167 0.00 0.00 0.25 0.00 

8 0.083 0.00 0.14 0.00 0.00 
9 0.167 0.29 0.29 0.00 0.00 

10 0.083 0.14 0.00 0.00 0.50 
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Table A-17: Machine Type processing capability relative to part types 

MACIDNE TYPE 

PART 1 2 3 4 5 6 7 8 9 10 

----------------------------------------------------------------------------------------------------------
1 0.20 0.20 0.00 0.40 0.00 0.00 0.00 0.20 0.20 0.00 

2 0.25 0.00 0.00 0.25 0.25 0.00 0.25 0.00 0.00 0.00 

3 0.00 0.00 0.00 0.25 0.25 0.00 0.25 0.25 0.00 0.00 

4 0.20 0.20 0.00 0.40 0.00 0.00 0.20 0.20 0.20 0.00 

5 0.25 0.25 0.00 0.25 0.00 0.00 0.25 0.25 0.25 0.00 

6 0.00 0.00 0.00 0.00 0.50 0.25 0.00 0.00 0.25 0.25 

7 0.20 0.00 0.00 0.00 0.40 0.20 0.00 0.00 0.20 0.20 

8 0.33 0.00 0.17 0.33 0.17 0.00 0.17 0.00 0.00 0.00 

9 0.40 0.00 0.20 0.40 0.20 0.00 0.00 0.00 0.00 0.00 

10 0.17 0.00 0.00 0.17 0.33 0.17 0.00 0.00 0.17 0.17 

11 0.25 0.00 0.00 0.00 0.50 0.25 0.00 0.00 0.00 0.25 

12 0.00 0.20 0.00 0.20 0.00 0.20 0.20 0.20 0.20 0.00 

13 0.00 0.33 0.00 0.00 0.33 0.33 0.00 0.00 0.00 0.33 

14 0.00 0.50 0.00 0.00 0.50 0.00 0.00 0.00 0.00 0.50 

15 0.00 0.50 0.00 0.00 0.50 0.00 0.00 0.00 0.00 0.50 

16 0.00 0.25 0.00 0.25 0.00 0.25 0.00 0.25 0.00 0.00 

17 0.00 0.25 0.00 0.00 0.00 0.25 0.25 0.25 0.25 0.00 

18 0.00 0.50 0.00 0.00 0.50 0.00 0.00 0.00 0.00 0.50 

19 0.00 0.50 0.00 0.00 0.50 0.00 0.00 0.00 0.00 0.50 

----------------------------------------------------------------------------------------------------------
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2. Part Level Measures 

The second family of the structural measures deals with part types. Table A-I8 

shows the fraction of the system's processing capability required to produce each part 

type this is called the part type complexity measure. The second column of Table A-I8 

presents the part type complexities with respect to the system. In this column part types 

8 and 10 are the most complex part types, both require 6 operations to be performed on 

them which represent 50% of the CMS's processing capability. Columns 3,4,5, and 6 

show the part type complexities with respect to the four cells respectively. In the third 

column of Table A-20, 29% of the fIrst cell processing capability is required to perform 

all the operations of part type 2 and 14 % of the cell's processing capability is required 

to perform some of the operations required by part type 3. This table does not provide 

any comprehensiveness or non-comprehensiveness information. 
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Table A-18: Part type complexity measures 

P pPR pPR pPR pPR pPR 
P pI p2 p3 p4 

1 0.42 0.29 0.71 0.25 0.50 

2 0.33 0.29 0.14 0.50 0.00 

3 0.33 0.14 0.29 0.38 0.00 

4 0.42 0.29 0.71 0.38 0.50 

5 0.33 0.29 0.57 0.25 0.50 

6 0.33 0.57 0.29 0.25 0.50 

7 0.42 0.71 0.29 0.38 0.50 

8 0.50 0.43 0.29 0.75 0.00 

9 0.42 0.43 0.29 0.63 0.00 

10 0.50 0.71 0.43 0.50 0.50 

11 0.33 0.57 0.14 0.38 0.50 

12 0.42 0.29 0.71 0.25 0.50 

13 0.25 0.29 0.29 0.13 1.00 

14 0.17 0.14 0.14 0.13 1.00 

15 0.17 0.14 0.14 0.13 1.00 

16 0.33 0.14 0.57 0.13 0.50 

17 0.33 0.29 0.57 0.13 0.50 

18 0.17 0.14 0.14 0.13 1.00 

19 0.17 0.14 0.14 0.13 1.00 
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3. Cell Level Measures 

The third family of the structural measures evaluates the proposed manufacturing 

cells. Table A-19 shows the cell availability with respect to each operation in the global 

set of operations, O. The availability value is a func;tion of the individual machine 

availabilities. Cell 4 has the minimum processing capability, 2 operations out of 12 and 

cell 1 has the maximum processing capability, 8 out of 12 operations. 

Table A-19: Cell structural measures 

j cell 1 cell 2 cell 3 cell 4 

1 0.000 0.900 0.000 0.000 

2 0.000 0.000 0.700 0.000 

3 0.850 0.000 0.850 0.000 

4 0.000 0.900 0.900 0.000 

5 0.000 0.000 0.600 0.000 

6 0.950 0.950 0.000 0.000 

7 0.950 0.950 0.700 0.000 

8 0.800 0.000 0.800 0.000 

9 0.850 0.900 0.985 0.000 

10 0.960 0.000 0.800 0.800 

11 0.000 0.900 0.000 0.900 

12 0.800 0.800 0.000 0.000 
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Table A-20 shows the availability of each cell to be a comprehensive cell with 

respect to each part type. It can be noted from Table A-20 that cells 1 and 3 are available 

to be comprehensive cells with respect to 3 part types each. The last column of Table A-

20 shows the number of comprehensive cells for each part type. There are three part 

types which have no comprehensive cells, namely part types 3,10, and 13 and all the 

other part types have one comprehensive cell each. 
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Table A-20: Cell primary comprehensiveness relative to part types 

P A1
cP A2

cP A3
cP At

cp CC 
p 

1 0.00 0.62 0.00 0.00 1 

2 0.00 0.00 0.43 0.00 1 

3 0.00 0.00 0.00 0.00 0 

4 0.00 0.62 0.00 0.00 1 

5 0.00 0.69 0.00 0.00 1 

6 0.58 0.00 0.00 0.00 1 

7 0.50 0.00 0.00 0.00 1 

8 0.00 0.00 0.25 0.00 1 

9 0.00 0.00 0.36 0.00 1 

10 0.00 0.00 0.00 0.00 0 

11 0.52 0.00 0.00 0.00 1 

12 0.00 0.55 0.00 0.00 1 

13 0.00 0.00 0.00 0.00 0 

14 0.00 0.00 0.00 0.72 1 

15 0.00 0.00 0.00 0.72 1 

16 0.00 0.58 0.00 0.00 1 

17 0.00 0.62 0.00 0.00 1 

18 0.00 0.00 0.00 0.72 1 

19 0.00 0.00 0.00 0.72 1 
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4. System Level Measures 

The system level measures are classified into internal and external flexibility 

measures. The internal flexibility measures deal with the primary comprehensiveness and 

the secondary comprehensiveness. The entropic primary comprehensiveness flexibility 

measure of the system with respect to the machine processing CAPABIliTIES (F;) is 

3.8996 as calculated by using equation 4-29 . This measure is calculated as follows: 

(1) The contribution of all type m machines in cell c to the primary 

comprehensiveness of cell c relative to part type p is calculated for every 

machine type in every cell relative to every part type by using expression 4-18. 

The output of this step is Mp~; V P E if, c= 1,2, ... , C, and mE M. For example 

Ml~2~2 is expressed as follows: 

UC 
M122 = 

I I 
100 (1) (0.20) (0.90) (1) = 0.00147 

12269 

(2) The contribution of all machine types in cell c for the primary comprehensiveness 

of cell c relative to part type p (Cp~) is calculated for every cell and every part 

type by summing Mp~; over P and m as expressed in equation 4-19. Table A-21 

shows the values of Cp~ V pEif and c=I,2, ... ,C.A blank entry in Table A-21 

indicates that there is processing capability for the associated cell to perform all 
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the operations required by the associated part type. 

(3) Sc is calculated by summing Mp~:;; over p, c, and m (Sc=0.771). Note that Sc 

is used as the simple measure for the system's primary comprehensiveness. 

(4) The flexibility contribution by cell c to the system's primary comprehensiveness 

with respect to part type p (F
p
:) is evaluated for each cell and part type. For 

0.0117 In 0.0117 = 0.0636. Table A-22 
0.771 0.771 

shows Fp: V pEir and c=I,2, ... ,C. 



263 

Table A-21: Total machine contribution to the cell primary comprehensiveness 

c 
P 

1 2 3 4 

1 
2 0.0117 
3 
4 
5 0.0390 
6 

0.0893 
0.0547 

7 
8 
9 
10 0.0667 
11 0.0546 
12 

0.0062 
13 

0.0437 
0.0526 

14 0.0502 
15 0.0534 0.0583 
16 
17 0.0491 
18 0.0567 0.0540 
19 0.0304 
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Table A-22: Cell contribution to the system primary comprehensiveness 

c 
P 

1 2 3 4 

1 
2 0.0636 
3 
4 
5 0.1510 
6 

0.2498 
0.1878 

7 
8 
9 
10 0.2117 
11 0.1876 
12 

0.0387 
13 

0.1627 
0.1833 

14 0.1779 
15 0.1849 0.1954 
16 
17 0.1754 
18 0.1920 0.1864 
19 0.1276 
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(5) The total entropic machine type flexibility contribution to the primary 

comprehensiveness of cell c with respect to part type p (Fp~) is evaluated for 

M UC M UC 

every machine type. This is expressed as the sum of ~ In ~ over m. 
C u CU 

pc pc 

Table A-23 shows the values of Fp~ V pE'Ir and c=1,2, ... ,C. 

Table A-23: Total entropic machine type flexibility values 

c 
P 

1 2 3 4 

1 
2 1.3350 
3 
4 
5 1.3350 
6 

1.3821 
1.3860 

7 
8 
9 
10 1.3397 
11 1.5678 
12 

1.5039 
13 1.6079 
14 

1.2882 
0.6914 

15 1.3353 0.6914 
16 
17 1.3850 
18 1.3844 0.6914 
19 0.6914 
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(6) Finally, expression 4-29 can be evaluated. The fust half of expression 4-29 is 

c 
obtained by summing all the values in Table A-22, .E .E Fp~=2.6758. The second half 

pE'I' c=1 

is obtained by multiplying each value in Table A-21 (Cp~) by its associated value in Table 

A-23 (Fp~) and then dividing by SC. This yields .E t Cp~ Fp~ = 1.2239. The system's 
pE'i' c=1 S 

primary comprehensiveness is obtained by summing the two halves of expression 4-29, 

F~ = 3.8997. 

Similarly, the primary comprehensiveness measure with respect to the CURRENT 

part-operation assignments (F~A) is 3.638. This indicates that the comprehensiveness 

utilization of the current design is 93.28 %. The secondary comprehensiveness entropic 

measure with respect to current part-operation assignments is 4.943. The secondary 

comprehensiveness entropic measure with respect to the system's capability is 5.347. 

This indicates that the secondary comprehensiveness utilization of the current design is 

92.44% 
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The external flexibility measures are classified into volume and mix 

responsivenesses. The current design can respond to an aggregated volume change of 

0·=130% of the current demand values before individual machine number 14 becomes 

overloaded. Table A-24 shows the volume responsiveness with respect to individual part 

types. The second column of Table A-24 shows the critical values of 0; V pE'l'. If the 

value of o· is exceeded there will be at least one overloaded machine in the system 
p 

(referred to as bottleneck machine). The part operation causes a machine to become 

overloaded is called critical operation (Op·). The bottleneck machine for part type p is 

denoted by (Mp.) and shown in column 3 of Table A-24. For example, if part type l's 

demand is increased more than 930 % of the current value, machine number 3 (see Table 

A-lO) will become overloaded because of operation 7 (see Table A-lO) 
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Table A-24: Volume flexibility relative to individual parts for system I 

p 
op· % M· o· p p 

1 930 3 7 
2 180 1 1 
3 740 6 21 
4 350 3 8 
5 270 3 9 
6 210 14 60 
7 240 14 61 
8 1960 6 22 

6 25 
9 370 6 26 
10 180 14 62 
11 460 9 41 
12 280 3 10 
13 790 4 13 

14 380 4 14 
15 340 4 15 
16 290 3 11 

17 260 3 12 
18 360 4 16 
19 560 4 17 
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A. 6 Phase V: Improvement 

The cellular design obtained in the third phase of the FCF method can be 

improved in three ways. The fIrst way is to improve the comprehensiveness of the 

system, the second is to improve the volume responsiveness, and the third is to improve 

both. 

1. Improving Comprehensiveness 

There are 6 exceptional part operations to be reallocated. Exceptional part type 2 has 

1 part-operation performed outside its primary cell 3. This part-operation is represented 

by part-operation node 1 in table A-II. The generic operation 3 associated with this part

operation is assigned by phase I to machine type 1 and part-operation 1 is assigned by 

phase IT to individual machine 1. It requires 0.317 of machine 1. Since there is another 

machine of type 1 in cell 3, which is represented by machine node 2, with 0.540 slack, 

then part-operation 1 can be reallocated to machine node 2. The updated total usage for 

machines 1 and 2 are 0.736-0.317=0.419 and 0.310+0.317=0.627 respectively. The 

same attempt is repeated to reallocate all the exceptional part operations. Table A-25 

shows the updated machine usages and Figure A-6 shows the new rearranged part

machine incident matrix. The improved primary comprehensiveness measure with respect 

to the current part operation assignments is 3.8996 with an improVed primary 

comprehensiveness utilization of 100%. The secondary comprehensiveness measure with 

respect to the improved part-operation assignments is 5.076 with an improved secondary 

comprehensiveness utilization of 94.93 %. This improved system responds to an 
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aggregated change of demand of {/=136% before machine 3 becomes overloaded. 

Table A-25: Updated machine-machine global graph 

---------------------------------- ----------------------------------

mc mc mc usage mc mc mc usage 

node type # units node type # units 

---------------------------------- ----------------------------------

1 1 1 0.576 9 5 3 0.583 

2 1 2 0.470 10 6 1 0.532 

3 2 1 0.756 11 6 2 0.331 

4 2 2 0.621 12 7 1 0.447 

5 3 2 0.234 13 8 1 0.696 

6 4 1 0.639 14 9 1 0.652 

7 4 2 0.489 15 9 2 0.465 

8 5 2 0.421 16 10 1 0.485 

17 10 2 0.461 

---------------------------------- ----------------------------------



Figure A-6 The updated rcarranged part machinc incident matrix 
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The effect of improving comprehensiveness on the system volume responsiveness 

with respect to individual part types is shown in Table A-26. There is an improvement 

in the volume responsiveness for exceptional part type 2 which was eliminated by re

allocating its single exceptional part-operation to its primary cell (cellI). From Table A-

26 02* increased from 180 % to 260 %. On the other hand, the volume responsiveness for 

the other eliminated exceptional part type 11 decreased from 460 % to 390 % due to the 

re-allocation of its exceptional part operation. 
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Table A-26: Volume flexibility relative to individual parts for system Ie 

p op* % M* 0* p p 

1 930 3 7 

2* 260 6 20 

3 740 6 21 

4 350 3 8 

5 270 3 9 

6* 270 14 60 

7* 300 14 61 

8 1960 6 22 

6 25 

9 370 6 26 

10* 220 14 62 

lIt 390 1 6 

12 280 3 10 

13 790 4 13 

14 380 4 14 

15 340 4 15 

16 290 3 11 

17 260 3 12 

18 360 4 16 

19 560 4 17 

Note: * increased responsive 

t decreased responsiveness 
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3. Improving Volume Responsiveness 

The initial system design can respond to an aggregated volume change of 

0·=130% before machine 14 becomes overloaded. The system response to an aggregated 

volume change for all the part types included in the current mix is improved by shifting 

the bottleneck machine. This is carried out by re-allocating/swapping one or more of the 

part operations assigned to the bottleneck machine. After carrying the volume response 

improvement, the modified system can respond to o· = 145 % before machine 3 becomes 

overloaded. The primary comprehensiveness flexibility measure after carrying the volume 

flexibility improvement became 3.448 with flexibility utilization of 88.42 %. The 

secondary comprehensiveness measure is 5.076. This indicates that in this case there is 

a loss in the primary comprehensiveness internal flexibility due to improving the system 

response to external changes. 

The effect of improving volume on the system volume responsiveness with respect 

to individual part types is shown in Table A-24. From Table A-27, ot increased from 

930% to 1230%, ott stayed at the same level of 460%, and ot9 decreased from 560% 

to 500%. 
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Table A-27: Volume flexibility relative to individual parts for system IV 

p 0; % M* 0* p p 

1* 1230 4 7 
2* 200 12 50 

3t 520 12 51 
4* 400 3 8 
5 270 12 63 
6* 270 14 60 
7* 300 14 61 

8t 1910 12 52 
9 370 6 26 

10* 220 14 62 
11 460 2 6 

9 41 
12* 310 3 10 
13t 700 4 13 
14t 340 4 14 
15t 310 4 15 
16* 330 3 11 

17* 300 3 12 
18t 320 4 16 
19t 500 4 17 

Note: * increased responsive 

t decreased response 
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4. Improving Comprehensiveness and Volume Responsiveness 

Improving comprehensiveness and volume responsiveness combined yielded the 

following measures: (1) primary comprehensiveness flexibility measure has increased 

from 3.638 to 3.859 with an improved primary comprehensiveness flexibility utilization 

of 98.96%; (2) secondary comprehensiveness is 5.076 with no improvement; and (3) 

volume response increased from o· = 130 % to o· = 145 % before machine 3 becomes 

overloaded. 

Figure A-7 shows the trade-off between the three improvement algorithms, 

comprehensiveness only, volume only, and both volume and comprehensiveness. Figure 

A-8 shows how comprehensiveness and volume response vary for four system designs. 

The fIrst system is the initial design obtained by the Phase ill of the FCF method (system 

I). The second system is designed to respond to internal changes, hence only 

comprehensiveness improvement is applied (system C). The third system is designed to 

respond to external changes only, hence only volume improvement is used (system V). 

The fourth system is designed to respond to both internal and external changes, hence 

both comprehensiveness and volume improvement algorithms are applied (system CV). 

From Figure A-8, the minimum comprehensiveness is at system V. The initial system 

has the minimum volume responsiveness (it is designed at U=90%). From both fIgures 

A -7 and A -8, it can be noted that to achieve maximum volume responsiveness (0 = 130 %) 

and a relatively high comprehensiveness flexibility of 3.859 (99.96% of the maximum) 

both improvements should be used. 
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The effect of improving both comprehensiveness and volume on the system volume 

responsiveness with respect to individual part types is shown in Table A-28. Figure A-9 

shows o*p for each part type for each system design (I,C,V, and CV). 

Table A-28: Volume flexibility relative to individual parts for system CV 

p 

1* 
2* 
3 
4* 
5* 
6* 
7* 
8 

9 
10* 
lIt 
12* 
13t 
14t 
15t 
16* 
17* 
18t 
19t 

Note: * increased responsive 
t decreased response 

op· % 

1230 
260 
740 
400 
310 
270 
300 
1960 

370 
220 
390 
310 
700 
340 
310 
330 
300 
320 
500 

M· p o· p 

4 7 
6 20 
6 21 

3 8 
3 9 

14 60 
14 61 
6 22 
6 25 
6 26 
14 62 
1 6 
3 10 
4 13 
4 14 
4 15 
3 11 

3 12 
4 16 
4 17 
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A.7 ANALYSIS: 

There are 3 input design parameters to the FCF method, U, a, and C. This 

example is analyzed by testing the effects of these three design parameters on the system 

flexibilities. First we analyze the effect of a on the internal system flexibility measures. 

This is followed by analyzing the effect of the value of C on the internal flexibility 

measures. Then we study how the value of U influences the system's response to 

external changes. 

1. The Internal Flexibility Factor (a) 

This example problem is solved 5 times using different values of the flexibility 

factor ,a. The results before using any improvement method are presented in Table A-

29a. The first column of this table shows the flexibility factor values. The second column 

shows the comprehensiveness flexibility measure with respect to the current mix and part 

operations assignments (F~A)for each value of a. The third column shows the 

comprehensiveness flexibility measure with respect to the system full processing 

capability (F~). Table A-29b shows the same measures after comprehensiveness 

improvement had been applied. From both tables, it can be seen that the 

comprehensiveness improvement increased F~A from 3.638 to 3.8996 for a= 1.0,0.75, 

0.50, and 0.25. The Primary Comprehensiveness measures before and after improvement 

in Tables A-29a and A-29b are represented graphically in Figure A-lO. It can be seen 
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from Figure A-I 0 that increasing the value of 01. form 0.25 to 1.00 has no effect on F ~A . 

At 01.=0.0, there is no single part type from the current mix that can be processed 

entirely in a cell because the system is designed without considering the current set of 

part types. This means that the current part mix is a one time deal and it has a small 

probability of being repeated. 

Table A-29a: Entropic flexibility measures for different values of 01. for system I 

01. F~A F~ F~A F~ 

1.00 3.638 3.8996 4.943 5.347 

0.75 3.638 3.8996 4.943 5.347 

0.50 3.638 3.8996 4.943 5.347 

0.25 3.638 3.8996 4.943 5.347 

0.00 0.000 2.8339 3.091 4.806 

Table A-29b: Entropic flexibility measures for different values of 01. for system Ie 

01. F~A F~ F~A F~ 

1.00 3.8996 3.8996 5.076 5.347 

0.75 3.8996 3.8996 4.793 5.347 

0.50 3.8996 3.8996 5.076 5.347 

0.25 3.8996 3.8996 4.996 5.347 

0.00 0.6534 2.8339 4.475 4.806 
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2. The Number of Cells (C) 

Eight different cellular designs are generated by the FCF method by using 

C=I,2,3,4,5,6,7 and 8. Table A-30 shows the values of F~A and F~A at each value of 

C for the initial design, initial design with comprehensiveness improvement, initial design 

with volume improvement, and initial design with comprehensiveness and volume 

improvements. Figures A-II shows the effect of C on the primary comprehensiveness 

for the four differently improved designs. 

Table A-30: C effect on primary & secondary comprehensivenesses 

System I System C System V System CV 

C 
F~A F~A F~A F~A F~A F~A F~A F~A 

1 4.2121 0.0000 4.2121 0.0000 4.2121 0.0000 4.2121 0.0000 

2 3.5314 4.2121 3.8339 4.2121 3.5314 4.2121 3.8339 4.2121 

3 3.4801 4.5429 3.8419 4.7560 3.4801 4.7560 3.8419 4.7560 

4 3.6378 4.9428 3.8996 5.0762 3.6378 5.0762 3.8996 5.0762 

5 2.9521 4.7455 2.9521 5.2391 2.9521 5.2391 2.9521 5.2391 

6 2.0511 4.3222 2.0511 5.0769 2.0511 5.0769 2.0511 5.0769 

7 2.0511 4.2811 2.0511 5.1083 2.0511 5.1083 2.0511 5.1083 

8 2.0511 4.5741 2.2733 5.4815 2.0511 5.4815 2.2733 5.4815 
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3. The maximum allowable machine usage (U) 

Four cellular designs are generated by using U = 100 %, 90 %, 80 %, and 70 %. At 

U = 60 % there are more machines required to satisfy an external flexibility buffer of at 

least 40%. Table A-31 shows the values of the aggregated o· at each value of U for the 

differently improved systems (I,C,V, and CV). Table A-28 is graphed in Figure A-12. 

It can be seen from Figure A-12 that as the external flexibility buffer increases the 

volume response increases and a system with volume improvement (system V)has more 

volume responsiveness than system C. System CV has the maximum volume 

responsiveness for all values of U in this example. 

Table A-31: U effect on volume responsiveness 

System I System C System V System CV 

U% o· % o· % o· % o· % 

100 105 105 116 116 

90 130 136 145 145 

80 130 136 145 145 

70 144 148 158 158 
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Appendix B: ANOVA RESULTS 

Table B-1: Significance of factor effects for Burbidge 1 data 

EFFECT F~A Sc F~A SN 0 'Yl 'Y2 'Y3 

U * * ** ** ** 
a ** * * ** 
C ** * ** ** ** * 

D2 ** ** ** ** ** ** 
G ** ** ** 

DATA ** ** ** ** ** ** ** ** 

Ua ** 
UC 
UD2 ** ** 
UG * ** 
aC 

a D2 ** ** 
aG * * 

CD2 ** * ** * 
CG ** ** 

D2G * 

UaC 
U a D2 
UaG 
UCD2 
UCG ** 
UD2G 
a C D2 ** 
aCG ** 

a D2 G 
CD2 G 

U a C D2 
UaCG 

U a D2 G 
UCD2G 
a C D2 G 

U a C D2 G 

* significant at p~0.05 ** significant at p ~ 0.00 I 
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Table B-2: Significance of factor effects for Burbidge 2 data 

EFFECT F~A Sc F~A SN 0 1'1 1'2 1'3 

U ** ** ** ** ** 
a ** * 
C ** * ** ** ** 

D2 ** ** ** ** * ** ** 
G * ** 

DATA ** ** ** ** ** ** ** ** 

Ua 
UC * 

UD2 ** * 
UG ** ** * 
aC 
aD2 ** * 
aG 
CD2 ** * ** 
CG ** ** 
D2G * 

UaC 
UaD2 
UaG 
UCD2 
UCG ** * 
UD2G * 
aCD2 
aCG * * 
aD2 G 
CD2 G 

UaCD2 
UaCG 
UaD2G ** * 
UCD2G 
aCD2 G 

U a C D2 G 

* significant at p:::; 0.05 ** significant at p:::; 0.001 
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Table B-3: Significance of factor effects for Chan and Milner data 

EFFECT F~A Sc F~A SN 0 'Yl 'Yz 'Y3 

U * ** ** ** ** * ** 
a ** ** 
C ** ** ** ** ** ** 

D2 ** ** ** ** ** ** 
G ** ** * 

DATA ** ** ** ** ** ** ** ** 

Ua ** 
UC 
UD2 ** * * * * 
UG * * 
aC ** 

a D2 ** ** 
aG ** 
CD2 ** ** ** ** 
CG ** ** 
D2G ** 

UaC 
U a D2 
UaG 
UCD2 ** 
UCG 
UD2G 
a C D2 * ** aCG 
a D2 G 
CD2G 

U a C D2 
UaCG 

U a D2 G 
UCD2G 
a C D2 G 

U a C D2 G 

* significant at p ~ 0.05 ** significant at p<O.OOl 
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Table B-4: Significance of factor effects for Chandrasekharan and Rajagopalan data 

EFFECT F~A Sc F~A SN 0 'YI 'Y2 'Y3 

U ** ** ** ** ** ** ** 
01. ** ** * ** 
C ** ** ** ** ** 

D2 ** ** ** ** ** ** 
G ** ** ** 

DATA ** ** ** ** ** ** ** ** 

UOI. ** ** 
UC * 
UD2 ** ** * ** ** 
UG * ** 
OlC ** * 

01. D2 ** ** ** 
OlG ** * ** 
CD2 ** ** ** 
CG ** ** 
D2G ** ** 

UOlC 
U 01. D2 ** 
UOlG ** 
UCD2 
UCG * 
UD2G 
01. C D2 * * ** 
OlCG * 

01. D2 G * 
CD2 G 

U 01. C D2 
UOlCG 

U 01. D2 G 
UCD2G 
01. C D2 G 

U 01. C D2 G 

* significant at p::; 0.05 ** significant at p::; 0.001 
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Table B-5: Significance of factor effects for Co and Araar data 

EFFECT F~A Sc F~A SN 0 1'1 1'2 1'3 

U ** * * ** ** ** 
a ** * ** 
C ** ** ** 

D2 ** ** ** ** ** ** 
G ** ** 

DATA ** ** ** ** ** ** ** ** 

Ua 
UC 

UD2 ** ** 
UG 
aC * 

a D2 ** ** 
aG ** * 
CD2 ** 
CG ** ** 
D2G ** 

UaC 
U a D2 
UaG 
UCD2 
UCG 
UD2G 
a C D2 * 
aCG 

a D2 G ** 
CD2G 

U a C D2 
UaCG 

U a D2 G 
UCD2 G 
a C D2 G 

U a C D2 G 

* significant at p<0.05 ** significant at p < 0.001 
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Table B-6: Significance of factor effects for de Witte data 

EFFECT F~A Sc F~A SN 0 '1'1 '1'2 '1'3 

U ** ** ** ** ** ** 
a ** ** ** ** 
C ** ** ** ** ** * 

D2 ** ** ** ** ** ** 
G ** ** 

DATA ** ** ** ** ** ** ** ** 

Ua 
UC * 

UD2 ** * ** ** 
UG * 
aC 

aD2 ** ** ** ** 
aG ** 

CD2 ** ** ** * 
CG ** ** 

D2 G ** 

UaC 
UaD2 
UaG 
UCD2 
UCG 
UD2G * 
a C D2 
aCG ** 
aD2 G 
CD2G 

UaCD2 
UaCG 
UaD2G 
UCD2G 
O! C D2 G 

U a C D2 G 

* significant at p sO. 05 ** significant at pSO.OOI 
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Table B-7: Significance of factor effects for RANDOM data 

EFFECT F~A Sc F~A SN 0 1'1 1'2 1'3 

U ** ** ** ** ** ** ** 
a ** ** 
C ** ** ** ** ** ** 

D2 ** ** ** ** ** ** 
G ** ** ** 

DATA ** ** ** ** ** ** ** ** 

Ua 
UC * 
UD2 ** ** ** 
UG ** ** ** ** 
aC 

a D2 ** ** 
aG 

C D2 ** ** ** ** 
CG ** ** 
D2G ** 

UaC * 
U a D2 
UaG 
UCD2 
UCG 
UD2G * 
a C D2 
aCG * 

a D2 G 
CD2G 

U a C D2 
UaCG 

U a D2 G * 
UCD2G 
a C D2 G 

U a C D2 G 

* significant at p < 0.05 ** significant at p ~ 0.001 
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Table B-8: Significance of factor effects for Stanfel data 

EFFECT F~A Sc F~A SN 0 1'1 1'2 1'3 

U ** ** ** ** ** 
ex ** * * ** ** 
C ** ** ** ** 

D2 ** ** ** ** ** ** 
G * ** 

DATA ** ** ** ** ** ** ** ** 

Uex ** ** * 
UC * 

UD2 * * ** 
UG 
exC ** * 

ex D2 ** * ** ** 
exG * ** 

C D2 ** ** 
CG ** ** 
D2G * 

UexC 
U ex D2 ** 
UexG ** 

UCD2 * * 
UCG 
UD2G 
ex C D2 ** 
exCG * 

ex D2 G 
CD2G 

U ex C D2 
UexCG 

U ex D2 G 
UCD2G 
ex C D2 G 

U ex C D2 G 

* significant at p < 0.05 ** significant at p ~ 0.001 
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