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ABSTRACT 

This thesis compares three approaches for assigning workers and scheduling the 

flow of jobs in a Group Technology (GT) cell. The performance measure considered 

is the throughput time of jobs. The performance of the three strategies is analyzed 

by varying the following factors : 

• The ratio of Batch processing time to setup time. 

• Utilization. 

• The number of operators assigned to the cell. 

The scheduling strategies considered are Individual Machine Loading, Cell Dedi

cation and Worker Batch Assignment. 

Analytical queueing models as well as computer simulations are used to compare 

the performance of the scheduling strategies. The dedicated cells perform best with 

large batch sizes and moderate workloads. The Worker Batch Assignment strategy 

does as well as traditional batch handling techniques with respect to the throughput 

time measure. This may be important since this kind of job assignment strategy has 

the advantage of augmenting quality (due to direct accountability) and enhancing 

morale without adversely impacting throughput times. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE SURVEY 

1.1 Introduction 

Group Technology (GT) is a manufacturing strategy that attempts to identify and 

economically exploit similarities in product design and processing. There has been 

a great deal of recent interest in group technology as a scheme for parts grouping, 

machine dedication and shop layout. Among the benefits cited are a reduction in ma

terial handling and setup times, lower work in process (WIP) and shorter throughput 

times. Conventionally, in batch type manufacturing for multiple products, each prod

uct was treated as unique from design through manufacturing. Group Technology 

is based on the philosophy that by grouping similar parts into part families based 

on some defined attributes (usually processing similarities) it is possible to increase 

productivity through more effective manufacturing standardization. 

The concept of GT was first introduced in the early 60's by Burbidge and Mitro-

fanov [5]. However, only recently has it begun attracting attention from U.S. manu

facturing firms. In a bid to remain competitive by taking advantage of the benefits 

of GT, more U.S. firms are implementing GT on their manufacturing floors. Some 
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evidence does exist to suggest that implementation of GT results in substantial cost 

savings. Most of the published evidence has been obtained from survey data and can 

be found in Hyer[l6], Ham and Reed[13]. The possible savings that can be realized 

by GT implementation are listed in Table 1.1 (Houtzeel et al.[15]). 

Table 1.1: Savings due to GT implementation 

Savings on Percentage savings 
Setup time 20-60 
WIP Cost 20-50 

Tooling 20-30 
Labor 15-25 

Rework 15-75 

Quite obviously firms with different products and production quantities will report 

different savings from GT implementation. A survey made by Willey and Dale[9] lists 

some characteristics of companies most likely to achieve significant savings from GT 

implementation. 

• Small-medium batch size manufacturers. 

• Firms with relatively small number of machine tools and manufacturing equip

ment. 

• Products are not characterized by too large or too small variety. 

Certain benefits of GT are very hard to quantify however. Some firms have re

ported increased managerial control since part responsibility is restricted to fewer 

people. This also translates to better product quality. These benefits are obviously 
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quite important in industry but very hard to represent in computer or mathematical 

models. 

From an engineering design point of view, implementation of the GT concept can 

be viewed as an attempt to standardize products and process plans. Items with 

similar geometric features should have similar designs. The designing time for a 

new part can be substantially reduced by retrieving designs for a similar part and 

then making requisite modifications. This also ensures that the design of the new 

part will be consistent with existing designs. The manufacturing plan that results 

will also be consistent with current manufacturing procedures. However, in order to 

identify similar parts, it is necessary to have an efficient system for the description of 

parts. The intent is to compactly describe the part characteristics that will facilitate 

determination and retrieval of similar parts. To this end, various part coding 

schemes have been developed. 

Ideally, any code should be developed to cover the entire class of parts being 

manufactured. In addition to this, the code should provide enough detail to enable 

discrimination between families of parts without providing unnecessarily detailed 

information. If all the parts being manufactured in a facility are of the rotational type 

and of comparable dimensions, collecting minute details of diameters and the ratios of 

length to diameter for all the parts is a waste of resources in data collection. Various 

coding systems like OPITZ and KK-1 [29] have been developed which adequately 

fulfill the specifications for a coding system. Under the OPITZ coding system for 
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example, the first digit in the code details whether the part is rotational and also the 

L to D ratio(length to width, if non-rotational). Digit two specifies the main external 

shape while digit three describes internal entities (threads, etc). Many firms use the 

basic scheme while adapting it for their particular needs. 

The code developed for each part is used to build up its manufacturing plan. This 

process plan is often the basis for the subsequent assignment of parts to part families 

and part families to groups of machines. 

One of the major benefits to be realized from the standardization of products and 

process plans is a reduction in set-up time. Since a work center will only work on 

parts with some similarities, locally stored generic tooling can be developed. All the 

parts in a family can be accommodated on a single fixture, merely by changing a stop 

or placing an insert. This idea closely parallels the Japanese philosophy which led 

to ideas like SMED (Single Minute Exchange of Dies). Reduction in setup time has 

far-reaching consequences for the performance of the manufacturing system. WIP 

(Work In Process) and throughput time are vastly reduced which results in improved 

floor space utilization and material flow co-ordination. 

1.2 Research Objectives 

Within a family, parts may skip certain operations or may have different operation 

sequences. Depending on the flow patterns, then, we may have either a GT flowline 

or a GT cell. In a GT flowline, all parts follow the same operation sequences and 
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have relatively proportional processing times on all machines. The flow of material in 

a GT cell, by contrast, is not unidirectional. Jobs can move from one machine to any 

other. The pattern of flow, quite obviously, has consequences for the scheduling of 

jobs and the job transfer strategies. Other factors which may affect the performance 

of the cellular manufacturing system are the setup times, utilization levels and the 

worker staffing levels in the system. 

Given a specific combination of flow patterns, setup times, utilization and staffing 

levels, it can be argued that some job transfer strategies are better than others in 

realizing the potential of the system. The topic of primary interest in this thesis is the 

selection of a job transfer strategy, including the assignment of workers and machine 

resources. Each of the proposed strategies is evaluated for various combinations of 

factors by means of simulation. The results are evaluated and presented. In addi

tion, approximate analytical models have been developed to analyze the scheduling 

strategies presented. These results are also presented. 

In summary, the organization of this thesis is as follows. Chapter 1 presents an 

introduction to the topic of Group Technology and briefly discusses the scope and 

objective of the work presented in this document. This is followed by a review of 

the published literature which is germane to this work. Chapter 2 deals with a more 

comprehensive statement of the problem. Chapter 3 presents the analytical approxi

mations used to model the scheduling strategies and the basis for their development 

in this specific context. The results of the simulation experiments are presented in 
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Chapter 4. The results from the code developed for the analytical approximations are 

also presented in Chapter 4. This is followed by the section discussing the interpre

tation of the results and their implications. Chapter 5 summarizes the results of this 

research and suggests future issues to be studied. The appendix to this document 

presents the source code of the programs used to evaluate the analytical models. 

1.3 Literature Review 

1.3.1 The Group Technology Configuration Problem 

For production applications of the GT concept, a group of dissimilar machines 

may be organized into a GT cell. This cell is then dedicated to producing a set 

of parts called a family. The basis for the assignment is usually the machine part 

routing matrix. The problem of optimally forming cells and families is referred to in 

the literature as the Group Technology Configuration Problem (GTCP). 

Several authors have considered the problem of cell formation. The approaches 

adopted by various authors can broadly be classified as : 

1. Descriptive Methods: Production Flow Analysis, Production Flow and Compo

nent Flow Analysis. 

2. Block Diagonal Matrix Methods: Rank Order Clustering (ROC) algorithms. 

3. Similarity Coefficient Methods: Clustering Methods and Graph-Theoretic ap

proaches. 
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4. Other Analytical Methods-. Mathematical Programming and Set theoretic tech

niques. 

1.3.1.1 Descriptive Methods 

In using Production Flow Analysis(PFA)[5], the analyst forms groups by analyzing 

the production process data listed in operations sheets. This method is based on 

building up cells around key machines or the nuclei. At any stage, a set of components 

that have not yet been assigned to a nuclear cell remain. The next nucleus is selected 

on the basis that it is used by the smallest number of unassigned components. The 

idea is to form production cells such that the entire component family is processed 

within the cell. Thus other machines used by these components are added to the 

nucleus to form a basic cell. The basic cells are finally combined to form cells of an 

acceptable size. Any exceptional components identified in forming cells are either 

redesigned or rerouted. 

In PFS(Production Flow Synthesis) developed by De Beer and Witte[10], the 

division into cells is based on the classification of operations as primary (which can 

be performed on one machine only), secondary (for which only a small number of 

machines are available) and tertiary (where the number of machines is large enough 

so that the machine can be allocated to every cell). PFS is an extension of PFA 

in the sense that it also considers forming cellular subsystems for the subassembly 

and assembly aspects of the production process. This method proceeds further in 
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the sense that once routings are assigned to a subsystem, the workloads for each 

subsystem are also estimated and workflows within and between cells are established. 

The PFS method seems to work well for small engineering shops. In cases where one 

machine can perform a large number of operations, it is not clear how the method 

performs. 

Component Flow Analysis(CFA)[ll] , first proposed by El-essawy, sorts compo

nents based on their processing requirements. Two sorted lists are prepared, the 

first one in order of machines required and the second, based on parts, in order 

of number of machines required. The sorted lists are manually analyzed to obtain 

machine groupings which take into account various situational factors. Appropriate 

adjustments are then made to the rough groupings to obtain an acceptable design. 

All of the descriptive methods require large amounts of data, in addition to sig

nificant manual planning effort. The importance of situational factors which are not 

easily identified also tends to exacerbate the problem. The analyst who applies these 

methods must be familiar with the production system in terms of its abilities and 

capabilities. However, descriptive methods do have the benefit that given an expe

rienced analyst, the solution will be uniquely tailored to the circumstances of the 

manufacturing system. However, these kind of approaches suffer from the criticism 

that they are not algorithmic in nature. It requires the experience of an analyst who 

is well-versed in the particular ways of the system to realize the full potential of the 

system. 
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1.3.1.2 Block Diagonal Matrix Methods 

These algorithms use the machine-component routing matrix as the starting point 

to identify the groups. A machine-component routing matrix is a means of presenting 

the routing data for a manufacturing system. The data is typically represented in 

the form of a matrix, with each column representing a component and each row rep

resenting a machine. An entry of 1 at the intersection of column j and row i indicates 

that the part represented by column j visits the row represented by machine i. An 

entry of 0 indicates that the corresponding component does not require processing at 

the machine represented by the row. 

Consider, for example the Table 1.2. 

Table 1.2: Machine-Component Routing Matrix 

Machine Components 
1 2 3 4 5 

1 1 1 
2 1 1 
3 1 1 1 
4 1 1 

The machine part routing matrix in Table 1.2 indicates that component 1 requires 

processing on machines 2 and 4. 

King's Rank Ordering Clustering(R0C)[17] algorithm rearranges the rows and 

columns of the machine-component routing matrix by associating binary values with 

each row and column, and ranking the decimal equivalent in decreasing order. Be

ginning with the matrix in Table 1.2, for example, we would end up with the matrix 
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in Table 1.3. Components 1 and 4 are then said to be members of the same family of 

parts. This family of parts is processed entirely within a cell comprised of machines 

2 and 4. 

Table 1.3: Machine-Component Matrix after Clustering 

Machine Components 
1 4 2 3 5 

2 1 1 
4 1 1 
3 1 1 1 
1 1 1 

In order to avoid tedious binary to decimal conversions for large matrices, King 

and Nakornchai[19] modified the ROC algorithm. Though these methods require 

only the use of a good sorting procedure, they do not address the issues of modifying 

material flows within cells or exact division of cells. The problem of bottleneck cells 

also exists. Bottlenecks are defined here as those machine types that are required by 

a large number of components. I<ing[18] suggests a relaxation procedure to dupli

cate such machines through iterative schemes to obtain distinct machine component 

clusters. However, computational viability for large scale problems remains a bottle

neck. There is also the issue of tradeoffs between machine costs, material handling 

costs and satisfactory cell sizes which are not taken into account while performing 

the cluster analysis. 

Clustering analysis methods do not take into account the sequence of operations 

that parts need, nor do they consider cost information. Although the within cell 

layout problem can be solved once the cell configuration problem has been solved, it 
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can be argued that the material flow pattern should be a controllable factor in the 

cell formation process. This is necessary to achieve improved control over material 

flow and thereby realize the full potential of a GT system. Another disadvantage is 

that different beginning orderings produce different results. 

1.3.1.3 Similarity Coefficient Methods 

McAuley[25] first proposed the use of clustering techniques to form machine groups. 

He used a similarity coefficient matrix to cluster machines together. The similarity 

coefficient was computed as the ratio of the number of components which visit both 

machines i and j to the total number of components which visit at least one of the 

machines (but not both). 

5 Xi' 
u X u  +  X j j - X i j  

where 

Sij = similarity coefficient of machines i and j 

Xij = number of components visiting machine i and j 

Xa = number of components visiting machine i 

Xjj = number of components visiting machine j 

The similarity coefficient proposed above is misleading under certain circum

stances. For instance, the value of the coefficient is significantly affected even if 

only one of the machines in a machine pair is required by a very large number of 

components. In order to remedy such biases, other similarity coefficients like 
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Sij = max^-,^-) 
-A-ii -A-jj 

have also been proposed. This similarity coefficient indicates the proportion of 

parts visiting machine i which also visit machine j or vice-versa, whichever is larger. 

Values are standardized such that values close to 1 are important and values close to 

zero are relatively unimportant. 

Rajagopalan and Batra[32] use a graph theoretic approach to design cells. They 

construct a graph, each vertex representing a machine with the arcs between vertices 

representing the Bond between machines. The arcs are given a value very similar to 

the Similarity coefficient discussed earlier. 

Cliques of machines are then formed (a clique being defined as a maximal complete 

subgraph) and these cliques are then merged into production cells such that the 

relationships within cells are strong and intercell relationships are weak. Once the 

cells are formed, components are allotted heuristically. This approach works well for 

small problems. 

Faber and Carter[12] suggested another method based on a graph theoretic ap

proach. It begins by setting up a machine-machine binary matrix using similarity 

measures. If the measure shared by a machine pair is greater than an arbitrarily 

selected threshold, an entry of 1 is generated in that position of the matrix. A clus

ter network is then constructed. The network consists of a set of nodes representing 

edges in the similarity matrix, a set of nodes for machines and a source and sink. 
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A max-flow min-cut is performed to derive a set of dense machine subgraphs. A 

heuristic procedure allows the size of machine cells to be bounded. The number of 

machines to be duplicated and the cells they are to be assigned to are not explicitly 

dealt with in this method. 

McCormick et al[26] proposed the Bond Energy Algorithm, also a routing matrix 

based method, to reorganize the matrix into diagonalized clusters. For any pair of 

adjacent rows or columns in the routing matrix, the bond energy is defined by the 

product of the elements (a blank element is defined to be a 0). The BEA algorithm 

attempts to maximize the bond energy of the matrix in two passes (one for the rows 

and one for the columns). The BEA algorithm has been found to perform well when 

exceptional elements exist in the routing matrix. This method has also been found 

to eliminate a substantial amount of manual sorting, though the number of clusters 

identified is sometimes too large to form individual cells. 

Vakharia and Wemmerlov [38] define an index which assesses the similarity of 

parts based on their operation sequences. The operation sequence for a part is an 

ordering of the machines on which the part is sequentially processed. This notion is 

the same as that of a part routing. However, the latter is sometimes used to denote the 

machine requirements for a part (i.e., an unordered listing of the machines required 

to process the part). Parts are merged into groups based on the largest number of 

common operation sequences. The clustering process is continued until a stopping 



23 

measure is activated. The stopping rule is based on a flow measure which computes 

the backtracking movements of parts. The index is defined as : 

CO — n c r ^'£Cpi; ^'P I Ajq 
SUpq — U.t>[ M -I- M J 

l^i=l 2^1=1 ^>9 

where: SOpq  = similarity between part groups p and q 

i — (1,..., M) = machine type index 

A i p  = 
1 if machine type i is required to process parts in group p 

0 otherwise 

Cp q  = set of machine types whose members appear in both ORp and OB?q  in the 

same relative order. 

ORp is the operation sequence obtained for a composite group by considering parts 

with identical and/or contained operation sequences. Thus, if the operation sequence 

for part group 1 (represented by OR\ is 1,2,3) and that for part group 2 is 1,2,3,4,5, 

then OR\ = 1,2,3,4,5 is the composite operation sequence for the merged groups. 

SOpq  measures the proportion of machine types used by two part groups p and q 

in the same order. The first part of the index computes the similarity measure for 

part group p while the second part does the same for part group q. The multiplier 

0.5 is used to standardize the index to have values between 0 and 1. Once a SOp q  

matrix is computed, candidates for merging can be identified. Once part families are 

identified, machines are assigned to cells to maintain load feasibility. 
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Askin et al[2] have proposed a method of reordering the machine-part incidence 

matrix which is based on the Hamiltonian path problem. The first stage of the pro

cedure focuses on computing the distance matrix for the parts or machines included 

in the incidence matrix. The next two stages are carried out separately for the set 

of parts and machines. In stage two, the problem is reformulated as a Traveling 

salesman problem (TSP) and the parts and machines in the matrix are rearranged. 

In stage three, the tour found in stage two is modified by focusing on the associated 

Hamiltonian path problem. The HPH method has been demonstrated to be superior 

to the ROC2 algorithm though the computational requirements are higher. 

In general, similarity coefficient methods are easy to solve. However, the compu

tational effort becomes large for large manufacturing systems. The threshold value 

of the similarity coefficient used to merge groups is difficult to ascertain without 

significant testing. Similarity coefficient methods also do not utilize any economic 

information to form machine cells and groups. 

1.3.1.4 Other Analytical Methods 

Several other methods have also been considered for forming groups. Robinson and 

Duckstein[33] apply polyhedral dynamics and ^-analysis. This method is basically a 

similarity coefficient type of technique in which a threshold value is selected by the 

decision maker prior to performing a ^-analysis. 
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Wu et al [40] consider the use of pattern recognition to group components with 

similar routings. The analytical methods used in this method have their roots in 

formal language theory. The input to the model consists of machining sequences, 

machining times and material flows. This information is combined with the con

cept of dominated strings (component machine sequences in this case) to decide the 

importance of putting two strings together in a cell with associated machines. In 

this method different assumptions on the flexibility of the machine sequences or rel

ative importance of machines could produce vastly different results. In any case this 

method is inefficient for large problems. 

While most grouping techniques do not consider manufacturing costs directly, 

some authors have also considered cost models. Chakravarty and Shtub [6] consider 

the in-process inventory costs. By treating the manufacturing system as a multi-

echelon system in a shortest path model, they generate an optimal machine cell 

formation. Askin and Subramanyan [3] use a heuristic cost model to solve the GTCP. 

Choobineh[7] proposes a two stage method for family and cell formation. Stage one 

uses similarity coefficients to form families while stage two solves a mathematical 

program to form cells. 

Askin and Chiu[l] also propose a heuristic, two stage graph partitioning procedure. 

The procedure begins by selecting economic lot sizes for each part type and converting 

these values to machine requirements. The first stage assigns parts to machines of 

a common type. The second stage groups machines into cells. The groupings thus 
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obtained are then checked to see if the intergroup material handling cost could be 

reduced by adding machines of any type. The process then iterates by updating the 

cost information and checking for any further savings that could be realized. 

A third approach to the problem is that proposed by Kusiak and Chow[21]. They 

developed the Cluster Identification Algorithm which uses a line drawing approach. 

The method is based on identifying a Block Diagonal structure by drawing lines 

through the machine-part incidence matrix such that each element of the block is 

crossed exactly once by a horizontal and vertical line. To deal with matrices which 

cannot be decomposed into clear sub-matrices, a Cost Analysis algorithm was pro

posed which identified exceptional elements (based on cost) for subcontracting. 

1.3.2 Scheduling in Group Technology 

Scheduling is concerned with the timing of occurrences in a manufacturing system. 

In a manufacturing context, scheduling means deciding when and where manufactur

ing activities are to take place. The set of scheduling decisions involves: 

1. Shop Loading: Shop Loading is concerned with the allocation of jobs to work 

centers. The results of the Shop loading procedure determine which center 

performs which job. The exact sequence of operations is not specified at this 

point. Shop loading is a problem when several work centers are capable of 

performing the same operation and several jobs are to be processed by the 

manufacturing system. In such a situation jobs must be assigned to specific 



27 

machines while ensuring that all jobs are completed without exceeding the 

capacities of any work center. Other loading objectives may be to balance the 

work load on all the work centers or to minimize the maximum workload on 

any machine. 

2. Sequencing: Once jobs are loaded on to the work centers, the next task is to 

sequence them. Thus, sequencing establishes the order of precedence for the 

jobs to be performed at a work center. Frequently, priority rules like SPT 

(Shortest Processing Time) or Earliest Due Date are used. Priority rules can 

be devised to favor the movement of orders on the basis of any desired criteria. 

3. Schedule Revision: Schedules are often subject to revision, due to the dynamic 

nature of the manufacturing system. The adoption of loading and sequencing 

procedures requires that they be amenable to revision as changes occur. 

Scheduling rules are often constructed to exploit certain characteristics of the flow 

pattern in the manufacturing system. In this context, the terminology used to classify 

systems, based on the job flow patterns is: 

1. Open Shops : In an open shop, the order in which the operations of a job are 

processed is immaterial. 

2. Flow Shops : In a flow shop, though the jobs are precedence constrained, 

every job has the same precedence relationship. Thus in a flow shop, every 

machine processes jobs in the same order. 
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3. Job Shops : Unlike flow shops, not every job follows the same precedence 

relationships in a job shop. 

The problem of minimizing makespan and three machines is known to belong to 

the NP-hard category of problems. No polynomially bounded algorithm which can 

solve such problems optimally is known. This means that only for small problems 

can an optimal schedule be constructed. For any realistic size problem, heuristic 

scheduling rules have to be used. However, for certain special cases polynomially 

bounded algorithms have been found. 

Sometimes even parts that share the same group of machines may have vastly 

different processing times which suggest different scheduling and routing techniques. 

It has been suggested that parts could be grouped based on a similarity in control 

measures and this similarity in processing times can then be exploited to construct 

rotation schedules. Dror and Ben-arieh [4] have proposed an 0(mn) scheduling algo

rithm which constructs an optimal makespan schedule for the open shop environment. 

This schedule is essentially a rotation schedule. 

In general, there is very little in the literature dealing with GT scheduling specif

ically. This is probably because each GT cell can be thought of as a miniature 

flowshop for which scheduling rules can be developed. The GT configuration, per 

se, does not lend itself to any special scheduling structure. Some of the earliest 

work on dynamic scheduling for a GT shop is presented in Ham et al [14]. Some of 

the sequencing procedures investigated explicitly considered family setup times. The 
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procedures suggested picked the next job based on shortest family setup time and 

sequenced families based on a Traveling Salesman type algorithm. Also presented in 

[14] are scheduling rules based on permutation schedules for flow shops. The authors 

presented a branch and bound procedure in which a sequence of families is created 

first and then a sequence created for every job within each family. The authors also 

proposed a heuristic in which a K-stage problem was reduced to a 2-stage problem 

and then solved by Johnson's well-known algorithm. 

Since it is very difficult to represent GT scheduling rules exactly with the aid of an

alytical models, most researchers have resorted to simulation approaches in studying 

scheduling rules. Morris and Tersine[27] compared a process layout to a manufactur

ing cell with cell loading and machine loading. All jobs had similar processing and 

setup times and arrived according to a Poisson process. The simulations revealed 

that the cell loading option performed best at low levels of utilization. At higher 

levels of utilizations though the effect of exponential arrivals to the cell caused the 

cell to perform poorly. 

Other group scheduling research has, in the past, concentrated on developing 

exhaustive and non-exhaustive heuristics for managing flow through a manufacturing 

cell configured as a GT cell. Exhaustive heuristics are such that once a sub-family 

is chosen, all the jobs in that sub-family including new arrivals are processed first. 

Only when there are no jobs left in that sub-family does processing switch to another 

sub-family. Vaithianathan and McRoberts[37] performed the first study in the area 
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by decomposing part family gi'oups based on setup familiarities into subfamilies, such 

that each of these subfamilies could be treated like a flow shop problem. Once the 

subfamilies were formed, five queue selection heuristics were proposed to sequence the 

subfamilies. The jobs within the subfamilies were ordered by the Shortest Processing 

Time (SPT) rule. The performance of these family heuristics was then compared 

to the performance using a single stage SPT rule. The family heuristics exhibited a 

shorter flow time and required a smaller number of setups per job. However, even 

the best family heuristic showed very poor due date performance when compared to 

the single stage SPT rule. 

Sundaram[36] proposed two static heuristics to find near-optimal sequences using 

only one performance criterion, namely, minimization of makespan. In a later study, 

two cost oriented and exhaustive queue selection rules were proposed by Mosier et 

a/[28]. This study was motivated by the heuristic scheduling studies which focus on 

the cost attributes of a job. Neither heuristic performed favorably compared to the 

previous heuristics. 

Mahmoodi and Dooley[23] presented a comparison between exhaustive and non-

exhaustive heuristics for group scheduling. Their simulation studies indicate that 

non-exhaustive heuristics show promise in lightly loaded cells where due dates are 

not set tightly. 
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CHAPTER 2 

PROBLEM DEFINITION 

2.1 Introduction 

Most discussions of the benefits of GT cite reduced material handling as one of 

the major advantages of implementing GT. In most cases however material han

dling is talked of in the narrow sense of actually moving material between machines, 

particularly machines in separate cells. In the broader sense of the term, material 

handling could also encompass issues of resource allocation policies within the cell to 

achieve greater material flow control. This thesis attempts to deal with these issues 

to determine an optimal policy for achieving greater flow control in a GT context. 

In transferring materials between machines in a cellular manufacturing (CM) sys

tem, the optimal policy for forming transfer batches and scheduling machines is not 

clear. For example it may be difficult to predict whether it is better to assign work

ers to machines and route batches of parts according to the routing matrix or assign 

workers to batches of parts and have them follow the batch through the system. An

other alternative might be to dedicate the cell to a part temporarily and transfer the 

batch by breaking it up into sub-transfer batches of size one. It is also possible that 
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each of these policies might be the best under different circumstances. Differences in 

the density of the machine-part matrix, demand patterns, routing patterns or ma

chining and setup times might cause each of these policies to be advantageous under a 

specific combination of these circumstances. This work seeks to explore these issues. 

At this point a brief description of the various policies and the modeling assumptions 

is in order. 

Assumptions 

• Each machine can process only one part at a time. 

• The manufacturing system is serial in nature. However not all parts require all 

machines in the cell. 

• Once an operation on a batch is begun on a machine, it is not interrupted. 

• Jobs arrive randomly over time according to a stationary Poisson process. 

• Set-up times are sequence independent. 

• Production time is standardized to be 1 time unit per part. 

• The product mix is stable and so is the demand pattern. 

Given these assumptions, the policies being tested are briefly described below. 
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2.1.1 Machine based Batch Loading 

In Machine-based Batch Loading (MBL), batches of parts wait in a central dis

patching area outside the cell entering the cell only when the first machine in the 

routing sequence becomes free. The queue discipline is first come first served. The 

inavailability of the machine during setup is modeled as downtime. Setup times are 

sequence independent and defined for every part operation in the cell. Workers are 

a limited resource and must be shared by all the machines. A machine can begin 

processing parts from the queue only when the worker arrives from the assignment 

station. Workers remain at machines until the input queue is empty. When no work 

remains at the machine, the worker moves to a central assignment station. From 

there, he is dispatched to the unattended machine with the longest input queue. 

2.1.2 Dedicated Cell Loading 

In Dedicated Cell Loading (DCL), the cell is dedicated to a single part type at 

a time. Unlike the MBL policy, batches of part types do not move in units of one 

batch but in sub transfer batches of one unit. Thus, as soon as the first part type 

in a batch is completed in a machine it moves to the next machine in its sequence. 

The other parts in the batch follow as and when they are processed at the previous 

machine in the sequence. In this manner, the different parts in a batch will be in 

simultaneous production at different machines in the cell. The next batch of parts 

can enter the cell only when the last unit of the previous batch has been processed at 
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the first machine. When the number of workers is less than the number of machines 

then the next batch can enter the cell only when the last unit of the previous batch 

has been processed at the (M-K-(-l)st machine in its sequence. M is the number of 

machines in the cell and K is the number of workers in the cell. This is automatically 

implied since all the resources in a cell are dedicated to the first batch that entered 

the cell. 

Batches of parts wait outside the cell until it is their turn to begin processing at 

the first machine in their sequence. The processing time of a unit on a machine is 

proportional to the batch processing time on that machine. 

The DCL policy is intended to take advantage of the staggered setup time effect. 

The use of transfer batches provides for freeing up the machines sooner and allows 

jobs in the queue to be admitted to the cell more frequently. For example, consider 

the case of a cell with 2 workers. A batch of 10 units enters the cell at time 0. Let 

us assume that the batch processing time on all the machines is 10 minutes so that 

the processing time for one unit on a machine is 1 minute. Let setup time on each 

machine be 10 minutes (equal to the batch processing time). Thus at time 0, worker 

one is pressed into service. Worker two can begin working on the first unit of the 

batch at the next machine in the sequence only at time 11. By time 22 when worker 

two has finished setting up the machine and processing one unit, worker one will 

have finished processing all the reamining units of the batch on the first machine and 
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will have moved on to the third machine in the sequence awaiting the first unit that 

worker two passes on. 

It is quite easy to see that a combination of variable worker levels, setup times 

and the nature of the routing sequence produce a wide range of possibilities for the 

manufacturing system. 

2.1.3 Worker Batch Assignment 

The third policy, called Worker Batch Assignment (WBA), is intended to model 

the Japanese practice of using cross trained workers and excess capacity. The cell is 

assumed to be manned by cross trained workers. When batches arrive the responsi

bility of completing them is assigned to a specific worker. This worker then follows 

the part through the system. When he completes one job and it exits the system he 

may be assigned another job. Workers may be responsible for more than one batch 

of parts at one time. In this case, if the worker is denied access to a machine because 

it is busy he is free to begin working on another one of his responsibilities provided 

of course that he is able to access that machine. The obstacle of congestion is largely 

contained since the maximum number of jobs in the system is limited to the number 

of workers in the cell multiplied by the maximum number of jobs that can be assigned 

to each worker. 
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WBA policy has the advantage of direct accountability, job enrichment and pos

sibly improved quality control. However these factors are not quantifiable and will 

not be treated explicitly in the analysis of the results. 

2.1.4 Policy Illustrations 

To illustrate the nature of the policies described in the previous section, consider 

a 3 machine shop with 4 part types being produced in the shop. All part types 

are produced in batches of 10. Processing time for each batch is 10 minutes with a 

sequence independent setup time of 2 minutes. There are three workers in the cell. 

The parts in the system, designated by Pi, P2, P3 and P4 have the routing matrix 

given in Table 2.1. 

Table 2.1: Routing Matrix for the Policy Illustration Example 

Machines Parts 
PI P2 P3 P4 

A 1 1 1 
B 1 1 1 
C 1 1 1 

Assume that at time 0, the queue in front of the cell consists of PI, P2 and P3 

in that order. In order to illustrate the working of each of the policies sought to be 

studied in this thesis, let us study the flow of parts through the system under each 

of the policies. 

MBL 
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At time 0, parts PI and P3 enter the system. PI begins to be setup at machine 

A and P3 begins to be setup on machine B. None of the other parts can enter the 

system at this point, since they all require processing at machine A. At time 12, the 

entire batch of parts PI and P3 move to machine C and Part P2 enters the system 

at machine A. At time 24, part Pi exits the system and part P3 begins to be setup 

on machine C. Part P2 moves to machine B. At time 36, part P2 moves to machine 

C and the entire batch of P3 leaves the system. Following this sequence, it is easy to 

see that part P2 exits the system at time 48. 

DCL 

Part PI enters the system at time 0. At time 3, the first part in the batch moves 

to machine C and begins to be setup. By time 6, the first part in the batch of PI has 

completed processing at all machines in its sequence. At time 4 the second part in 

the batch completes processing at machine A and moves to machine C. However, the 

earliest that it can be processed at this machine is time 6, since machine C has to be 

setup and then has to process the first part in the batch. At time 12, the last part 

in the batch completes processing at machine A and moves to machine C. It has to 

wait its turn in the queue while parts number 8 and 9 complete processing. At time 

15, the last part in the batch exits the system. In the meantime, the batch of P2 has 

begun to setup at time 13 after the last part of the previous batch has left machine 

A. Again following the sequence of movement of parts, it can be seen that the last 

part in the batch of P2 leaves the system at time 30. At time 28, the first part of 
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type P3 begins to be setup at machine B. At time 42, the entire batch of part type 

P3 completes processing and leaves the system. 

WBA 

Under the WBA policy, the maximum number of parts within the system at any 

point in time is limited by the number of workers in the system and the maximum 

number of jobs that can be assigned to them. For purposes of illustration, let us 

assume that each worker in the system can be responsible for only one job at a time. 

Thus, the maximum number of jobs within the system is limited to 3. 

At time 0, part PI is assigned to worker 1, P2 to worker 2 and P3 to worker 

3. Worker 1 begins to setup machine A for part PI and worker 3 begins to setup 

machine B for part P3. Worker 2 is blocked since he cannot access machine A. At 

time 12, workers 1 and 3 are ready to move their respective batches to machine C. 

Time 13, therefore, is the earliest that worker 2 can begin setting up machine A for 

part P2. Breaking the tie at machine C arbitrarily (ties can be broken according to 

some prioritizing schemes too), worker 1 completes processing the batch of part Pi 

at time 24 whereupon part Pi exits the system and worker 1 is free to be assigned to 

another job. Worker 2 completes processing the batch of part P2 at the same time 

as worker 1. He then moves to machine B. Worker 3 completes processing the batch 

assigned to him at time 36. At the same time worker 2 finishes processing the batch 

of P2 and starts moving to machine C. Thus the last part of P2 exits the system at 

time 48. 
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The blocking of worker 3 at machine C could have been avoided if that worker 

had another part of type P3 assigned to him. In that case, this worker could have 

worked on that batch at machine B and then moved back to machine C when it was 

free. A little thought reveals that in a larger shop with more part types and varied 

routings, worker blocking of the sort discussed can be avoided by assigning multiple 

jobs to workers. 

The difference in the working of these policies is quite easily seen from the sim

plified example presented above. A few aspects of the problem are worth mentioning 

here. The shop used as an example above was a job shop. If the routing matrix 

had been of the type given below in Table 2.2, the behavior of the policies is quite 

different. 

Table 2.2: New Routing Matrix for the Policy Illustration Example 

Machines Parts 
PI P2 P3 P4 

A 1 1 1 1 
B 1 1 1 1 
C 1 

Under circumstances similar to those in the previous example, with two workers in 

the cell instead of three, the flow of parts through the system under the DCL policy 

shows an interesting pattern. Consider the flow of a batch of parts of type P2. As 

shown in the previous example, the last part of type PI exits the system at time 15. 

Now the first part of type P2 moves from machine A to machine B at time 18. At time 

21. this part completes setup and processing at machine B and moves to machine C. 
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However, now since there are only two workers in the system and the leading part 

in the batch has to wait till the worker at machine A has finished processing all the 

parts of the batch at that machine. Once he has done so, he moves to machine C at 

time 28. Following this logic, it is quite easy to see that the movement of workers 

follows a leap-frogging pattern. This kind of pattern can be seen in the other schemes 

too. However, if the setup time were 10 minutes instead of 2 minutes, worker 1 will 

be starved at machine C while he waits for worker 2 to finish processing the lead part 

in the batch at machine B. This is so because worker 1 completes processing all the 

parts in the batch at time 20 and then moves to machine C. At machine B, however, 

the earliest that the lead part can be processed is at time 30. Thus, worker 2 can 

begin processing at machine C only at time 31. Thus, with high setup times, the 

effect of having only two workers is more severely felt. 
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CHAPTER 3 

ANALYTICAL APPROXIMATIONS 

3.1 Performance Measures 

The performance measures considered in the evaluation of the analytical and ex

perimental models will be the mean throughput time of jobs in the system. Mean 

throughput time is a measure which provides a means of estimating other time re

lated performance measures. To quote Conway et al. [8] "A scheduling procedure 

which minimizes mean flow time also minimizes mean lateness, mean waiting time 

and the mean number of jobs in the system". Also, minimizing lead times is becom

ing increasingly important as a means of staying competitive in a dynamic business 

environment. 

3.2 Analytical Models 

It is possible to develop analytical approximations for each of the policies described 

in Chapter 2 by treating the cell as a queueing system and applying the required 

results. The approximations and their theoretical basis will be described first followed 
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by a comparison of results. In the discussions that follow M will be the number of 

machines in the cell and the cell will be assumed to have serial flow. 

3.2.1 Machine Loaded Cells 

It is possible to model the machine loaded cell as an open queueing network 

with general batch service time distributions. Buzacott and Shanthikumar[35] and 

Whitt[39] describe the use of open queueing networks in modeling job shops with 

general batch service time distributions. These methods can best be described as an 

approximate decomposition analysis. The motivation for this work comes from the 

inability to derive exact results for most queueing networks. 

The interaction between stations is analyzed by looking at the network as a com

posite of three basic processes: 

• superposition or merging 

• flow through a queue or station 

• splitting or decomposition 

Thus, the basic method consists of analyzing the interactions between nodes, decom

position of the network into single node subsystems and recomposing these results. 

The following notation will be used to describe the models used in this section. 

•  S j ,  the random variable denoting processing time of a batch at machine j .  

• A j, Combined Batch arrival rate at machine j .  
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• tj» External Batch arrival rate at machine j  

• pj = Aj£'(5j), utilization factor at machine j .  

• C%j, squared coefficient of variation (scv) for the arrival process at j .  

• C*j, squared coefficient of variation for the service process at j .  

• Wgi* Waiting time in queue at machine i .  

The squared coefficient of variation for a composition of renewal streams is ap

proximated by [34]: 

Cj = scv of the jth stream 

The Departure Process 

From Marshall's formula [24] for the squared coefficient of variation of an interde-

parture time in a GI/G/1 queue: 

E(Wq i )  is the mean waiting time at node i .  Since the mean waiting time appears 

in the approximation to determine the scv of the departure process at the ith node, 

the congestion at node i affects the variability of the departure process. Whitt [39] 

suggests using the Kraemer-Langenbach-Belz formula 3.3 with the parameter "g" set 

to 1 as an approximation for computing E(W"). 

(3.1) 

A c — Ylj 

Cl = Cl + 2ficl -  2p,(l - P i){E{Si))-1  E{Wq i) (3.2) 
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M 
W = £[£(Si)+ [E(Si)w(Ci + Cj)ff/2(l-ft)]] (3.3) 

j=1 

where 

9 = f(p,Cl,Cl) 

The first term in brackets in 3.3 accounts for the service time, the second estimates 

mean waiting time. 

Combining equations 3.2 and 3.3 we arrive at equation 3.4 

Cli = (1 - PifCli + P2{C]i (3.4) 

We know from Renewal theory that a renewal process split according to Markovian 

routing is a. renewal process. If a stream with scv C2 is split into m streams, each 

stream being selected with probability pk where k = 1,..., m, then the the ith stream 

thus obtained has an scv given by 

C2  = PiC2  + 1 -Pi  (3.5) 

In the context of our problem, the arrival stream at node i  is formed by splitting 

the departure stream at node j according to some routing probability. Now, given 

Markovian routing with routing probability pj,-, we have that 

Cli = PjiCdj + 1 ~ Pji 

pji is the probability of being routed from node j  to node i .  

(3.6) 
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Note the implicit assumption of i.i.d interdeparture intervals with mean 1/A,• and 

scv of  Cj y  

For any node i, the arrival stream is composed of a superposition of departure 

streams from various other nodes, split in a markovian fashion according to the 

routing probabilities. From equations 3.1 and 3.6 it can be seen easily that the scv 

of the arrival process to node i is : 

Cl = L + (1 - W)) + % (3.7) 

The defining equations for the A; are given by the equations for a Jacksonian 

network: 

M 
= 7. + (3-8) 

j = 1 

From the relationships for and C]{, it can be shown that the defining relation

ships for C2
ai are given by: 

- £**<1 " = E V/ife,/>?£?,• + 1 - W) + 7t (3.9) 
j  i  

Note that an equation of type 3.9 exists for every node in the network. Once the 

equations 3.8 are solved, the only unknown parameters in the system of equations 

represented by 3.9 are the C„f. It can also be seen that this is a linear system of 

equations. Given the first two moments of the service time distribution, the routing 

probabilities and the arrival, rates (from equations 3.8), the linear system of equations 

can easily be solved to obtain the scv's of the arrival process at each node. 
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Treating each node in the system as being stochastically independent, a through

put time value can be obtained for every node by treating it as a GI/G/1 queue (as 

in equation 3.3). The total expected throughput time £[Wi] can then be calculated 

by summing up the expected waiting time and the expected service time at the node. 

For FCFS service discipline at the node, is computed as : 

Since batches are transported as one unit in machine loaded cells, S j  can be 

modified to include any batch independent setup time that may be required. Whitt 

recommends the following GI/G/1 approximation for each machine, to compute the 

expected throughput time for a batch. 

E[Wi]  =  E[W q i ]  + £[S,-] (3.10) 

The total time E[T] spent in the system is given by: 

M 

£[r] = £Ci£:[Wi] (3.11) 

where e, is the visit count and is given by ^ 

M 

W = + lE ( s>)Pi(C 2
a j  + C$)g/2(  1 -  P j )]]  (3-12)  

where 

9 = 

1 
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These approximations are called the Kraemer and Langenbach-Belz formulas. 

The square coefficient of variation for the arrival process at each machine can be 

computed by using 3.4 and the fact that parts visit each machine serially. This results 

in equation 3.13. A comparison with equation 3.4 shows that 3.13 can be obtained 

from 3.4, simply by recognizing the serial nature of the flow within the system. Under 

these circumstances, C^j_^ = C%j. 

=  ( 1 -  P i . x  +  p U C I U - D  ( 3 . 3 . 3 )  

Once the external arrival process and the internal service time distributions are 

specified the C^ can be computed recursively for all j. From equation 3.13, as the 

line length, M —> oo, with = C% and pj = p, we obtain 

/g pc; 

1 _ ( 1  - p f )  2 - p  '  

Equation 3.14 follows from equation 3.13, by noting that as M —» oo, C^j_^ —* 

Clj —> C^oo- Equation 3.13 then reduces to 

1 -  (1 -  pfcl ,  = ?CI (3.15) 

3.2.2 Dedicated Cell Loading 

Under the DCL policy, the entire cell can be thought of as a single server with 

a general service time distribution and Poisson arrivals. It can be seen that the 
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sum total of processing time required is equal to the sum of the batch processing 

time at the bottleneck machine, the time to send the first unit through the machines 

preceding the bottleneck and the time to send the last unit in the batch through the 

machines following the bottleneck. Using an M/G/l model to describe throughput 

time at the bottleneck machine in the cell, we arrive at the following equation: 

W = E(Sm a x )  + \E(S 2
m a T ) /2( l -p)  + Q- 1  £ E(Sm a x )  (3.16) 

max 

where 

Q is the batch size ; 

P — ^E{Sm  ax)  

Smax — TTldX { S\ ,  S21 • •  •  ,  Sf t  

jmax is the machine at which the maximum batch processing time occurs. 

In order to compute the value of W using the equation described above, all we 

need to know are the mean and variance of 5m0x, since the second moment for the 

d i s t r i b u t i o n  o f  5 m o x  c a n  b e  c a l c u l a t e d  f r o m  t h e  r e l a t i o n s h i p  £ ( 5 ^ a x )  =  E 2 ( S M A X )  +  

V(Smart). These values are easy to compute for the case of deterministic processing 

times or exponential processing times. In the case of deterministic processing times, 

E(Smax) = max{E(SI),..., E(Sm)} and V(5m0x) = 0. In the case of exponential 

service times with the expected service time equal to 1, Patel et al [30] give us the 

result: 
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M 

E(Sm a x )  = y£j -1 (3-17) 
3=1 

M 

V(Sm a x )  = £j-2 (3.18) 
j=i 

There is no result available for computing the variance in general. As an approx

imation, we use the following modification of the result presented in 3.18 : 

M 
v(smax) = c2

sj
,£r2 

j -1  

Note that the approximation is exact for the exponential service time distribution. 

The squared coefficient of variation of a distribution is a measure of its variability 

relative to the mean. Therefore, scaling the variance derived in 3.18 for an exponential 

service time distribution by the scv of a general distribution would seem to be a 

reasonable approximation for the variance in the general distribution case. 

The upper bound for E(Sm ax)  in the general distribution case is known to be given 

by [20]: 

£(S„„) < E{Sj) + (3.W) 

where a s j  is the standard deviation of the service time time distribution at machine 

j -

3.2.3 Worker Batch Assignment 

Under the WBA policy, the number of jobs within the cell at any given time is 

limited by the number of workers in the cell and the maximum number of jobs they 
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are held responsible for at a time. Thus as soon as a job leaves the system its place 

is taken up by another job. Thus the queues at the machines are not independent. 

Knowing that there are N jobs at some queue (N is the maximum number of jobs 

permitted in the system ) necessarily implies that all the other machines in the cell 

are idle. This suggests the modeling of the system as a closed queueing network 

wherein N is a control parameter rather than an output statistic. 

For a flow shop type of cell, all the parts can be collapsed into one composite 

part with suitably adjusted values for the branching probabilities. This also allows 

for greater speed of computation due to the reduced number of equations to solve. 

Setups can be handled by introducing a setup station which must be visited by each 

part with a probability given by the probability of requiring a setup. The only other 

problematic aspect of the modeling is the fact that corrections have to be made for 

multiple resource constraints in the closed network, viz., the number of workers being 

less than the number of machines in the cell. There are no models for dealing with 

multiple resource constraints of the type described above, which are computationally 

feasible. 

Le Boudec[22] considered a queuing discipline that approximates the kind of sys

tem that we are dealing with. In the queueing discipline considered by Le Boudec 

(termed Multiple Server queue with Concurrent Classes of Customers - MSCC), a 

customer arriving at the queue joins class m with probability pmT. The service dis

cipline is FCFS, apart from the condition that two customers belonging to the same 
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class may not receive service concurrently. It has been established that the MSCC 

queues can be incorporated within the general framework of BCMP (Baskett-Chandy-

Munz-Palacios) queueing networks. However, the solution of a network of queues with 

MSCC nodes is not computationally feasible. 

In order to derive some ideas on the performance of the WBA policy using an

alytical approximations, it is necessary to confine ourselves to the study of regular 

closed queueing networks, i.e., there are as many workers as there are parts in the 

system at any point in time. The numbers obtained will then be a lower bound on 

the performance of the WBA policy in the case where there are more machines than 

workers. 

The operational equations which describe the system are : 

w'  =  f J '  + : v> <3-20) 

The equation above reads as expected throughput time for the composite part is 

composed of service time at machine j and the time spent waiting for other parts in 

the system to be serviced. The correction term accounts for the fact that a part 

arriving at station j can see at most N-l parts ahead of it. 

The second MVA equation gives the system production rate. The production rate 

X is the same as the effective arrival rate. It is easy to see that this equation is a 

form of Little's law. 
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X = (3.21) 
N 

Vj is the visit count, i.e., it is the expected number of visits made by the part to 

stat ion j .  

The final set of equations relate production at each station by Little's law. Thus 

we have: 

Lj = XvjWj (3.22) 

Lj  is the queue length at each station. 

The steady state solution to these equations must satisfy all the relationships given 

above. This system is, however, not a linear system and therefore must be solved by 

an iterative scheme. We make an initial estimate for Lj for all j and then compute 

the expected waiting times from equation 3.20. This then allows us to correct our 

initial guesses from equation 3.21 and equation 3.22. 

This iterative scheme has been known to work well for closed queueing networks. 

Computationally, MVA based models are easier to solve since the need to calculate 

the state probabilities is avoided. However, the model as proposed above can at best 

be only a lower bound of the actual solution. In the cases where the number of 

operators in the cell is less than the number of machines, parts can be impeded in 

"their progress through the system by the non-availability of a worker. This kind of 

situation is not considered in the MVA models and the results are therefore not very 
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good. For this reason, no attempt was made to obtain numerical results in the WBA 

case using analytical approximations. 
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CHAPTER 4 

POLICY COMPARISONS 

4.1 Bound Comparison 

The three policies can be compared on the basis of lower bounds for throughput 

time. These bounds can be obtained under conditions when parts are not blocked 

from being served due to inavailability of resources. Mathematically, these bounds 

can be obtained by considering the limit of the expressions for throughput times as 

the utilization p tends to 0. From equation 3.13, for systems of identical machines 

we have the following relationship: 

1 -  (1 -  pfcl  = p 2Cl (4.1) 

This leads us to the relationship: 

_ P n l  
0  2 -  p * 

(4.2) 

From equation 4.2, it is easy to see that the following relationship is true: 
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c;+c;  =  ̂ -c:  («) 
2 - p  

Now making the substitution for the left hand side of 4.3 into equation 3.12, the 

following relationship is obtained for systems of identical machines: 

(4-4) 

For exponential service, we have Cs
2 is equal to 1 and therefore the relationship 

given by equation 4.4 simplifies to : 

< 4 - 5> 

From equation 4.5, we can obtain the lower bound on the throughput time per 

machine as 

1™^ = E(S) (4.6) 

Intuitively too, the result obtained in equation 4.6 would seem to be the obvious 

solution. In the case of the WBA policy too, the same lower bound should hold since 

once again, batches are moved in their entirety. 

From equations 3.16 and 3.19 we obtain the lower bound for the standardized 

throughput with the dedicated cell loading policy as : 
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W E ( S )  E ( S ) ( M  -  1 )  ( M  -  L ) G J  A E ( S L A X )  
p -o M ~ M QM My/2M -  1 2M(1 -  p)  K  '  '  

From equation 4.7, it can be easily seen that as M  —* oo the bound tends to 

the value When the batch sizes are large (that is when Q —• oo), the bound 

approaches 0. A little thought reveals that the total work content in a batch is given 

by ME(S). When lot sizes are large (at least as large as M), all machines can work 

on the batch simultaneously. This, of course, ignores the first part in the batch at its 

entry into the cell and the last part in the batch at its exit from the cell. The total 

throughput time then approaches E(S). When the throughput time is standardized 

by a large number of machines, it approaches zero. 

The effect of setup time on each of these policies can also be demonstrated through 

these equations. In the case of MBL and the WBA policies, the setup time can be 

incorporated into the processing time, 5j, itself. In the case of the Dedicated cell, 

setup time can be thought of as the processing time of an additional part in the 

batch. This additional part must precede the first unit of the original batch at every 

machine. The processing time of this new part is the setup time. If there are M 

machines in the cell, the throughput time of the batch is augmented by a factor of 

M.E(Setup). From equation 4.7, therefore, with the setup time being considered, the 

bound becomes : 

W  ̂ E ( S )  E ( S ) ( M - 1 )  ( M - l f o -  A  E { S L A X )  M E ( S S E T U P )  

p-o M ~ M QM MV2M -  1 2M(1 -  p)  M K  '  '  



57 

This simplifies to 

E(S) (M — 1) , ( M -  IK >,E(S l„ )  
S  M - - J T  +  Q M  +  MJ-lht - 1 + 2M(1 - ,) + £(5-""') (4'9) 

The setup time, therefore, has become an additive component in the expression 

for the lower bound. Thus, if the setup time were to form a significant part of the 

batch processing time, the advantage of using a dedicated cell is not as pronounced. 

It is also easy to see that large lot sizes also weigh in favor of the dedicated cell policy. 

This is because the staggered setup time effect that the dedicated cell policy creates 

is most effective when all the machines in the cell are dedicated to working on the 

batch. 

4.2 General Analytical Results 

Equations 3.12 and 3.16 were evaluated for a variety of systems. The system 

utilizations tested ranged from 0.5 to 0.9. The number of machines M was set to 1, 

3, 5, 10 and 20. Finally, the service distributions tested had values of 0, 0.25, 

0.5, 0.75 and 1.0. The mean service time was fixed at 1 time unit. Systems with all 

possible combinations of these values were tested by means of two programs written 

in FORTRAN. The plotted data is based on the assumption that each part requires 

all machines. It must also be noted that the ordinate in all the plots is "Mean 

Throughput per  Stat ion", i .e ,  the normalized values j j .  

Single machine results for the dedicated cell are similar to those for the machine 

loading case. For a lot size of 1 and deterministic service, the dedicated cell results 
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are the same as the machine loading case (Figure 4.2). Equations 3.12 and 3.16 are 

exactly similar in the case of Exponential service times and Poisson arrivals and a line 

length of 1. In this case, both the equations are the defining equations for throughput 

in a M/M/l queue. Therefore, the throughput time results for the MBL and DCL 

policies are the same in the single machine case. The results for the single machine 

case also show that throughput time grows at an increasing rate as the utilization 

factor increases. Throughput time also increases as the service time variability grows. 

These results are well known and can be found in most textbooks on queueing theory 

and are mentioned here for the sake of completeness. Figures 4.1 and 4.2 demonstrate 

the results mentioned above. 

Figures 4.3, 4.4 and 4.5 demonstrate the effect of increasing line length for in

creasing values of the square coefficient of variation of the service time distribution. 

With deterministic service [C] = 0), waiting time is independent of the line length. 

This can be easily understood since the line works with perfect synchronization once 

production begins. Throughput times per station increase with an increase in the 

variability of the service time distribution. With an increase in the line length, 

throughput times per station decrease at slower rates as the values of C% increase. 

Thus, for exponential service times (C, = 1), throughput times per station decrease 

more slowly than for the case with the C% equal to 0.5. Note that the results expressed 

in equation 4.5 can be graphically demonstrated from the figures. 
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Though the dedicated cell throughput times are the same as those for the machine 

loaded case in the case with Q = 1, for lot sizes greater than 1 the dedicated cell 

outperformed the machine loaded cell. Figure 4.6 shows that the dedicated cell 

throughputs are lower than those of the machine loaded cell for a lot size of 50. The 

same results are seen for all lot sizes greater than 1. The dedicated cell outperforms 

the machine loaded cell for lot sizes greater than 1 in the case where the scv = 0.5 

as well. These trends are shown in figures 4.7 and 4.8. 

The results for the dedicated cell show that the throughput times per station 

increase at a slow rate for long lines as the utilization increases. All the computed 

figures testify to the validity of this statement. In the case of exponential service 

times, the dedicated cell was not able to handle the load beyond an utilization of 

50% and a line length of 3. The cell could not handle the load since the cell had 

to be dedicated to a part type for a length of time which exceeded the mean batch 

interarrival time. Thus, there exists a threshold determined by the utilization of the 

bottleneck machine, line length and the service time distribution beyond which the 

DCL policy fails. This threshold can be determined using the well known result in 

queueing theory that stability requires the following relationship be true: 

A . E ( S M A X )  <  1  

In our case, this can be determined from equation 3.17 by stating that 

M 

A E r ] < i  
j= i 

(4.10) 
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4.3 Experimental Comparison 

4.3.1 The Simulated Cell 

In order to validate the analytical results reported in the previous section and 

obtain an insight into the performance of the policies when the number of operators 

in the cell was less than the number of machines, a set of simulation experiments were 

conducted. The simulation experiments were also used to evaluate the performance 

of the WBA policy. A seven machine cell manufacturing eight different part types 

was modeled with programs written in PROMOD [31]. The machine part routing 

matrix is shown in Table 4.1. 

Table 4.1: Machine Component Routing Matrix for the Flow Shop 

Components Machines 
A1 1 2 3 4 5 6 7 
A2 1 2 3 4 5 6 7 
A3 1 2 3 4 5 6 7 
A4 1 2 3 4 5 6 7 
A5 1 2 3 4 5 6 
A6 1 2 3 4 5 
A7 1 2 3 4 
A8 1 2 3 4 

The table is to be interpreted as follows: 

Part type A1 visits machines 1,2,3,4,5,6 and 7 in that order. Thus the component 

A1 enters the cell at machine 1 and leaves the cell after processing at machine 7. 

Batch size for all parts was set at 10 with each part in the batch requiring a 

mean processing time of 1 minute. The simulation experiments were conducted to 
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determine the effect of the following operating variables on the performance of the 

proposed policies: 

1. Setup to Batch Processing time ratio. This factor was considered since one 

of the justifications offered for the use of Cellular manufacturing cells is setup 

reduction. This factor may vary widely from industry to industry and the 

inclusion of this factor in the study may determine the efficacy of one policy or 

the other. 

2. Number of Workers in the cell. 

3. Cell Utilization. 

The setup ratio was tested at mean values of 10% and 100%. Setup times them

selves were normally distributed with a coefficient of variation of 0.10, i.e, ^ = 0.10. 

Setup times are sequence independent and incurred only when switching to a differ

ent part type. Thus, at Machine 7 there is a probability of 0.25 that part type A1 

will require a setup, since only four of the 8 part types visit this machine. Batch 

interarrival times are exponentially distributed with equal means. These values are 

scaled to achieve utilizations of 70% and 90% for the workers. For the seven worker 

case, inter arrival times were scaled to achieve 70 and 90% utilizations of the first 4 

machines to avoid capacity violations. 

For the WBA policy, workers were assigned 1, 2 and 4 jobs. These conditions are 

represented as WBA1, WBA2 and WBA4 in the tables of results. 
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Table 4.2: Time per Machine for a Flow Shop with Deterministic Service 

Usage Setup Workers MBL DCL WBA1 WBA2 WBA4 

70% 
10% 2 2.20 1.26 1.85 1.68 1.84 

70% 
10% 

7 1.20 0.50 1.21 1.20 1.20 70% 
100% 2 1.69 1.82 1.82 1.07 1.06 

70% 
100% 

7 1.20 0.37 1.22 1.20 1.20 

90% 
10% 2 5.38 2.66 4.01 2.62 2.98 

90% 
10% 

7 1.72 0.98 1.76 1.76 1.72 90% 
100% 2 3.03 4.74 3.63 1.16 1.14 

90% 
100% 

7 1.62 1.22 1.82 1.62 1.62 

For each combination of factor settings, for all policies the simulation programs 

were replicated 10 times for 2500 hours. The 2500 hours of simulation time are 

exclusive of the time for startup (determined to be 200 hours of simulated time) to 

remove initialization bias. Common random number streams were used to ensure that 

all methods had the same set of arriving jobs for each replicate. All the programs 

were verified by debugging in step mode with the use of the graphics display. Various 

control checks, using user-defined variables were also written into the programs to 

verify correct operation. 

4.3.2 Flowshop Results 

The results for the flowshop case with deterministic and exponential service times 

are shown in Tables 4.2 and 4.3. 

A glance at the columns for the MBL results shows that for a fixed worker level, 

increasing the utilization increased the throughput times considerably. However, 

throughput times decreased when the utilization increased along with an increase in 
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Table 4.3: Time per Machine for a Flow Shop with Exponential Service 

Usage Setup Workers MBL DCL WBA1 WBA2 WBA4 

70% 
10% 2 2.29 1.48 2.76 1.84 1.92 

70% 
10% 

7 2.65 0.97 106. 2.72 2.55 70% 
100% 2 1.79 1.99 2.01 1.20 1.19 

70% 
100% 

7 1.77 0.99 2.11 1.73 1.69 

90% 
10% 2 5.50 3.03 37.3 2.85 2.94 

90% 
10% 

7 5.58 5.74 67.6 102. 8.11 90% 
100% 2 3.07 5.18 4.77 1.41 1.30 

90% 
100% 

7 2.78 2.15 83.7 3.38 2.74 

the number of workers. An increase in both factors tended to smooth production. At 

high utilizations and two workers, congestion at machines was a problem. Relative 

to the performance of the other approaches, MBL performed best under conditions 

of high utilization and less workers than machines. High utilization had a deleterious 

effect on the throughput times when the DCL or WBA policies were used. The DCL 

policy performed better than the machine based batch assignment in all cases but 

two. The two cases were those of two workers and a high setup to processing time 

ratio. With two workers in a GT flowshop and a low setup to processing time ratio, 

the two workers move ahead of each other in a staggered fashion. Thus, when one 

worker has finished processing the first part in a batch, the other worker can begin 

setting up the next machine in the part's routing sequence. However, with high setup 

the second worker would have to wait at his next station for the setup and processing 

of the first part at the previous machine to be completed. 

With two workers, WBA2 and WBA4 worked very well, dominating MBL and 

often outperforming DCL as well. WBA2 as a policy dominated WBA1. This can 
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be explained by the fact that an assignment of one job per worker results in workers 

being blocked. The effect is more pronounced at high utilization levels, less workers 

than machines and high setup to processing time ratios. Worker Batch Assignment 

works well because internal congestion is limited by limiting the number of jobs being 

processed in the cell at any point in time. 

In order to assess the effect of the various factors and their interactions on the 

Throughput time results, an Analysis of Variance (ANOVA) was performed on the 

experimental data. As table 4.8 indicates, all factors and interactions were signifi

cant. The scheduling policy-number of workers interaction was the most significant 

interaction. 

4.3.3 Jobshop Results 

The simulation experiments were also conducted to assess the effect of the schedul

ing policies on a GT cell configured as a job shop. The processing time and setup 

time parameters were preserved while the ordering of machine visits was changed as 

shown in table 4.4. 

The table is to be interpreted as follows: 

Part type A1 visits machines 1,2,3,4,5,6 and 7 in that order. Thus the component 

A1 enters the cell at machine 1 and leaves the cell after processing at machine 7. 

Surprisingly enough, there are no major deviations from the flow shop results in 

the job shop results (Refer Tables 4.5 and 4.6). The patterns that were discernible 
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Table 4.4: Machine Component Routing Matrix for the Job Shop 

Components Machines 
A1 1 2 3 4 5 6 7 
A2 2 1 3 4 7 5 6 
A3 3 2 1 4 5 6 7 
A4 4 5 6 7 1 2 3 
A5 5 6 1 3 2 4 
A6 5 4 3 2 1 
A7 3 1 2 4 

I A8 1 2 3 4 

in the flow shop results are also evident in the job shop results. The distribution of 

the processing time does not seem to affect the choice of scheduling policy. However, 

the jop shop patterns were not as pronounced as the flow shop patterns. As a matter 

of fact, an Analysis of Variance performed on the combined data (Table 4.10) with 

the shop type as an additional factor showed that this factor had the least significant 

main effect. 

The MBL results show that the throughput times with two workers are lower 

in the job shop case. This is explained by the fact that the workers do not get into 

repeated blocking patterns as they did in the flow shop. However with seven workers, 

the random routing patterns resulted in blocking at machines due to congestion and 

the flow shop results are better. 

The DCL results too are similar to those for the flowshop case. The advantages 

of using the DCL policy are measurably lesser when setup and utilization are high 

and the number of workers is less than the number of machines. When the ratio of 

batch processing time to setup time is low, DCL performs better than MBL. The 
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WBA4 policy had the lowest throughput times in 5 out of 8 cases (Table4.7) when 

the cell was manned by two operators. WBA4 outperforms DCL with two workers, 

high setup and utilization. The difference is more pronounced in the job shop case 

since the random sequences slow down the process of switching between part types 

in the dedicated cell. An Analysis of Variance (ANOVA) (Table 4.9) performed on 

the job shop data showed all the factors and their interactions to be significant. 

Table 4.5: Time per Machine for a Job Shop with Deterministic Service 

Usage Setup Workers MBL DCL WBAl WBA2 WBA4 
10% 2 1.87 1.40 2.09 1.70 1.72 

70% 7 1.58 1.06 1.92 1.57 1.57 
100% 2 1.37 2.04 1.96 1.12 1.08 

7 1.47 0.98 1.76 1.48 1.48 
10% 2 3.66 3.17 6.60 2.68 2.73 

90% 7 2.61 2.24 133. 2.66 2.61 
100% 2 1.83 7.22 4.62 1.25 1.17 

7 2.28 3.01 59.0 2.26 2.29 

Table 4.6: Time per Machine for a Job Shop with Exponential Service 

Usage Setup Workers MBL DCL WBAl WBA2 WBA4 
10% 2 1.93 1.55 2.67 1.85 1.83 

70% 7 2.62 1.27 98.6 2.69 2.51 
100% 2 1.41 2.14 2.17 1.22 1.16 

7 1.76 1.17 2.57 1.75 1.79 
10% 2 3.94 4.05 40.2 2.81 2.69 

90% 7 5.45 2.91 78.2 108. 8.22 
100% 2 1.84 8.98 6.46 1.43 1.28 

7 2.87 4.21 33.7 3.98 2.99 



Figure 4.1: Single Machine Results for the MBL Policy 
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Figure 4.2: Single Machine Results for the DCL Policy 
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Figure 4.3: Batch Throughput times for C* = 0 
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Figure 4.4: Batch Throughput times for C] = 0.5 
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Figure 4.5: Batch Throughput times for C% = 1.0 
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Figure 4.6: Dedicated cell Throughput times for Cl = 0, Q = 50 

5.5 

Order of Curves (top to bottom),Q=l, scv=0 

M=1 
4.5 

M=3 

M=5 
3.5 

M=10 

M=20 
2.5 

0.9 0.6 0.65 0.8 0.85 0.55 0.7 0.75 0.5 

Utilization 



Figure 4.7: Dedicated cell Throughput times for CI = 0.5, Q = 1 
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Figure 4.8: Dedicated cell Throughput times for Cf = 0.5, Q = 50 
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Table 4.7: Policy Ranks for all Simulated Conditions 

Shop Service Usage Setup Workers MBL DCL WBA1 WBA2 WBA4 
10% 2 5 1 4 2 3 

70% 7 2 1 3 2 2 
100% 2 2 4 4 2 1 

7 2 1 3 2 2 
Det 10% 2 5 2 4 1 3 

90% 7 3 1 3 3 2 
100% 2 3 5 4 2 1 

Flow 7 2 1 3 2 2 
10% 2 2 1 5 2 3 

70% 7 3 1 5 4 2 
100% 2 3 4 5 2 1 

Exp 7 4 1 5 3 2 
10% 2 4 3 5 1 2 

90% 7 1 2 4 5 3 
100% 2 3 5 4 2 1 

7 3 1 5 4 2 
10% 2 4 1 5 2 3 

70% 7 3 1 4 2 2 

100% 2 3 5 4 2 1 
7 2 1 4 3 3 

Det 10% 2 4 3 5 1 2 
90% 7 2 1 4. 3 2 

100% 2 3 5 4 2 1 
7 2 4 5 1 3 

Job 10% 2 4 1 5 3 2 
70% 7 3 1 5 4 2 

100% 2 3 4 5 2 1 
7 3 1 5 2 4 

Exp 10% 2 3 4 5 2 1 
90% 7 2 1 4 5 3 

100% 2 3 5 4 2 1 
7 1 4 5 3 2 
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Table 4.8: Analysis of Variance for the Flow Shop Data 

DEP VAR: THRU N: 400 MULTIPLE R: 1.000 SQUARED MULTIPLE R: 1.000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

UTILIZAT 11706 .980 1 11706.980 50345 .049 0 .000 
SETUP 1578 .171 1 1578.171 6786 .814 0 .000 

WORKERS 7766 .509 1 7766.509 33399 .328 0 .000 
RULE 38006 .896 4 9501.724 40861 .498 0 .000 

UTILIZAT* 
SETUP 1443, .559 1 1443.559 6207, .925 0 .000 

UTILIZAT* 
WORKERS 8028, .483 1 8028.483 34525, .927 0, .000 

UTILIZAT* 
RULE 36585, .093 4 9146.273 39332, .908 0, .000 

SETUP* 
WORKERS 1279. .865 1 1279.865 5503. .969 0, .000 
SETUP* 
RULE 5886. ,309 4 1471.577 6328. .415 0. .000 

WORKERS* 
RULE 33298. .024 4 8324.506 35798. ,955 0. ,000 

UTILIZAT* 
SETUP* 
WORKERS 1328. ,544 1 1328.544 5713. ,311 0. ,000 

UTILIZAT* 
SETUP* 
RULE 5876.750 4 1469.187 6318. 138 0. ,000 

UTILIZAT* 
WORKERS* 

RULE 33334. 636 4 8333.659 35838. 317 0. 000 
SETUP* 

WORKERS* 
RULE 5365. 332 4 1341.333 5768. 309 0. 000 

UTILIZAT* 
SETUP* 

WORKERS* 
RULE 5287. 322 4 1321.830 5684. 439 0. ooc 

ERROR 83. 713 360 0.233 
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Table 4.9: Analysis of Variance for the Job Shop Data 

DEP VAR: THRU N: 400 MULTIPLE R: 0.971 SQUARED MULTIPLE R: 0.943 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

UTILIZAT 104.710 1 104.710 1419.283 0.000 
SETUP 7.772 1 7.772 105.342 0.000 

WORKERS 114.165 1 114.165 1547.436 0.000 
RULE 36.532 4 9.133 123.792 0.000 

UTILIZAT* 
SETUP 1.477 1 1.477 20.016 0.000 

UTILIZAT* 
WORKERS 23.350 1 23.350 316.499 0.000 

UTILIZAT* 
RULE 16.469 4 4.117 55.806 0.000 

SETUP* 
WORKERS 6.407 1 6.407 86.843 0.000 
SETUP* 
RULE 28.688 4 7.172 97.211 0.000 

WORKERS* 
RULE 46.306 4 11.577 156.913 0.000 

UTILIZAT* 
SETUP* 
WORKERS 1.865 1 1.865 25.284 0.000 

UTILIZAT* 
SETUP* 
RULE 10.470 4 2.618 35.479 0.000 

UTILIZAT* 
WORKERS* 

RULE 13.985 4 3.496 47.390 0.000 
SETUP* 

WORKERS* 
RULE 23.478 4 5.870 79.558 0.000 

UTILIZAT* 
SETUP* 

WORKERS* 
RULE 5.778 4 1.445 19.580 0.000 

ERROR 26.560 360 0.074 
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Table 4.10: Analysis of Variance for the Combined Data 

DEP VAR: THRU N: 1600 MULTIPLE R: 0.690 SQUARED MULTIPLE R: 0.476 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

UTILIZAT 25344. .686 1 25344, .686 97, .590 0, .000 
SETUP 23614. ,636 1 23614, .636 90, .929 0, .000 
RULE 121981. ,652 4 30495, .413 117, .423 0, .000 

WORKERS 35467. ,795 1 35467, .795 136. .569 0. .000 
SHOP 1818. ,753 1 1818, .753 7, .003 0, .008 
BLOCK 296. .849 9 32, .983 0, .127 0, .999 
PROC 22551. ,012 1 22551, .012 86. .833 0, .000 

UTILIZAT* 
SETUP 2234. 486 1 2234, ,486 8, ,604 0, .003 

UTILIZAT* 
RULE 25084. 376 4 6271. .094 24, .147 0, .000 

UTILIZAT* 
PROC 1662. 075 1 1662, .075 6, .400 0, .012 

SETUP* 
RULE 34698. 991 4 8674. ,748 33. .402 0, .000 

SETUP* 
WORKERS* 

RULE 16800. 143 4 4200. ,036 16. ,172 0. ,000 
RULE* 
PROC 28721. 823 4 7180. 456 27. ,648 0. ,000 
PROC* 

WORKERS 12295. 693 1 12295. ,693 47. 345 0. ,000 
RULE* 

WORKERS* 
PROC 14281. 907 4 3570.477 13.748 0. ,000 

ERROR 404621.067 1558 259.705 
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CHAPTER 5 

CONCLUSIONS 

The results of this study suggest that the specific approach used to schedule a 

manufacturing cell can impact the performance of the system vis-a-vis the throughput 

time measure. The choice of a good policy is influenced by the characteristics of the 

cell. Machine utilizations, lot sizes, levels of staffing in the cell are all shown to have 

an effect on the performance of the cell. 

Of the three policies compared in this work, the dedicated cell approach (DCL) 

seems to be the best choice in most cases. The amount of setup time the batch requires 

is quite important in determining the efficacy of the DCL policy. As setup times 

become large, the DCL approach does not have a very significant advantage over the 

traditional Machine-Batch Loading (MBL) procedures. DCL policies maintain their 

advantage in job shop type GT cells too, though the advantage is not as pronounced. 

Since dedicated cells behave like a single machine with the processing time equal 

to the batch throughput time, it is clear that these approaches fail when the cell is 

dedicated to a part type for a period of time larger than the mean Inter-arrival time. 

The results of the study also show that allocating complete responsibility for 

producing a part to a cross-trained worker is a viable operating policy. In many cases, 
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the Worker Batch Assignment (WBA) policy does quite well even outperforming the 

DCL under conditions of high setup and few workers. Making each worker responsible 

for more than one job at a time avoids worker blocking. WBA does not work well 

only under conditions of high utilization and service time variability. The sequence of 

operations themselves did not make a great impact on the performance of the policy. 

The results presented in this thesis suggest that a more comprehensive study is 

required to fully understand the strategies of operating a cell. A wider variety of 

environments must be examined. The effect of these policies and environments when 

other performance measures are used must also be studied. Analytical models de

scribing the behavior of the cell operating under WBA policy must also be developed 

in order to perform a sensitivity analysis. It might also be expedient to consider 

the issue of WIP levels in cells and the amount of cross training required under the 

WBA policy. In large cells, for example, it might be preferable to assign workers 

to subcells of size greater than one rather than have them walk parts through the 

entire system. Questions of optimal level of staffing in cells and ideal environments 

for different policies also remain unanswered. 
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Appendix A 

C PROGRAM TO COMPUTE WAITING TIMES FOR AN OPEN NETWORK 

C FOR BATCH PROCESSING 

C 

C the cell length is represented by N, the utilization by rho and the 

C the square co-efficients of variation by CA and CS. The mean service 

C time at each machine is 1 and there fore does not appear in the 

C calculations. 

dimension ca(25),wq(25),n(5) 

OPEN(UNIT=5,FILE-* BATCH.OUT',STATUS='NEW') 

C 

N(l)=l 

N(2)=3 

N(3)=5 

N(4)=10 

N(5)=20 
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do 10 i = 1,5 

ii=N(i) 

do 30 s = 0,1,0.25 

do 40 r = 0.5,0.9,0.05 

w=0 

do 50 j = l,ii 

ca(l)=l 

if(j.eq.1) goto 15 

ca(j)= (((l-r)**2)*ca(j-l)) + ((r**2)*(s**2)) 

15 if(ca(j).ge.l) then 

6=1 

else 

gl=2*(l-r)*((l-ca(j))**2) 

g2=3*r*(ca(j)+s) 

g3=gl/g2 

g=exp(-g3) 

endif 

wq(j)=(r*(ca(j)+s)*g)/(2*(1-r))+l 

w=w+wq(j) 

wl=w/ii 



50 continue 

write(5,20) ii,r,s,wl 

20 format(2x,i5,2x,3(f6.2,2x)) 

40 continue 

30 continue 

10 continue 

end 
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Appendix B 

C PROGRAM TO COMPUTE WAITING TIMES FOR AN OPEN NETWORK 

C FOR DEDICATED CELL PROCESSING 

C 

C the cell length is represented by N, the utilization by rho and the 

C the square co-efficients of variation by CA and CS. The mean service 

C time at each machine is 1 and there fore does not appear in the 

C calculations. 

dimension q(4),n(5) 

real es, vs 

OPEN(UNIT=5,FILE='CELL1.OUT',STATUS='NEW') 

C 

N(f)=l 

N(2)«3 

N(3)=5 



N(4)=10 

N(5)=20 

q(l)=l 

q(2)=10 

q(3)=50 

q(4)=1000000 

C 

do 10 i = 1,5 

ii=N(i) 

do 30 s = 0,1,0.25 

do 40 r = 0.5,0.9,0.05 

do 50 iq = 1,4 

ilot = q(iq) 

w = 0 

if(s.eq.O) goto 100 

if(s.eq.l) goto 200 

vs=0.0 

ij=0 

do 5 ij = l,ii 

vs = vs + (1.0/(ij**2)) 

5 continue 
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es = 1 + (((ii-l)*((vs*s)**0.5))/(((2*ii)-l)**2)) 

es2 = (vs*s) + (es**2) 

rho = r*es 

w = es + ((r*es2)/(2*(l-rho))) + (((ii-l)*(es))/(ilot)) 

6 goto 300 

C 

200 es=0.0 

vs=0.0 

ik=0 

do 15 ik = l,ii 

es = es + 1.0/ik 

vs = vs + (1.0/(ik**2)) 

15 continue 

es2 = vs + (es**2) 

rho = r*es 

w = es + ((r*es2)/(2*(l-rho))) + (((ii-l)*(es))/(ilot)) 

goto 300 

100 es = 1.0 

rho=r 

w = es + ((r)/((2*(l-r)))) + ((ii-l)/ilot) 

goto 300 



300 if(rho.gt.l) w=0 

wm = w/ii 

write(5,305) ii.s.r.ilot.w.wm.rho 

305 format(i3,2x,f4.2,2x,f4.2,2x,i8,2x,f6.3,2x,f6.3,2x,f7.3) 

50 continue 

40 continue 

30 continue 

10 continue 

end 
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