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ABSTRACT

Manufactuning industries are under intense pressure from the increasingly competitive global
market place to improve the efficiency and productivity of their production activities. In
addrion. the manufacturing system should be able 1o adjust or respond quickly to changes in
the product design and demand without major investment. Traditional manufacturing systems
such as job shops and flow lines are not capable of satisfying such requirements. As a result,
cellular manufacturing system (CMS), an application of group technology (GT), has emerged
as a promising alternative manufacturing system. The design of CMS involves three inter-
related phases, namely cell formation which is to identify the machine grouping and part
families, intra-cell layout (machine layout) which determines the arrangement of machines
within cells, and inter-cell layout (cell layout) which is concerned with the arrangement of
cells on the shop floor. A common strategy adopted by many researchers, to address these
sub-problems, has been to handle each phase separately and sequentially without evaluating
the effect of each phase on the previous phase(s). This limitation, results in generating
solutions, which may be efficient to one particular phase, but it does not necessarily offer g

good solution to the overall CMS. Therefore, there is need for integrated approach for desi gn

of CMS.

In this research, an integrated approach, which tackles these three phases simultaneously, for
design of cellular manufacturing systems is developed and validated. Models using simulated
annealing, genetic algorithms, fuzzy mathematics, neural networks, and traditional heuristicg
are developed for design and validation of integrated approach. The integrated approach is
also evaluated by using simulation model. Use of multi-criteria decision models shows that

the CMS is the best alternative for implementation and to maintain competitive advantage

Compared to the traditional manufacturing systems.



Chapter 1

Introduction

%

1.1 Overview

Group Technology (GT) is defined as “bringing together and organizing (grouping)
common concepls, principles, problems, and tasks (technology) to improve productivity”.
Cellular manufacturing (CM) is the most common application of group technology. It is
the physical division and conversion of all or part of a firm's manufacturing system into
manufucturing cells. In the past two decades or so cellular manufacturing has been
cmerging as an important manufacturing concept. It has probably had a greater impact on
Increasing manufacturing productivity than any other manufacturing concept. This can be
attributed partly to contributions made by cellular manufacturing concepts to other
manufacturing technologies such as robotics and flexible manufacturing systems. The
advantages of cellular manufacturing over traditional functional manufacturing are many
folds. Reduction in setup time, throughput time, work-in-process inventories, simplified
flow of parts and tools, centralization of responsibility, and improved human relations are
just a few. The basic idea in cellular manufacturing is to group parts that have similar
processing needs into part families, and machines that meet these needs into machine

cells.

While the idea for GT/CM has existed for quite some time, research on the topic didn’t
take off until the 1970’s. Considerable research has been undertaken in the past to

investigate the part family-machine cell formation problem. Most of the empirica]
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rescarch centred on methods of cell formation (King 1980, Vakhana 1986, Burbidge
1992). including the determination of which cell formaton techmque to use (Burbidge
1989. Balaknshnan 1996). Other papers gave an overview of the different procedures for
cell formanon (Singh 1993, Heragu 1994). Another area of research is scheduling
(Mahmoodr er al. 1990a, 1990b, Mahmoodi and Dooley 1991). Also, a number of
computer stmulation studies have been completed comparning job shop and cellular
layouts (Flynn and Jacobs 1987, Morris and Tersine 1990, Garza and Smunt 1991, Suresh
1992. Shafer and Chames 1995, Suresh and Meredith 1994), but most of the other
rescarch on GT/CM has been anccdotal in nature. Numerous authors have cited different
potential advantages from GT/CM (Burbidge 1980, 1992, Greene and Sadowski 1984,
Schonberger 1986. Flynn and Jacobs 1987, Wemmerlov and Hyer 1989). The advantages
can be grouped into three parts: operating environment, human resources, and quality

advantages.

1.2 Need of Integrated Approach for Design of Cellular Manufacturing Systems

The design of cellular manufacturing systems (CMS) involves three inter-related phases,
namely cell formation which is to identify the machine grouping and part families,
intra-cell layout (machine layout) which determines the arrangement of machines within
cells, and inter-cell layout (cell layout) which is concerned with the arrangement of cells
on the shop floor (Hassan 1995). The literature review on design of CMS reveals that
design of CMS contains only the cell formation. Bilberg and Alting (1994) considered
that a major cause to low productivity is failure to utilize the resources due to poor
management, organization, planning, and layouts. Accordingly an efficient cell
partitioning strategy and layout design are key elements in achieving the benefits

expected from CMS. A common strategy adopted by many researchers, to address these

Integrated Approach for Design of Cellular Manufacturing Systems 2
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sub-problems. has been to handle each phase separately and sequentially  without
cvaluaung the effect of cach phase on the previous phase(s). This imitation, results in
generating solutions, which may be efficient to one particular phase, but it does not
necessanly offer a good solution to the overall CMS. Therefore, there is need for
integrated approach for design of CMS. The proposed integrated approach will wckle the

three phases simultaneously for design of CMS.

1.3 Objectives of the Research

The objective of the research s to develop and validate an integrated approach for design
of cellular manufacturning systems. The objective of the research is achieved by the
following objectives: }

* The multi-attribute decision models, i.e., analytical hierarchy process (AHP) and
performance value analysis are developed for the justification of CMS.

= The fuzzy logic approach, i.e., fuzzy logic and AHP, and fuzzy equivalence
relations and AHP are developed for the part family formation.

* The neural networks and simulated annealing approaches are developed for the
design of cell formation by considering the practical factors like production
volume (demand), processing time of parts on machines, number of cells,
minimum acceptable utilization of individual machines, machine downtime,
desirable machine utilization, maximum permissible workload on machines and
other management constraints like number of shifts, working days, maximum and
effective time available on machines, operation sequence and transfer batch size
of parts.

* The multicriteria mathematical formulation is developed for design of layout

(intracell as well as intercell) for CMS. MUCH (based on multi-criteria heuristic)

Imtegrated Approach for Design of Cellular Manufacturing Systems 3
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models are developed for the design of layout for CMS by considening the
pracucal mputs Iike operation sequence, multiple non-consecutive visits 1o the
same machine, production volume and the transfer batch size of parts.

* The muluentena mathematical formulation is developed for integrated approach
and two models: SAMUCH (based on simulated anncaling and a traditional
heunistic) and SAFUGA (based on simulated annealing, genetic algorithm with
embedded fuzzy logic and AHP) are developed for integrated approach for design
of CMS.

* The simulation model is developed for validation of integrated approach for
design of CMS. The effects of various scheduling philosophies are studied using
simulation model.

* The production planning and control models are developed for operation of CMS.

The present research is an attempt to outline the significant features of the integrated

approach for design of CMS.

1.4 Arrangement of Thesis

Chapter two discusses the literature review. The justification of CMS is discussed in
chapter three. Chapter four describes the part family formation. Cell formation ig
discussed in chapter five. Chapter six describes the design of layout for CMS. The
integrated approach for design of CMS is discussed in chapter seven. The chapter eight
describes the production planning and control of CMS. Chapter nine summarizes the

research contributions with conclusions.
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Chapter 2

Literature Review
M

2.1 Introduction

Manufacturing industries are under intense pressure from the increasingly competitive
global market place. Shorter product life-cycles, time-to-market, and diverse customer
needs have challenged manufacturers to improve the cfficiency and productivity of their
production activities. Manufacturing systems must be able to manufacture the high
quality products with low production costs as quickly as possible in order to deliver the
products to customers on time. In addition, the system should be able to adjust or respond
quickly to changes in the product design and product demand without major investment,
Traditional manufacturing systems such as job shops and flow lines are not capable of

satisfying such requirements.

Job shops are the most common manufacturing systems. In general, job shops are
designed to achieve maximum flexibility such that a wide variety of products with small
lot sizes can be manufactured. Products manufactured in job shops usually require
different operations and have different operation sequences. Operating time for each
operation could vary significantly. Products are released to the shops in batches (jobs).
The requirements of the job shop - a variety of products and small lot sizes - dictate what
types of machines are needed and how they are grouped and arranged. General-purpose
machines are utilized in job shops because they are capable of performing many different

types of operations. Machines are functionally grouped according to the general type of
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manufacturing process- lathes in one department, drill presses in another, and so forth.

Figure 2.1 illustrates a job shop. A job shop layout can also be called a functional layout.
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Figure 2.1: Job shop manufacturing system (Black 1991)

In job shops, jobs spend 95% of their time in non-productive activity; much of the time is
spent in waiting in queue and remaining 5% is split between lot setup and processing
(Askin and Standridge 1993). When the processing of a part in the job shop has been
completed, it usually must be moved a relatively large distance to reach the next stage. It
may have to travel entire facility to complete all of the required processes as shown in
figure 2.1. Therefore, to make processing more economical, parts are moved in batches.
Each part in a batch must wait for the remaining parts in its batch to complete processing
before it is moved to the next stage. This leads to longer production times. high levels of

in-process inventory, high production costs and low production rates.

In contrast to job shops, flow lines are designed to manufacture high volumes of products
with high production rates and low costs. A flow line is organized according to the
Sequence of operations required for a product, Specialized machines, dedicated to the

manufacture of the product, are utilized to achieve high production rates. These machines
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are usually expensive; to justify the investment cost of such machines. a large volume of
the products must be produced. A major limitation of flow lines is the lack of flexibility
to produce products for which they are not designed. This is because the specialized
machines are setup to perform limited operations and are not allowed to be reconfigured.

Figure 2.2 shows an example of a flow line.
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Figure 2.2: Transfer line manufacturing system
As indicated above, job shops and flow lines cannot meet today's production
requirements, where manufacturing systems are often required to be reconfigured to
respond to changes in product design and demand. As a result, cellular manufacturing
(CM), an application of group technology (GT), has emerged as a promising alternative
manufacturing system. Within the manufacturing context, GT is defined as a
manufacturing philosophy identifying similar parts and grouping them together into
families to take advantage of their similarities in design and manufacturing (Selim et ql,
1998). CM involves the formation of part families based upon their similar processing
requirements and the grouping of machines into manufacturing cells to produce the

formed part families. A part family is a collection of parts which are similar either
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because of the geometric shape and size or similar processing steps required in their
manufacture (Groover 1987). A manufacturing cell consists of several functionally
dissimilar machines which are placed in close proximity to one another and dedicated to

the manufacture of a part family.
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Figure 2.3: Cellular manufacturing system (Black 1991)

The tenet of CM s to break up a complex manufacturing facility into several groups of
machines (cells), each being dedicated to the processing of a part family. Therefore, each
part type is ideally produced in a single cell. Thus, material flow is simplified and the
scheduling task is made much easier. As reported in the survey by Wemmerlov and
Johnson (1997), production planning and control procedures have been simplified with
the use of CM. The job shop in the figure 2.1 is converted into a cellular manufacturing
system as shown in figure 2.3. Obvious benefits gained from the conversion of the shop
are less travel distance for parts, less space required, and fewer machines needed. Since

similar part types are grouped, this could lead to a reduction in setup time and allow 4

quicker response to changing conditions. Some of the reported benefits of CMS are given
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in tables 2.1, 2.2, and 2.3. On the other hand. in the job shop. each part type may have to

travel through the entire shop; hence scheduling and materials control are difficult. In

addition, job priorities arc complex to set and hence large inventories are needed so as to

ensure that ample work is available.

Table 2.1: Benefits of CM after the first two months of operation (Levasscur er al. 1995)

| Criteria Job Shop CMS Resulting
improvement

Work in process $590,000 $116,336 $473,664 (80%)
Finished goods $880,000 $353.167 $526.833 (60%)
Suppliers $8.333/months | 0 $8.333 (100%)
Lead time 14 days 2 days 12 days (86%)
Late orders 100 4 96%
Scraps 22% 14% 8%
Direct labour 198 145 53 employees (27%)
Mfg. Space (sqg. ft) | 45,000 20.000 25,000 sq. ft. (56%)

Table 2.2: Reported benefits from CMS (Wemmerlov and Hyer 1989)

Types of benefits Number of Average % Minimum % | Maximum %
Responses Improvement | Improvement | Improvement

1. Reduction in throughput 25 45.6 5.0 90.0
time

2. Reduction in WIP 23 41.4 8.0 90.0
inventory

3. Reduction in material 26 39.3 10.0 83.0
handling

4. Improvement of operator 16 344 15.0 50.0
job satisfaction

5. Reduction in number of 9 33.1 10.0 85.0
fixtures for cell parts

6. Reduction in setup time 23 32.0 2.0 95.0

7. Reduction in space 9 31.0 1.0 85.0
needed

8. Improvement of part 26 29.6 5.0 90.0
quality

9. Reduction in finished 14 29.2 10.0 75.0
goods inventory

10.Reduction in labour cost 15 26.2 5.0 75.0

11.Increase in utilization of 6 23.3 10.0 40.0
equipment in the cells

12.Reduction in the pieces 10 19.5 1.0 50.0
of equipment required to
manufacture the cell
parts

Integrated Approach for Design of Cellular Manufacturing Svstems
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Table 2.3: Effects on performance measures (Wemmerlov and Johnson 1997)

Performance measure Number of Average % Mimimum G Maximum %
, Responses Improvement Improvement | Improvement

1. Reduction of move 37 61.3 15.0 99.0
distance/time

2. Reduction in 40 61.2 12.5 99.5
throughput ime

3. Reduction in response 37 50.1 0.0 93.2
time to orders

4. Reduction in WIP 40 48.2 10.0 99.7
inventory

5. Reduction in sctup 33 44.2 0.0 96.6
times

6. Reduction in finished 38 39.3 0.0 100.0
goods inventory

7. Improvement in 39 284 0.0 62.5
parts/product quality

8. Reduction in unit cost 38 16.0 0.0 60.0

There are many research papers available on cellular manufacturing systems but the
number of research papers available on the design of cellular manufacturing systems are
limited. In the pre 90s, researchers used to call cell formation problem itself as the design

of CMS. In this chapter, review of literature on design of CMS is done.

2.2 Design of Cellular Manufacturing Systems

Kaebernick and Bazargan-Lari (1996) proposed that design of cellular manufacturing
systems involves three interrelated phases: cell formation which is to identify the machine
groupings and part families, intra-cell layout (machine layout) which determines the
arrangement of machines within cells, and finally inter-cell layout (cell layout) which is
concerned with the arrangement of cells on the shop floor. Wemmerlov and Hyer (1987)
divided the design phase of cellular manufacturing systems in five stages: (i) selection of
parts and part families generation; (ii) selection of machines and processes and grouping
these into cells; (iii) selection of tools, fixtures, and pallets: (iv) selection of materia]

handling equipment; and (v) plant layout. Rajamani er al. (1990) developed three integer
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programming models to successively study the effect of alternative process plans and
stmultancous formation of part families and machine groups. The first model gives the
parUmachine incidence matrix, which is used for cell formation using the total investment
as objective and sclects the suitable process plans. The second model is used to form
machine groups assuming that the part families are known. The third model identifics part
families and machine groups simultaneously. The objective was to model and analyse
how alternate process plans influence the resource utilization when the part families and
machine groups are formed simultaneously. Rajamani er al. (1996) developed a mixed
integer model for the design of cellular manufacturing systems. The model identifies the
part families and machine groups concurrently with the objective to minimize the sum of
investment, processing, and material handling costs. Alternate process plans, processing
time. capacities of machines and cell size restrictions were considered in the process.
Kusiak er al. (1993) presented an efficient branch-and-bound heuristic algorithm for
design of cellular manufacturing systems. The heuristic developed is for identification of
machine cells and formation of part families. An A* algorithm was also developed to
obtain optimal machine cells. Rajagopalan and Batra (1975) used graph-theoretic
approach for the design of cellular production systems. Information derived from the
route cards of the components is analysed and the situation is represented in the form of
graph whose vertices corresponds to the machines and whose edges represent the
relationships created between the machines by the components using them. The cel]s
were formed using a graph portioning approach. Wu er al. (1986) used a syntactic pattern
recognition approach for formation of machining cells by classification of machining
sequences based on production flow analysis. Choobineh (1988) proposed a two-stage
procedure for the design of cellular manufacturing systems. The first stage forms the part

families and the second stage forms the machine cells. A proximity measure using the
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manufacturing operations and the operation sequence is suggested for first stage and an
integer programming model is formulated for the second stage. Venugopal and
Narenderan (1993) proposed an algorithm based on the asymptotic forms of Boolean
matrix to identify machine cells and part families in case mutually independent cells
exists. They also proposed an algorithm to identify bottlencck machines and parts when
mutually independent cells do not exist. Finally, they proposed a methodology that can be
used by designers of CMS to form mutually independent cells. Irani er al. (1995)
described a method for layout design of ccllular manufacturing systems that would allow
simultaneously, the grouping of machines unique to a part family into cells and those
shared by several cells to be located together in functional sections. A graph-theoretic
structure for simultaneous machine grouping and layout design was developed and
validated. Rao and Gu (1994) formed machine and component grouping based on
practical constrains like duplicate machine availability and machine capacity. They also
considered the material handling cost for the evaluation of the process plans. The distance
between the machines required for the calculation of the material handling cost is
randomly generated without actual layout of the machines. Rao and Gu (1995) developed
a multi-layered neural network that can configure alternate cell designs by considering
multiple constraints and objectives. These constraints and objectives are embedded within
the network as transfer functions, which help impose the practical constraints and guide
the cell design process. Dahel (1995) developed a cell formation approach for cellular
manufacturing systems in which intercell moves are restricted to flow in one direction
from one cell to the other immediately downstream, without backtracking. The model
subdivides the underlying manufacturing system into cells based on an intercell traffic
minimization criterion and subject to machine capacity and operation sequence

constraints. Cheng et al. (1996) also formed the part families and machine cells in the
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design of cellular manufacturing systems using truncated tree scarch. They formulated the
problem as a 0-1 quadratic programming model with a view to minimize intercellular
moves using a distance measure. Cantamessa and Turroni (1997) developed a decision
support tool for the designer of cellular manufacturing systems during the machine cell
and part family formation phase taking a wide sct of factors into account (safety,
technological, organizational ...). Baker and Maropoulos (1997) presented an automatic
clustering algorithm for ccll formation and also noted that for successful design of
cellular manufacturing systems three steps are required: clustering of workstations into
cells, layout of the cclls for the efficient flow of parts through the factory, and the
continuous improvement of the cells. Lee and Chen (1997) developed a multicriteria
weighted approach to form machine cells and part families for configuring cellular
manufacturing systems considering parameters like demand, batch size, pallet size,
routing sequence, processing times, machine capacities, and workload status of machines.
Heragu and Chen (1998) developed a mathematical model for CMS design which
incorporates three aspects - resource utilization, alternative routings, and practical
constraints (safety constraints, technological constraints, and upper/lower limits on cell
size). Benders’ decomposition approach (Benders 1962) was used to form the cells.
Shanker and Vrat (1999) used fuzzy programming models for the design of cellular
manufacturing systems at the post-clustering stage for the design of cellular
manufacturing systems. The models are designed to handle exceptional elements,
bottleneck machines, and vagueness in the estimation of system parameters.
Venkataramanaiah et al. (2000) modelled the cell formation problem in cellular
manufacturing as a multiple objective with an objective of minimization of inter and intra
cell transfer and load imbalance among machines and cells. A simulated annealing

algorithm was developed to solve the problem. Wu and Salvendy (1999) developed a
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merging-and-breaking heuristic to solve concurrently both the traditional cell formation
problem and the assignments of the identical machines to different cells in the design of
cellular manufacturing systems. Akturk and Turkcan (2000) proposed a local search
heuristic to solve the part-family and machine-cell formation problem by simultaneously
considering the within-cell layout problem but for layout they considered that a material
handling cost is not incurred when the two consecutive machines in the operation
sequence are next to each other otherwise a material handling cost is incurred. Actual
distances are not considered. Massay et al. (1995) described a systematic approach to the
design of cellular manufacturing systems. They divided the design into four phases:
analysis, conceptual design, embodiment design, and detailed design. Singh (1993),
Heragu (1994), Offodile et al. (1994), and Mukherjec et al. (1999) provide thorough
survey of papers on group technology and cellular manufacturing system design.
Wemmerlov and Johnson (2000) adds to the sparse literature on empirical cell design by
reporting about the methods, goals, considerations, and constraints that industrial users

apply to cell formation and cell layout.

2.3 Drawbacks of the Current CMS Design Methods

As the review of papers on CMS design reveals in the above section that the CMS should
contain the cell formation, layout of machines inside the cells and the layout of cells with
respect to each other. Most of the techniques for the design of CMS consider only cell
formation, the common objective being the minimization of exceptional elements or a
weighted sum of exceptional elements and voids. The exceptional elements and voids
have been used as surrogate measures for inter-cell and intra-cell moves cost. However,
these measures do not reflect the actual moves cost. The moves cost is proportional to the

distance travelled and the number of moves. The number of moves depends on the

Integrated Approach for Design of Cellular Manufacturing Systems 19



Literature Review

operation sequence, multiple non-consecutive visits to the same machine. production
volume and the transfer batch size; the distance travelled depends on the layout of

machines within the cells and the layout of cells on the shop floor.

Logendran (1990) proposed a heuristic that considers minimization of a weighted sum of
intracell and intercell moves. He ignores the sequence of operations and assumes that a
part makes (n-/1) intercell moves if it visits n different cells. Similarly, the part makes
(m-1) intracell moves in a cell where m of its operations are performed. Later. Logendran
(1991) incorporated the effects of sequence of operations on intercell moves for an
assumed layout of machines and modified his total move equation to compute the exact
number of inter and intracell moves. Based on the Logendran's work, Gupta er al. (1996)
developed two models - one for a linear single row layout and other for a linear double
row layout. In this model the distances computed are approximation only. Moreover,
from this model it is not clear how the intracell moves are computed and the intracell

layout is not considered.

Adil and Rajamani (2000) proposed a model that considers the number of intercell and
intracell moves exactly but the distances travelled are approximated for three types of
layouts where expected distance (d;) between machines in a cell of N machines is
computed as follows:

d;(N) = 0.333 (1+N) for a straight line layout

d;(N) = 0.333 (R+N) for a rectangular layout with R rows

di(N) = 0.666 N for a square layout
The intercell travel distance per move between cells is assumed as the centroid distance

between these cells.
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Kaebernick and Bazargan-Lari (1996) used the integrated approach for design of CMS.
They formed the cells with the objective of reducing the inter-cellular moves and putting
the maximum and minimum number of cells as constraints. Next, they designed the intra-
cell layout and finally generated the inter-cell layout based on criteria of shape and cost
by considering all possible combinations for efficient intra-cell layout designs. In true
sense, this is not an integrated approach as they have solved the cell formation and layout
problems sequentially (once the machines are grouped to different cells based on the
above algorithm for different cell numbers, the intra-cell and inter-cell layout designs can
be carried out... Kacbernick and Bazargan-Lari (1996): 423) in a forward pass with no
feedback. This approach is called sequential approach. Bazargan-Lari e al. (2000) solved

a practical problem using this sequential approach.

This sequential approach may be efficient to one particular phase but need not to be
efficient for the overall design of CMS. For a true integrated approach the cell formation
and layout problem should be tackled simultaneously. The cell formation and layout
design are to be carried out iteratively (by repeating each stage with input obtained from
the other stage) till the solution converges, i.e., each solution to the cell formation
problem should bc evaluated only after designing the intra and inter cell layouts and

continued till the solution converges.

2.4 Conclusions

A number of publications related to the design of CMS have been published over the last
three decades. However, all except few papers discuss only cell formation/design (part
family formation and machine cell formation) as the design of CMS. The design of
cellular manufacturing systems involves three inter-related phases, namely cell formation

which is to identify the machine grouping and part families, intra-cell layout (machine
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layout) which determines the arrangement of machines within cells, and finally inter-cell
layout (cell layout) which is concerned with the arrangement of cells on the shop floor. A
common strategy adopted by many researchers, to address these sub-problems. has been
to handle each phasc separately and sequentially without evaluating the cffect of each
phase on the previous phase(s). This limitation, results in generating solutions, which may
be efficient to one particular phase, but it does not necessarily offer a good solution to the
overall CMS. Therefore, there is need for integrated approach for design of CMS. which

will tackle the phases simultancously for design of CMS.

References

(1] ADIL. G. K. and RAJAMANI, D. (2000). ** The trade-off between intracell and
intercell moves in group technology cell formation™, Journal of Manufacturing
Systems, vol. 19, no. 5, pp. 305-317.

[2] AKTURK, M. S. and TURKCAN, A. (2000), “Cellular manufacturing system
design using a holonistic approach”, International Journal of Production Research,
vol. 38, no. 10, pp. 2327-2347.

[3] ASKIN, R. and STANDRIDGE, C. (1993), “Modeling and analysis of
manufacturing systems”, John Wiley and Sons, NY.

(4] BAKER, R. P. and MAROPOULOS, P. G. (1997), “An automatic clustering
algorithm suitable for use by a computer-based tool for the design, management and
continuos improvement of cellular manufacturing systems”, Computer Integrated
Manufacturing Systems, vol. 10, no. 3, pp. 217-230.

[5] BAZARGAN-LARI, M., KAEBERNICK, H., and HARRAF, A. (2000), “Cell
formation and layout designs in a cellular manufacturing environment - a cage

study”, International Journal of Production Research, vol. 38, no.7, pp. 1689-1709.

Integrated Approach for Design of Cellular Manufacturing Systems 0



Luterature Review

(6]

(9]

(10]

(11]

[12]

[13]

[14]

[15]

BENDERS, J. F. (1962). “Partitioning procedures for solving mixed-variables
programming problems”. Numerische Mathematik, vol. 4, pp. 238-252.

BLACK. J. (1991). The design of the factory with a future. McGraw-Hill Inc.. NY.
CANTAMESSA. M. and TURRONI. A. (1997). A pragmatic approach to machine
and part grouping in cellular manufacturing system design”. Inrernational Journal
of Production Research, vol. 35, no. 4, pp. 1031-1050.

CHENG. C.-H., MADAN, M.S. and MOTWANIL. J. (1996). “Designing cellular
manufacturing systems by a truncated tree search”. International Journal of
Production Research, vol. 34, no. 2, pp. 349-362.

CHOOBINEH, F. (1988), “A framework for the design of cellular manufacturing
systems”, International Journal of Production Research, vol. 26, no. 7. pp. 1161-
1172,

DAHEL. N.-E. (1995), “Design of CMS in tandem configuration”, International
Journal of Production Research, vol. 33, no. 8, pp. 2079-2096.

GROOVER, M. (1987), Automation, production systems, and computer integrated
manufacturing, Prentice Hall, Englewood, NJ.

GUPTA, Y., GUPTA, M., KUMAR, A., and SUNDARAM, C. (1996), “A genetic
algorithm-based approach to cell composition and layout design problems”,
International Journal of Production Research, vol. 34, no. 2, pp. 447-482.
HERAGU, S. S. (1994), “Group technology and cellular manufacturing”, IEEE
Transactions on Systems, Man, and Cybernetics, vol. 24, no. 2, pp. 203-215.
HERAGU, S. S. and CHEN, J.-S. (1998), “Optimal solution of cellular
manufacturing system design: Benders' decomposition approach”™, European

Journal of Operational Research, vol. 107, pp. 175-192.

Integrated Approach for Design of Cellular Manufacturing Systems 21



Literature Review

(16]

[17]

(18]

(19]

[20]

(21]

(22]

(23]

IRANI, S. A., COHEN, P. H., and CAVALIER, T. M. (1995), “"Design of cellular
manufacturing systems”, Transactions of the ASME, vol. 114, pp. 352-361.
KAEBERNICK. H. and BAZARGAN-LARI. M. (1996), “An integrated approach
to the design of cellular manufacturing”, Annals of the CIRP. vol. 45, no. 1,
pp. 421-425.

KUSIAK, A., BOE, W. J, and CHENG, C. (1993), “Designing cellular
manufacturing systems: branch-and-bound and A’ approach”. IlE Transactions,
vol. 25, no. 4, pp. 46-56.

LEE, S.-D. and CHEN, Y.-L. (1997). “A weighted approach for cellular
manufacturing design: minimizing intercell movement and balancing workload
among duplicated machines”, International Journal of Production Research,
vol. 35, no. 4, pp. 1125-1146.

LEVASSEUR, G., HELMS, M., and ZINK, A. (1995), “A conversion from a
functional to a cellular manufacturing layout at Steward Inc.”, Production and
Inventory Management Journal, vol. 36, no. 3, pp. 37-42.

LOGENDRAN, R. (1990), “A workload based model for minimizing total intercel]
and intracell moves in cellular manufacturing”, International Journal of Production
Research, vol. 28, no. 5, pp. 913-925.

LOGENDRAN, R. (1991), “Impact of sequence of operations and layout of cells in
cellular manufacturing”, International Journal of Production Research, vol. 29,
no. 2, pp. 375-390.

MASSAY, L. L., BENJAMIN, C. O. and OMURTAG, Y. (1995), “CMS design: a
holistic approach”, in: planning, design and analysis of cellular manufacturing

systems, eds. Kamrani, A. K. et al., Elsevier, Amsterdam, pp. 129-144,

Integrated Approach for Design of Cellular Manufacturing Systems 22



Literature Review

[24]

[25]

(26]

(27]

(28]

[29]

[30]

[31]

MUKHERIJEE. S.. SANGWAN, K. S., and KODALI. R. B. (1999). “Trends and
perspectives in cellular manufacturing systems™, in: Proceedings of the International
Conference on Operations Management: Challenges and Prospects, eds. Kanda, A.
et al., Phoenix Publishing House, Delhi, pp. 488-497.

OFFODILE, O. F.. MEHREZ, A. and GRZNAR. J. (1994). “Cellular
manufacturing: a taxonomic review framework™, Journal of Manufacturing
Systems, vol. 13, no. 3, pp. 196-219.

RAJAGOPALAN, R. and BATRA, J. L. (1975). “Design of cellular production
systems: a graph-theoretic approach”, International Journal of Production
Research, vol. 13, no. 6, pp. 567-579.

RAJAMANI, D., SINGH, N., and ANEJA. Y. P. (1990). “Integrated design of
cellular manufacturing systems in the presence of alternate process plans”,
International Journal of Production Research, vol. 28, no. 8, pp. 1541-1554.
RAJAMANI, D., SINGH, N., and ANEJA, Y. P. (1996), “Design of cellular
manufacturing systems”, International Journal of Production Research. vol. 34,
no. 7, pp. 1917-1928.

RAO, H. A. and GU, P. (1994), “Expert self-organising neural network for design
of cellular manufacturing systems”, Journal of Manufacturing Systems. vol. 13,
no. 5, pp. 346-358.

RAO, H. A. and GU, P. (1995), “A multi-constraint neural network for the
pragmatic design of cellular manufacturing systems”, International Journal of
Production Research, vol. 33, no. 4, pp. 1049-1070.

SELIM, H., ASKIN, R., and VAKHARIA, A. (1998), “Cell formation in group
technology: review, evaluation and directions for future research”. Computers and

Industrial Engineering, vol. 34, no. 1, pp. 3-20.

Integrated Approach for Design of Cellular Man ufacturing Svstems 23



lLuerature Review

(32]

(33])

[34]

(35]

(36])

[37]

[38]

(39]

SHANKER. R. and VRAT, P. (1999), “Some design issucs in cellular
manufacturing using the fuzzy programming approach™, International Journal of
Production Research, vol. 37, no. 11, pp. 2545-2563.

SINGH, N. (1993), “Design of cellular manufactuning systems: an invited review",
European Journal of Operational Research, vol. 69, no. 3, pp. 284-291.
VENKATARAMANAIAH, S., KRISHNAIAH, K., and BABU. G. (2000), “Design
of cellular manufacturing systems with multiple objectives - A simulated annealing
approach”, in: proceedings of the 19"™ AIMTDR conference. eds. Radhakrishnan, V.
et al., Narosa Publishing House, Delhi, pp. 645-650.

VENUGOPAL, V. and NARENDRAN, T. T. (1993), * Design of cellular
manufacturing system based on asymptotic forms of a Boolean matrix™, European
Journal of Operational Research, vol. 67, pp. 405-417.

WEMMERLOV, U. and HYER, N. L. (1987), “Research issues in cellular
manufacturing”, International Journal of Production Research, vol. 25, no. 3,
pp. 413-431.

WEMMERLOV, U. and HYER, N. L. (1989), “Cellular manufacturing in the US
industry: a survey of users”, International Journal of Production Research, vol. 27.
no. 9, pp. 1511-1530.

WEMMERLOV, U. and JOHNSON, D. J. (1997), “Cellular manufacturing at 46
user plants: implementation experiences and performance improvements”,
International Journal of Production Research, vol. 35, no. 1, pp. 29-49.
WEMMERLOV, U. and JOHNSON, D. J. (2000), “Empirical findings on
manufacturing cell design”, International Journal of Production Research, vol. 38,

no. 3, pp. 481-507.

Integrated Approach for Design of Cellular Manufacturing Systems 24



laterature Review

[40] WU, H. L.. VENUGOPAL, H. L., and BARASH. M. M. (1986). "Design of a
cellular manufacturing system: A syntactic pattern recognition approach”, Journal
of Manufacturing Svstems, vol. 5, no. 2, pp. 81-88.

[41] WU, N. and SALVENDY. G. (1999), “An efficient heuristic for the design of
cellular manufacturing systems with multiple identical machines™. International

Journal of Production Research, vol. 37, no. 15, pp. 3519-3540.

Integrated Approach for Design of Cellular Manufacturing Svstems 25



Chapter 3

Justification of Cellular Manufacturing Systems
%

3.1 Introduction

One school of thought concerning justification of advanced manufacturing systems states
that if manufacturing is to be a competitive tool, justification has to become more of a
policy decision rather than an accounting or financial procedure. Another school of
thought concerning justification of advanced manufacturing systems states that advanced
manufacturing systems can be ‘sold’ to top-level management only if all relevant costs
and benefits are quantified and presented in an easy-to-understand format. Managers, who
arc considering the introduction of CMS in their organizations not only have to identify
the application and plan its implementation but also have to ensure that the use of CMS
will be a viable alternative. Few attempts were made to address the benefits to be
achieved from the CMS implementation. Dale (1980, 1999) introduced a method for
measuring the applicability of CMS. His approach is to collect data from a number of
companies before and after the implementation of CMS. He concluded that the average
reductions in setup time and throughput time were 17% and 55% respectively. In another
cellular manufacturing implementation studied by Nagarkar (1979), the throughput time
declined by 75%. Wemmerlov and Hyer (1989) surveyed the benefits achieved from
cellular manufacturing in 32 US firms. The results were very impressive. Wemmerloy
and Johnson (1997) employed a mail survey methodology. and made a contribution to the

knowledge gap by providing insights into implementation experiences and performance
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achievements at 46 US firms. They collected data mirror several aspects of cellular
manufacturing previously explored by Wemmerlov and Hyer (1989), where appropriate,
the results from both studies were contrasted. Olorunniwo (1997) analysed a part of the
data collected in a survey of US firms that operated manufacturing cells. The survey
identified two underlying dimensions or constraints that explain the relationship amongst
the performance measurcs commonly used to assess the relative magnitude of success of
cellular manufacturing implementation. He proposed methodology to categorize relative
success of cellular manufacturing implementation. The above literature supports the

former school of thought for justification of CMS.

The economic justification process has long been identified as the biggest hurdle to the
adoption of advanced automated manufacturing systems (Kaplan 1986). In recent years,
the literature has been inundated with a large number of methodologies and evaluation
techniques that look promising for the economic justification process for advanced
manufacturing systems (Bennett and Hendricks 1987, Canada 1986, Curtin 1984a, 1984b,
Meredith and Suresh 1986. Michael and Millen 1985, Moerman 1988, Parsaei et al. 1988,
Parsaei and Wilhelm 1989, Zahran et al. 1992, Primrose 1999). Several traditional
financial techniques have been proposed that are complex and exhaustive in nature, and
require hard-core quantitative data that may be difficult to retrieve or formulate. Today,
most major organizations are struggling with their traditional investment justification
procedures because they are either misapplied or the information included in the
calculations is inadequate for the multifaceted problems being tackled. The use of multi-
attribute decision models for justification of CMS justifies the latter school of thinking.
Some type of multi-attribute decision analysis techniques are called upon to aid in
breaking down, analysing, communicating, and synthesizing the nature of the problem,

and hopefully to lead one to the best decision under the circumstances. The complex,

Integrated Approach for Design of Cellular Manufacturing Systems 27



Justification of Cellular Manufacturing Svstems

multi-attribute nature of alternative advanced manufacturing systems may tend to be
overwhelming to analysis and decision makers. Multi-attribute decision models, i.c..
analytical hierarchy process and performance value analysis, have been developed for

justification of cellular manufacturing systems.

3.2 Development of Analytic Hierarchy Process (AHP) for Justification of CMS

The AHP has been well received by all concerned as reportcd in the literature
(Roger 1987). Application of this methodology has been found in numerous fields. The
general approach of AHP model is to decompose the problem and make pairwise
comparison of all the elements on a given level with the related elements in the leve] just
above to which it belongs. The schematic of the model is shown in figure 3.1. A thorough
analysis of the problem is required along with the identification of the important attributes
involved. The selection of the attributes has been determined through literature survey
and discussions held with experts in the field (Heragu 1994, Wemmerlov and Hyer 1987,
Zahran et al. 1992, Huq 1992, Afzulpurkar et al. 1993, Choi 1996, Singh and Rajamani
1996, Singh 1996, Wemmerlov and Johnson 1997, 2000, Olorunniwo 1997, Masnata and
Settineri 1997, Talluri er al. 1997, Shang and Tadikamalla 1998, Eckstein and Rohleder
1998. Dale 1999, Primrose 1999, Choobineh and Nare 1999. Marsh er al. 1999). The

selection of attributes and sub-attributes used in the AHP for justification of CMS are:

1. Cost [CST]
* Setup cost [SUC)
* Labour cost [LRC]
* Equipment cost [EQC]
* Tooling cost [TLC]
® Material handling cost [MHC]
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e Unitcost (UTC)
e Inspection cost [INC]
e Design cost [DGC]
e Supervision cost [SNC]
e Relocation cost [RLC)
2. Process [PRS]
e Production modes/Layout styles [PML)
e Choice of equipment and material handling system (EMH)])
e Capacity balancing and product flow [CBF)
¢ Setup time/tooling (SUT])
* Quality tools/management (QTM]
¢ Disciplined production control [DPC])
3. Quality [QTY]
e Defect rate [DFR]
e Scrap rate [SCR]
* Rework [REW]
* Consistent quality [COQ]
4. Inventory N/ } [INV]
* Raw material inventory LO [RMI]
*  Work-in-process / [WIP]
* Finished goods inventory [FGI]
5. Implementation [IMP]
¢ Planning for conversion [PLC]
* Implementation time [IMT)
® Education and training [EAT]
* Empowerment [EMP]
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6. Workforce

Turnover rate

Commitment

Number of workers
Assessment and rewards

Job rotation/enrichment
Morale

Operator/cell leader selection

Learning rate

7. Benefits

Productivity

Resource utilization
Transfer/transport time
Throughput time

Response time to customer
Flexibility

Quality

~
o~

JInventory

~.
——-

Lead time

Lot size

[WFC]
[TOR]
[COM]
[NOW]
[AAR]
[JRE]
[MOR]
[0CS)
(LER]
[PMB]
[PRO]
[UOR]
[TTT]
[TPT])
[RTC]
[FLX]
[QTY]
[INV]
[LTM]

(LOT)

Alternatives: The alternative manufacturing systems evaluated and compared in the light

of above determined set of attributes and sub-attributes are:

e Transfer line

e Job shop

* Cellular manufacturing systems

[TL]
[JS]

[CMS)
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Analytical Hierarchy Process Methodology

AHP (Sauy 1980) was developed as a practical approach in solving relatively complex
problems. AHP enables the decision maker to represent the simultaneous interaction of
many factors in complex. unstructured situation.  For the justification of cellular
manufacturing systems, the judgments based on observations are fed into AHP for each
attribute and sub-attribute of all levels of hierarchy. Pairwise comparisons of attribute at
cach level are done on a scale of relative importance. | reflecting equal weightage and 9

reflecting absolute importance as shown in table 3.1.

Table 3.1: Scale of relative importance

Intensity | Definition Explanation
] Equal Importance Two activities contribute equally to the
objective
3 Weak importance of one Experience and judgment slightly favour one
| over the other another
5 Esscntial or strong Experience and judgment slightly favour one
another
7 Very strong An activity is strongly importance favoured
and its dominance is demonstrated in practice
9 Absolute importance The evidence favouring one activity over
another is of the highest degree
2,4,6,8 | Intermediate values When compromise is needed

The steps to follow in using the AHP (Roger 1987) are:

Step 1. Define the problem and determine the objective.

Step 2. Structure the hierarchy from the top through the intermediate levels to the
lowest level. See figure 3.1.

Step 3. Construct a set of pairwise comparison matrices for each of the lower levels.
An element in the higher level is said to be a governing element for those in

the lower level, since it contributes to it or affects it. The elements in the
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Step 4.

Step S.

lower level are then compared to each other based on their effect on the
governing clement above. This yields a square matrix of judgments. The
pairwisc comparisons are done in terms of which an element dominates
another. These judgments are then expressed as integers. If element A
dominates over element B. then the whole number integer is entered in row A,
column B and reciprocal is entered in row B, column A. If the elements being
compared are equal, a one is assigned to both positions. Table 3.2 shows the
pairwise comparison matrix for level 2.

There are n (n-1)/2 judgments required to develop the set of matrices in step 3
(reciprocals are automatically assigned in each pairwise comparisons).

Having done all the pairwise comparisons and entered the data, the
consistency is determined using the eigenvalue. To do so, normalize the
column of numbers by dividing each entry by the sum of all entries. Then
sum each row of the normalized values and take the average. This provides
Principal Vector (PV). The check of the consistency of judgments is as
follows:

Let the pairwise comparison matrix be denoted M1 and principal vector be
denoted M2.

Then define M3 = M1*M2; and M4 = M3/M2.

Amax = average of the elements of M4,

Consistency Index (CI) = (Amax - N) /N -1

Consistency Ratio (CR) = CI/RI corresponding to N

where RI : Random Consistency Index and

N : Number of elements

Random index table

3 4 S 6 7 8 9 10

ol

058109 |1.12|1.24 [1.32]1.41|1.45]1.49
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If CR is less than 10%. judgments are considered consistent. And if CR is
greater than 10%. the quality of judgments should be improved to have CR
less than or equal to 10%.

Step 6. Steps 3-5 are performed to have relative importance of each attribute for all
levels and clusters in the hierarchy. Table 3.3 illustrates the sub-attribute
analysis of attribute, ‘cost’.

Step 7. The alternative analysis for the lowest level of sub-attribute to be carried out
in the similar manner as above. Table 3.4 illustrates the alternative analysis of
‘turnover rate’.

Step 8. The desirability index for each alternative is calculated by multiplying each
value in ‘weight of sub-attribute’ column by the respective value of ‘attribute
weight’ column, then multiplying by the value for each respective alternative

and summing the results.

For use in this problem, the focus is developed. In this case, it is to determine the
justification of CMS. The attributes are compared with each other in a pairwise
comparison with respect to case situation discussed in table 3.5. From the analysis, it is
clear that the CMS option is the best under the circumstances of the developed case

situation (see tables 3.6, 3.7, 3.8, 3.9, 3.10, and 3.11).

Highly user-friendly software, the multi-attribute decision model (AHP) is developed in
VC™ to aid the user for pairwise comparison of the attributes as well as for the
alternatives and for analysing the user inputs. The judgements supplied by the user can be

estimated from the graphs (figures 3.2, 3.3, and 3.4) that are generated for each alternative

and its corresponding deciding criteria.
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Justification of Cellular Manufacturing Systems

ILEVEL I
ATTRIBUTES
LEVEL 2
CST PRS QTY INV IMP WFC PMB
suc LRC EQC TLC MHC UTC INC DGC SNC RLC
= X~ NN 2N\ RN RN
SuUB-
ATTR-
IBUTES
LEVEL 3
TL IS CMS
MANUFACTURING
SYSTEMS
(Alternatives)
Figure 3.1. Schematic of AHP model
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Table 3.2: Pairwise companson matny - level 2

. CST PRS QTY INV IMP WFC PMB
| CST 1.000 2.000 3.000 6.000 8.000 4.000 3.000
| PRS 0.500 1.000 2.000 3000 4.000 2000 2.000
: QTY 0.333 0500 1.000 2000 3000 2000 1.000
| INV 0.167 0333 0500 1.000 0.500 0.333 0.500
IMP 0.125 0250 0.333 2000 1.000 2000 0.200
WFC 0250 0.500 0.500 3.000 0500 1000 0.167
i PMB 0.333 0500 1.000 2000 5000 6.000 1.000
Sum 2.708 5.083 8.333 19.000 22.000 17.333 7.867
Principal 0.34 0.19 0.12 0.05 0.06 0.07 0.16
Vector
Table 3.3: Cost sub-attribute analysis - level 3
SUC LRC EQC TLC MHC UTC INC DGC SNC RLC
sucC 1.000 2.000 3.000 6.000 8.000 4.000 3.000 5.000 0.250 2.000
LRC 0.500 1.000 2.000 3.000 4.000 2.000 2000 3000 O.111 1.000
EQC 0.333 0.500 1.000 2.000 3.000 2000 1000 2000 O.111 0.500
TLC 0.167 0.333 0500 1.000 2.000 0.500 0500 0500 O.111 0.333
MHC 0.125 0250 0.333 0.500 1.000 0500 0333 0500 O0.111 0.200
UTC 0.250 0.500 0.500 2.000 2000 1.000 0500 2000 0.143 0.500
INC 0.333 0500 1.000 2.000 3.000 2000 1.000 2000 O.111 0.200
DGC 0200 0.333 0.500 2000 2.000 0.500 0500 1000 O.111 0333
SNC 4.000 9.000 9.000 9.000 9.000 7.000 9.000 9.000 1.000 7.000
RLC 0.500 1.000 2.000 3.000 5.000 2.000 5.000 3.000 0.143 1.000
Sum 7408 15.417 19.833 30.500 39.000 21.500 22.833 28.000 2.202 13.067
Principal 0.158 _0.085 0.057 0029 0021 0045 0054 0.035 0413 0.102
Vector
Table 3.4: Alternative analysis for turnover rate
TL JS CMS
TL 1.000 3.000 5.000
JS 0.333 1.000 2.000
CMS 0.200 0.500 1.000
Sum 1.533 4.500 8.000
Principal 0.648 0230 0.122
Vector
Table 3.5: Case situation
Industry type Discrete type manufacturing
Production volume | Mid volume
Company vision Star performer and market leader
Mission Continuous improvement of processes, products, and people
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Table 3.6: Weightages for main attributes

Main Atributes Level 2
weightages
CST 0.34
PRS 0.19
QTY 0.12
INV 0.05
IMP 0.06
WFC 0.07
PMB 0.16

Table 3.7: Weightages for sub-attributes

Sub-attributes

Level 3 weightages

SUC 0.16
LRC 0.08
EQC 0.06
TLC 0.03
MHC 0.02
uTC 0.05
INC 0.05
DGC 0.03
SNC 0.41
RLC 0.10
PML 0.29
EMH 0.11
CBF 0.07
SUT 0.05
QTM 0.25
DPC 0.23
DFR 0.45
SCR 0.15
REW 0.27
CcoQ 0.14
RMI 0.24
WIP 0.55
FGI 0.21
PLC 0.45
IMT 0.13
EAT 0.22
EMP 0.19
TOR 0.32
COM 0.18
NOwW 0.12
AAR 0.05
JRE 0.04
MOR 0.09
oCs 0.11
LER 0.10
PRO 0.16
UOR 0.09
TTT 0.06
TPT 0.03
RTC 0.02
FLX - 0.05
QTY 0.05
INV 0.03
LT™M 0.41
LOT 0.10

Integrated Approach for Design of Cellular Manufacturing Systems

36



Justification of Cellular Manufacturing Systems

Table 3.8: Weightages for alternatives

Sub-attributes TL JS CMS
SucC 0.1111 0.2222 0.6667
LRC 0.1578 0.1867 0.6555
EQC 0.4000 0.4000 0.2000
TLC 0.2106 0.2409 0.5485
MHC 0.1279 05119 0.3601
UTC 0.2000 0.6000 0.2000
INC 0.1976 0.4905 0.3119
DGC 0.1698 0.3873 0.4429
SNC 0.3873 0.4429 0.1698
RLC 0.3873 0.1698 0.4429
PML 0.5390 0.1638 0.2973
EMH 0.1007 0.4330 0.4663
CBF 0.2308 0.0769 0.6923
SUT 0.0909 0.7273 0.1818
QT™M 0.1513 0.3767 0.4720
DPC 0.1638 0.2973 0.5390
DFR 0.1638 0.2973 0.5390
SCR 0.1638 0.2973 0.5390
REW 0.1593 0.2519 0.5889
CcOoQ 0.1638 0.2973 0.5390
RMI 0.2409 0.2106 0.5485
WIP 0.5571 0.1226 0.3202
FGI 0.1976 0.4905 0.3119
PLC 0.2973 0.1638 0.5390
IMT 0.1429 0.4286 0.4286
EAT 0.1698 0.3873 0.4429
EMP 0.0637 0.2674 0.6689
TOR 0.6479 0.2299 0.1222
COM 0.5485 0.2409 0.2106
NOW 0.2500 0.5000 0.2500
AAR 0.2409 0.2106 0.5485
JRE 0.0526 0.4737 04737
MOR 0.0526 0.4737 0.4737
0OCS 0.3278 0.2611 04111
LER 0.3873 0.1698 0.4429
PRO 0.4330 0.1007 0.4663
UOR 0.4905 0.1976 0.3119
TTT 0.4737 0.0526 0.4737
TPT 0.4706 0.0588 0.4706
RTC 0.1000 0.1000 0.8000
FLX 0.0640 0.4367 0.4992
QTY 0.1924 0.1749 0.6327
INV 0.5455 0.0845 0.3700
LT™M 0.4667 0.0667 0.4667
LOT 0.4615 0.0769 0.4615
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Table 3.9: Weightages of attributes for alierauves

Sub-attributes L3-Wt  [2-Wi TL JS CMS
SucC 0.16 0.34 0.1111 0.2222 0.6667
LRC 0.08 0.34 0.1578 0.1867 0.6555
EQC 0.06 0.34 0.4000 0.4000 0.2000
TLC 0.03 0.34 0.2106 0.2409 0.5485
MHC 0.02 0.34 0.1279 0.5119 0.3601
UTC 0.05 0.34 0.2000 0.6000 0.2000
INC 0.05 0.34 0.1976 0.4905 0.3119
DGC 0.03 0.34 0.1698 0.3873 0.4429
SNC 0.41 0.34 0.3873 0.4429 0.1698
RLC 0.10 0.34 0.3873 0.1698 0.4429
PML 0.29 0.19 0.5390 0.1638 0.2973
EMH 0.11 0.19 0.1007 0.4330 0.4663
CBF 0.07 0.19 0.2308 0.0769 0.6923
SUT 0.05 0.19 0.0909 0.7273 0.1818
QT™ 0.25 0.19 0.1513 0.3767 0.4720
DPC 0.23 0.19 0.1638 0.2973 0.5390
DFR 045 0.12 0.1638 0.2973 0.5390
SCR 0.15 0.12 0.1638 0.2973 0.5390
REW 0.27 0.12 0.1593 0.2519 0.5889
COoQ 0.14 0.12 0.1638 0.2973 0.5390
RMI 0.24 0.05 0.2409 0.2106 0.5485
WIP 0.55 0.05 0.5571 0.1226 0.3202
FGI 0.21 0.05 0.1976 0.4905 0.3119
PLC 0.45 0.06 0.2973 0.1638 0.5390
IMT 0.13 0.06 0.1429 0.4286 0.4286
EAT 0.22 0.06 0.1698 0.3873 0.4429
EMP 0.19 0.06 0.0637 0.2674 0.6689
TOR 0.32 0.07 0.6479 0.2299 0.1222
COM 0.18 0.07 0.5485 0.2409 0.2106
NOW 0.12 0.07 0.2500 0.5000 0.2500
AAR 0.05 0.07 0.2409 0.2106 0.5485
JRE 0.04 0.07 0.0526 0.4737 0.4737
MOR 0.09 0.07 0.0526 0.4737 0.4737
OCS 0.11 0.07 0.3278 0.2611 0.411]
LER 0.10 0.07 0.3873 0.1698 0.4429
PRO 0.16 0.16 0.4330 0.1007 0.4663
UOR 0.09 0.16 0.4905 0.1976 0.3119
TTT 0.06 0.16 0.4737 0.0526 0.4737
TPT 0.03 0.16 0.4706 0.0588 0.4706
RTC 0.02 0.16 0.1000 0.1000 0.8000
FLX 0.05 0.16 0.0640 0.4367 0.4992
QTY 0.05 0.16 0.1924 0.1749 0.6327
INV 0.03 0.16 0.5455 0.0845 0.3700
LTM 041 0.16 0.4667 0.0667 0.4667
LOT 0.10 0.16 0.4615 0.0769 0.4615
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Table 3.10: Data summary

Sub-attributes TL JS CMS
SuUC 0.0061 0.0121 0.0363
LRC 0.0036 0.0067 0.0190
EQC 0.0065 0.0065 0.0065
TLC 0.0034 0.0034 0.0034
MHC 0.0009 0.0038 0.0027
UTC 0.0023 0.0105 0.0028
INC 0.0031 0.0101 0.0056
DGC 0.0015 0.0055 0.0050
SNC 0.0552 0.0631 0.0242
RLC 0.0235 0.0031 0.0086
PML 0.0301 0.0091 0.0166
EMH 0.0021 0.0090 0.0096
CBF 0.0029 0.0010 0.0087
SuUT 0.0009 0.0074 0.0019
QT™M 0.0071 0.0176 0.0221
DPC 0.0072 0.0131 0.0237
DFR 0.0087 0.0157 0.0285
SCR 0.0028 0.0051 0.0093
REW 0.0050 0.0080 0.0187
COoQ 0.0026 0.0048 0.0086
RMI 0.0029 0.0025 0.0065
WIP 0.0151 0.0033 0.0087
FGI 0.0021 0.0051 0.0032
PLC 0.0082 0.0045 0.0149
IMT 0.0011 0.0033 0.0033
EAT 0.0023 0.0053 0.0061
EMP 0.0008 0.0032 0.0079
TOR 0.0153 0.0054 0.0029
COM 0.0072 0.0032 0.0028
NOW 0.0021 0.0042 0.0021
AAR 0.0009 0.0008 0.0020
JRE 0.0001 0.0013 0.0013
MOR 0.0003 0.0031 0.0031
OCS 0.0025 0.0020 0.0031
LER 0.0028 0.0012 0.0032
PRO 0.0112 0.0026 0.0121
UOR 0.0068 0.0028 0.0044
TTT 0.0044 0.0005 0.0044
TPT 0.0024 0.0003 0.0024
RTC 0.0004 0.0004 0.0028
FLX 0.0005 0.0032 0.0037
QTY 0.0017 0.0016 0.0057
INV 0.0031 0.0005 0.0021
LTM 0.0316 0.0045 0.0316
LOT 0.0075 0.0012 0.0075

Table 3.11: Desirability indices for alternatives

TL 0.2589
JS 0.2816
CMS 0.4595

The Most Desirable Alternative is: CMS

Integrated Approach for Design of Cellular Manufacturing Systems
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Justification of Cellular Manufacturing Svstems

3.3 Development of Performance Value Analysis (PVA) Model for Justification of

CMS

In recent years the CMS has been widely considered for implementation to maintain
competitive advantage. However, the implementation of such systems is expensive and
relative investments tend to be irreversible, thus necessarily requiring careful
consideration before a decision can be made. Decision making is not only strategic but
also involves issues at the tactical and operational levels. The decision making process
depends upon both the quantitative and qualitative criteria involving a lot of factors. The
performance value analysis model is well received in literature (D"Angelo er al. 1996).
This model is revised version of utility value analysis. PVA model is introduced with
respect to different objectives, considering appropriate performance indicators related to
Cost (CST), Process (PRS), Quality (QTY), Inventory (INV), Implementation (IMP),
Workforce (WFC), and Benefits (PMB). The performance value analysis, a multi-criteria
technique that aggregates the multiple criteria, is here applied on data obtained from
literature and experts (Heragu 1994, Wemmerlov and Hyer 1987, Zahran et al, 1992, Hugq
1992, Afzulpurkar et al. 1993, Choi 1996, Singh and Rajamani 1996, Singh 1996,
Wemmerlov and Johnson 1997, 2000, Olorunniwo 1997, Masnata and Settineri 1997,
Talluri er al, 1997, Shang and Tadikamalla 1998, Eckstein and Rohleder 1998, Dale 1999,
Primrose 1999, Choobineh and Nare 1999, Marsh et al. 1999).
The steps to follow in using the performance value analysis are:

Step 1. Define the problem and determine the objective.

Step 2. Identify the alternatives (a;) available. (The alternatives are: transfer line

[TL], job shop [JS], and cellular manufacturing system [CMS]).
Step 3. Determine the attributes/criteria/performance indicators (c;) that govern the

problem.
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Step 4. Classify the attributes/criteria/performance indicators into significant
categories.

Step 5. Classify the attributes/criteria/performance indicators into direct (performance
grows while measure increases) and indircct categories (performance grows
while measure decreases). (Steps 3, 4, and 5 are shown in table 3. 12)

Step 6. Form the performance matrix, ie.. co-efficient e, rclated to the
attribute/criterion/performance indicator ¢, (j = 1, 2. ...J) and the alternative
a; (i=1, 2, ...1) (see table 3.13)

Step 7. Quantify the qualitative attributes using the scale of 1 to 10. where |1 means
very low, 3 means low, 5 means medium, 7 means high, and 9 means very
high.

Step 8. Absolute weightage w, on a suitable scale (say 1 to 10) is assigned for each
attribute/criterion/performance indicator reflecting the normative judgment
of the decision maker.

Step 9. Form the normalized performance matrix. It is transforming the initial
performance measure in a score/weight for easier interpret based on the
value function f; for each attribute/criterion/performance indicator (cj) as
follows:

i) Direct category (when performance increases while measure

increases)
py =
" max(e;)

for each alternative a; related to attribute Cj

ii) Indirect category (when performance grows while measure
decreases)
min(ej)
l'j=———
€

for each alternative a; related to attribute Cj

The normalized performance matrix is given in table 3.14.

Integrated Approach for Design of Cellular Manufacturing Systems
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Step 10. Obtain the relative weightage for ecach autribute/criterion/performance

indicator (c;) from absolute weightage w,:

Y —_—
W ==<— suchthat Y W =1
! ZW/ Z g
Step 11. Obtain partial performance measure Z, by multiplying relative weightage

ﬁf of attribute/criterion/performance indicator to each of its row members
(alternatives), i.e., p,; as:

. .th . . - W (i =
Partial performance of j attribute: Z,=p, W (i=1,2,...1)

Step 12. Aggregate the partial performance measures for each alternative as: overall

measure (N,) of alternative a, is the sum of Z,

N, = izu
(Steps 10, 11, and l2’=z;re shown in table 3.15)

Step 13. Rank the alternatives (a;) in accordance with decreasing value of N;

Step 14. Perform the significant category analysis. The results of this analysis are
obtained by setting to ZEero the weights of each
attribute/criterion/performance indicator different from the significant
category being considered. Run step 8 to step 13. Repeat the step 14 for al}
significant categories.

Step 15. Take the decision based on above aggregated partial performance measures
and the aggregated performance measures of significant categories
(see table 3.16).

Highly user-friendly software, the PVA model is developed in VC** to aid the user to
compute the partial performance measures for all performance indicators/attributes/
criteria and to compute the significant category analysis. The decision can be taken baseq

on the figures (figures 3.5 - 3.14) and table 3.16 generated by the developed software.
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Table 3.12: Criteria/attributes/performance indicators

riteria/attnibutes/performance indicators

Direct/ Significant

Indirect kategory

Setup cost (SUC] v CST
Labour cost [LRC] v CST
[Equipment cost [EQC] v CST
Tooling cost [TLC] v CST
Material handling cost [MHC)] v CST
Unit cost [UTC] v CST
Inspection cost (INC) v CST
Design cost [DGC) v CST
Supervision cost [SNC] v CST
IRelocation cost [RLC) v CST
Production modes/Layout styles [PML)] A PRS
Choice of equipment and MHS [EMH] A PRS
Capacity balancing and product flow [CBF) v PRS
Setup time/tooling [SUT] v PRS
Quality tools/management [QTM] A PRS
Disciplined production control [DPC] A PRS
Defect rate [DFR] v QTY
Scrap rate [SCR] v QTY
Rework [REW] \4 QTY
Consistent quality ([COQ] A QTY
Raw material inventory [RMI] v INV
Work in process [WIP] v INV
Finished goods inventory [FGI] v INV
Planning for conversion [PLC] v IMP
mplementation time [IMT] \4 IMP
ucation and training [EAT] v IMP
Empowerment (EMP] A IMP
Turnover rate [TOR] v WFC
Commitment [COM] A WFC
Number of workers [NOW] Yy WFC
Assessment and rewards [AAR] A WFC
Job rotation/enrichment [JRE) A WEC
orale [MOR] A WEFC
Operator/cell leader selection [OCS] v WFC
[earning rate [LER] A WEC
Productivity [PRO] A PMB
Resource utilization [UOR] A PMB
Transfer/transport time [TTT] v PMB
Throughput time [TPT] \4 PMB
Response time to customer [RTC] v PMB
Flexibility [FLX] A PMB
Quality [QTY] A PMB
nventory [INV] v PMB
I_ead time [LTM) v PMB
Lot size [LOT] v PMB

The best value is the lowest one ( Indirect) ¥
The best value is the highest one ( Direct) A
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Table 3.13: Performance matrix

Critena | Weights TL JS CMS
SUC 4 2.75 2.5 1.5
LRC 4 5.5 5 4.1
EQC 3 5.5 5 4.1
TLC 7 11 10 8
MHC 5 5.5 8 4
UTC 8 Medium High Low
INC 6 1.65 1.5 1.2
DGC 3 2.75 2.5 2.4
SNC 2 2.75 2.5 2
RLC 4 Very High| Low High
PML 9 Low |Very High| Very High
EMH 4 Low High Very High
CBF 8 Very High| Low Low
SUT 9 3 20 1
QT™M 6 Low Medium Very High
DPC 6 Medium Low Very High
DFR 7 5 10 1
SCR 8 2.5 5 0.5
REW 4 2.5 5 0.5
COQ S High High Very High
RM] 6 19 34 8
WIP 9 12 20 10
FGI 6 11 17 4
PLC 7 High Low Very High
IMT 5 5 1 1.5
EAT 2 1.5 1.25 2.5
EMP 8 Low High Very High
TOR 7 25.6 12.3 2.2
COM 6 Low Medium Very High

NOW 7 132 175 40
AAR 3 Low Low Very High
JRE b Low High Very High
MOR 6 Medium High Very High
OCS 1 Low High Medium
LER 3 Low High Very High
PRO 7 40 30 60
UOR 8 86 40.25 94.5
TTT 9 6.27 12 3.3
TPT 7 Low High Very Low
RTC 8 Very High| Low Low
FLX 4 Low High High
QTY 7 High High Very High
INV 5 Low |Very High Low
LTM 6 15.1 204 9
LOT 2 Very Low| High Low
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Table 3.14: Normalized performance matrix

Relative
Criteria Wits TL JS CMS
SuUC 0.0156 0.5454 0.6 1
LRC 0.0156 0.7454 0.82 1
EQC 0.0117 0.7454 0.82 1
TLC 0.0273 0.7272 0.8 1
MHC 0.0195 0.7272 0.5 1
UTC 0.0313 0.6 0.4285 1
INC 0.0234 0.7272 0.8 1
DGC 0.0117 0.8727 0.96 1
SNC 0.0078 0.7272 0.8 1
RLC 0.0156 0.3333 1 0.43
PML 0.0352 0.3333 1 1
EMH 0.0156 0.3333 0.7777 1
CBF 0.0313 0.3333 1 1
SUT 0.0352 0.3333 0.05 1
QTM 0.0234 0.3333 0.5555 1
DPC 0.0234 0.5555 0.3333 1
DFR 0.0273 0.2 0.1 1
SCR 0.0313 0.2 0.1 1
REW 0.0156 0.2 0.1 1
COQ 0.0195 0.7777 0.7777 1
RMI 0.0234 0.4210 0.4 1
WIP 0.0352 0.8333 0.5 1
FGI 0.0234 0.3636 0.2 1
PLC 0.0273 0.4285 1 0.3333
IMT 0.0195 0.3 1.5 1
EAT 0.0078 0.8333 1 0.5
EMP 0.0313 0.3333 0.7777 1
TOR 0.0273 0.0859 0.1788 1
COM 0.0234 0.3333 0.5555 1
NOW 0.0273 0.3030 0.2285 1
AAR 0.0117 0.3333 0.3333 1
JRE 0.0195 0.3333 0.7777 1
MOR 0.0234 0.5555 0.7777 1
OCS 0.0039 1 0.4285 0.6
LER 0.0117 0.3333 0.7777 1
PRO 0.0273 0.6666 0.5 1
UOR 0.0313 0.9100 0.4259 1
TTT 0.0352 0.5263 0.275 1
TPT 0.0273 0.3333 0.1428 1
RTC 0.0313 0.3333 1 1
FLX 0.0156 0.4285 | 1
QTY 0.0273 0.7777 0.7777 1
INV 0.0195 1 0.3333 1
LTM 0.0234 0.5960 0.4411 1
LOT 0.0078 | 0.1428 0.3333
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Table 3.15: Partial performance measures

Critena TIL. JS CMS
SucC 0.0085 0.0094 0.0156
LLRC 0.0116 0.0128 0.0156
EQC 0.0087 0.0096 0.0117
TLC 0.0199 0.0219 0.0273
MHC 0.0142 | 0.0098 0.0195
UTC 0.0187 | 0.0134 | 0.0313
INC 0.017 0.0187 0.0234
DGC 0.0102 | 0.0113 | 0.0117
SNC 0.0057 | 0.0063 0.0078
RLC 0.0052 0.0156 0.0067
PML 0.0117 0.0352 0.0352
EMH 0.0052 | 0.0122 | 0.0156
CBF 0.0187 0.0313 0.0313
SUT 0.0117 | 0.0018 | 0.0352
QTM 0.013 0.0078 0.0234
DPC 0.013 0.0078 0.0234
DFR 0.0055 0.0027 0.0273
SCR 0.0063 0.0031 0.0313
REW 0.0031 0.0016 | 0.0156
COQ 0.0152 0.0152 0.0195
RMI 0.0099 | 0.0055 0.0234
WIP 0.0293 0.0176 | 0.0352
FGI 0.0085 | 0.0055 0.0234
PLC 0.0117 0.0273 0.0091
IMT 0.0039 | 0.0195 0.013
EAT 0.0065 0.0078 0.0039
EMP 0.0104 0.0243 0.0313
TOR 0.0023 0.0049 | 0.0273

COM 0.0078 0.013 0.0234

NOW 0.0083 0.0062 | 0.0273
AAR 0.0039 | 0.0039 | 0.0117
JRE 0.0065 0.0152 | 0.0195

MOR 0.013 0.0182 0.0234
OCS 0.0039 | 0.0028 | 0.0028
LER 0.0065 | 0.0091 0.0117
PRO 0.0182 | 0.0137 0.0273
UOR 0.0284 | 0.0133 0.0313
TTT 0.0185 0.0097 0.0352
TPT 0.0091 0.0055 0.0273
RTC 0.0104 | 0.0313 0.0313
FLX 0.0067 0.0156 | 0.0156
QTY 0.0091 0.0213 0.0273
INV 0.0195 0.0065 0.0195
LTM 0.014 0.0103 0.0234
LOT 0.0078 0.0011 0.0026

Total 0.4978 0.5565 0.9561

The Most Desirable Alternative is: CMS
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Figure 3 8 Significant category analysis based on cost (CST)
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Figure 3.10: Significant category analysis based on quality (QTY)
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Figure 3.13: Significant category analysis based on workforce (WFC)
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Figure 3.14: Significant category analysis based on benefits (PMB)

Table 3.16: Aggregated indices for alternatives

Total

Significant category analysis
, performance |

" TTCST | PRS | QTY | INV [ IMP | WFC | PMB | analysis |
| ' |
R N - S S
" TL 0.6673 | 0.4476 | 0.3204 | 0.5813 [ 0.3788 | 0.3324 [ 0.5763 | 04978 ' D "
S ] 0.7163 | 0.8848 | 0.2412 | 0.3487 | 0.9192 | 0.4944 | 0.5211 | 0.5565 ™
CMST0.9503 [ 1.0 | 10 | 1.0 |0.6667 | 00935709788 09361 | .

3.1 Conclusions

In this chapter. two multi-criteria decision models for the justification of CMS have been
developed. One is analytical hierarchy process and the other is performance valye
analysis. From the results of both the models. it is evident that the CMS is the best
alternative for implementation and to maintain competitive advantage. In this chapter. one
such attempt is made to demonstrate the usefulness of the multi-attribute decision models

for justification of CMS.
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Chapter 4

Part Family Formation
————“—-\M

4.1 Introduction

The biggest single design problem in changing over to a cellular system from an existing
system is the problem of grouping parts into families (Irani er al. 1999). A part family is a
collection of parts that share some common attributes. Part family formation deals with
the recognition and classification of parts into part families based on certain attributes of
the parts. This serves as a prelude to the overall process of cellular manufacturing
implementation and can have far reaching effects on the performance of the
manufacturing system. The decomposition; based on similarities of design attributes,
manufacturing features, and functions; leads to improved productivity in various
functional areas of organization. For example, in product design, parts are classified and
coded on the basis of their geometric similarities. The emphasis is on families of parts
having similarities of function, shape, and size. When designing a new part, a design
engineer can find a part in the database that has geometric and functionality features
similar to those of the new part. In some cases, only minimal modifications may be
necessary. This results in the reduced time and cost of product development. In
Mmanufacturing, productivity and cost saving are realized by exploiting similarities in
Mmachining operations, tooling, setup procedure, and material handling. Parts having
similar manufacturing requirements can be processed together in dedicated work cells,

leading to reduced setups, tooling, and material handling.
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In this chapter. a literature review on part family formation approaches is presented
followed by two models developed for the part family formation. First model uses fuzzy

logic and AHP and the second model uses fuzzy equivalence relations and AHP.

4.2 Literature Review

The most popular and most rescarched area in cellular manufacturing is to base part's
similarity on their processing requirements with an objective of processing a part family
in a self-sufficient machine cell with minimum intercellular movements. Three most
commonly used methods for part family formation are:

» Eyeballing or visual inspection method

» Product flow analysis

» Classification and coding systems

Eyeballing

The eyeballing method also called visual inspection method is the simplest and least
expensive method. It involves the classification of parts into families by looking either at
the parts themselves or their drawings and arranging them into groups based on general

criteria. This method is very limited in scope when dealing with a large number of parts.

Production Flow Analysis (PFA)

Production flow analysis was first introduced by Burbidge (1963, 1971, 1975. 1991) and
is a method for forming part families and machine groups by analysing the production
process data listed in the route sheets of parts produced in a factory. It groups together the
parts that have similar operation sequences. This method requires reliable and well-
documented route sheets. Therefore, a drawback of PFA is that it assumes the accuracy of
existing route sheets, with no consideration given to whether those process plans are up-

to-date or optimal with respect to the existing mix of machines.
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Parts Classification and Coding

Classification and coding systems have emerged during carly development period of
group technology. This method attempts to group parts with identical or similar design
and manufacturing attributes into families. Parts that are similar in shape or function
could be made in the same group (Gombinski 1964). Atributes of a part such as
dimensions. shape features, auxiliary holes, or gear tecth are captured in a code number.
The code number for cach part provides a compact and consistent description of the
attributes of each part. Such numerically processable information serves as a basis for
sorting and grouping the parts into families. A part's code can consists of a numerical,
alphabetical, or alpha-numerical string. Dunlap and Hirlinger (1983) contended that well

planned coding and classification system offers company wide synergic benefits.

A large number of classification and coding systems have been developed. and a number
of commercial codes are available. Opitz (1970) explained his coding scheme for parts,
which is based on the geometric and technical features. Opitz and Weindahl (1971)
extended the classification scheme for a form code and supplementary code of five digits
and four digits respectively. A brief summary of 44 systems is given in Ham er al, (1985).
A comparative evaluation of four systems - BRISCH BIRN, CODE,
MICLASS/MULTICLASS, and Opitz - based on usage, structure and length, computer
strength, and other special features, is given in Hyer and Wemmerlov (1984). Eckert
(1975), Gallagher and Knight (1973), and Bedworth er al. (1991) have also presented the
details of some coding schemes. Kamrani and Parsaei (1994) developed a methodology
for part family formation using dissimilarity between parts and formulated a 18-digit code

(KAMCODE).
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Parts classification and coding is a highly time-consuming and complicated activity.
Three types of coding structures are: Monocode (hierarchical). Polycode (attribute or

chain code). and Mixed (hybrid code).

Monocode

In this system each digit code is dependent on the meaning of the previous digit code. The
advantages of this code are that it stores more information in a short code and provides
deep analysis. However, the coding system is complicated and very difficult to

implement. Monocode is preferred by the design departments to store part attributes.

Polycode

In this system the meaning of each attribute is independent of any other digit within the
code. Each attribute of a part is tagged with a specific position in the code. This system is
casy to implement but a large number of digits may be required. Polycode is preferred by

the manufacturing department.

Mixed code

A mixed code is a combination of both the monocode and polycode systems. These codes
consist of few digits connected as monocode followed by the rest of the digits as

polycode. Most of the coding systems available arc implemented as mixed systems.

Mathematical Approaches

A number of mathematical approaches have also been developed to form part families
using classification and coding systems. Kusiak (1983) proposed a hierarchical clustering
algorithm to form part families using ‘nearest neighboring approach’. In this procedure,
the parts are first grouped into a few broad families, each of which is then partitioned into
smaller part families and so on. Kusiak (1985, 1987) proposed p-median model to

identify f part families optimally, such that the distance between parts in each family is
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minimized with respect to the median of the family. Unlike the hierarchical clustering
algorithm. this model allows parts to be transferred from one family to another to achieve
the optimal solution. Gongaware and Ham (1981), and Han and Ham (1986) used part
codes in a multi-objective clustering algorithm to form part families. Srinivasan ef al.
(1990) proposed an assignment model for the part families and machine grouping
problem based on similarity coefficient. Kumar er al. (1986) proposed the quadratic
programming model with the objective of maximising the production flow between
machines using k-weighted networks. Srinivasan and Moon (1997) proposed a goal
driven approach using conceptual clustering techniques to induce part families. A
symbolic representation scheme was employed instead of traditional coding systems. Tam
(1990) used k-Nearest-Neighbor (kNN) clustering method developed by Wong (1982) for
part grouping. They formulated the problem using similarity coefficient that takes into

account both the commonality of operations and similarity in operation sequence.

Genetic Algorithms

Hon and Chi (1994) presented an approach for part family formation by using genetic
algorithm. They formulated the problem as a 0-1 quadratic integer programming,
Lee-Post (2000) presented a novel approach to form part families using a simple genetic
algorithm. The technique explored the nature of similarities captured in an existing

classification and coding scheme.

Neural Networks

Kao and Moon (1991) have suggested the application of supervised learning rule
(back-propagation) for the part family formation. In this model, a few distinctive parts are
chosen as seed parts to represent part families and then the network is trained to group the

rest of parts into these families. This model has several problems - network was to be
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trained for the every new part entering the system, the number of part families were
predefined. and the learning results depended on the frequency of presenting a part.
Chung and Kusiak (1994) presented an application of back-propagation neural networks
for generating part families. The network was trained using binary images describing
geometric part shapes. To decrease the chances of reaching a local optimum and to speed
up the computation process, three parameters - bias, momentum, and learning rate - were
taken into consideration. Moon and Chi (1992) adopted a constraint satisfaction model of
neural networks for generalized part family formation. In generalized part family
formation, several practical factors such as sequence of operations, lot size, and multiple
process plans were considered. Liao and Chen (1993) used ART! model integrated with a
feature based design system for automatic Group Technology (GT) coding and part
family formation. Henderson and Musti (1988), Bond and Jain (1988), and Kaparthi and

Suresh (1991) had developed automatic classification and coding systems for forming

part families.

Fuzzy Set Theory

Xu and Wang (1989) presented a technique of forming part families using the concept of
fuzzy classification and fuzzy equivalence. In addition, a dynamic part family assignment
procedure is presented using the methodology of fuzzy pattern recognition to assign new
parts to existing part families. Zhang and Wang (1992) applied fuzzy set methodology by
identifying a degree of match or appropriateness between a machine and a part feature on
the basis of the dimensional tolerance desired. Ben-Arieh and Triantaphyllou (1992)
Proposed a methodology for quantifying part features for grouping that deals with crisp
and fuzzy data in a unified manner. Narayanaswamy et al. (1996) employed a fuzzy logic

methodology to handle the dependency or interaction between part features during the
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determination of the overall suitability of a machine to process a part. The concept of
linguistic hedges or modifiers is used to indicate the relative importance of a feature.
Uncertainties in the dimensional machine tolerance and processing time were considered
and the machine suitabilities were depicted in the form of a non-binary machine-
component matrix. Ben-Arieh er al. (1996) presented a methodology for coding parts
using fuzzy codes. The methodology is general and applies to attributes that have crisp
value, an interval value or a fuzzy value. The methodology considered the range of
attribute’s values relevant for the grouping. Gill and Bector (1997) suggested an approach
based on fuzzy linguistics to quantify part feature information for part family formation.
Chu and Hayya (1991) have developed a fuzzy c-means clustering algorithm for
identifying the degree of membership of a part to a part family in addition to determining
the specific part family the part belongs to. Masnata and Settineri (1997) tailored the
fuzzy c-means algorithm for developing a non-binary approach to cellular manufacturing.
Gindy er al. (1995) also proposed an extended version of the fuzzy c-means clustering
algorithm for component grouping with cluster validation procedure for selection of
optimum number of component groups. Component partitioning is based upon assessing

the compactness of components within a group and overlapping between the component

groups.

4.3 Fuzzy Mathematics Approach to Part Family Formation
A drawback of non-fuzzy techniques is that they demand precise input data regarding the
part’s attributes and hence dichotomously force the part to fall into the classification

scheme. For example, a part code C depends on the attribute /. in the following manner:

0 for L<=3
C= 1 for 3<L<=5
2 for L>5
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According to this approach, two parts with values of 4.99 and 5.01 will carry two
different codes, which may lead to inaccurate grouping. Thus, there is always some
uncertainty or fuzziness deeply rooted in the description of the part's feature itself. The
application of fuzzy set theory allows a part to belong to different families with different

membership.

Suppose that n parts are to be grouped into C families. In the traditional methods, a binary

classification matrix is used as follow:

X, X, .. X,
G [l 0 .. 0]
G, (0 1 0
A= -~
Ge [0 0 ... 1]
L,if the j”part belongs to the i" family
where u, =< b e
0,if the j”part does not belongs to the i family

and (1) u, =0orl Vi, j

c
(2) Zu,} =1 Vj

i=]

(3) Zu,.l >0 Vi
J=1

As a result component X; belongs to a group G; (u; = 1) and does not belong to any other
group. Fuzzy clustering has been advocated as an appropriate methodology for part
family formation in cases where no clear division between groups can be achieved and
hence crisp logic of family formation does not seem appropriate (Wang and Li 1991),
According to the fuzzy logic (Kaufmann 1975), components may belong to different
groups with various probabilities (fuzzy membership) reflecting the similarity between

the component and the component groups. Component membership, therefore, not
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restricted to a binary value of 0 or 1. Instead it is defined in the whole interval [0. 1] and

can be represented by a matrix of the form:

X, X, o Xy

_ .

G, (u, u, ... u,

Gyfuy uy ooy,
A=

GC __ucl uc: ucn_J

where component membership is defined as:
(1) O<u, <1 Vij

.
2)  Du,=1 v

(3) Zn:u,j >0 Vi
sel

4.3.1 Introduction to fuzzy set theory

Fuzzy set theory was introduced by Zadeh (1965) to deal with vague, imprecise and
uncertain problems. The lack of data is the reason for uncertainty in many daily problems.
Fuzzy set theory has been used as a modeling tool for complex systems that are hard to
define precisely, but can be controlled and operated by humans. Humans can make
decisions in the absence of clearly defined boundaries based on expertise and general
Knowledge of the task of the system. The human actions are based on the IF-THEN rules,
which are developed over the years of knowledge and experience. Basic concepts of
fuzzy theory are presented here. More detailed discussion on fuzzy set theory can be
found in Zimmerman (1987), Mamdani and Gains (1981), Schmucker (1984). Lee (1990,

Zadeh (1965. 1973, 1975, 1978), and Klir et al. (1997).

Integrated Approach for Design of Cellular Manufacturing Systems 68



Part Family Formation

Definition
A collection of objects U has a fuzzy sct A described by a membership function p,a that
takes values in the interval (0,1]. pa: U — [0.1]. Thus A can be represented as:

A ={(ua (u)u)|ue U}. The degree that u belongs to U is the membership function pa(u).

Fuzzy linguistic variables

Linguistic variables take on values that are words in natural language. while numerical
variables use numbers as values. Since words are usually less precise than numbers,
linguistic variables provide a method to characterize complex systems that are ill-defined
to be described in traditional quantitative terms (Zadeh 1975). A linguistic variable is
defined by the name of the variable x and the set term P(x) of the linguistic values of x
with each value a fuzzy number defined on U. For example. if part attribute similarity is a
linguistic variable, then its term set P(part attribute similarity)={Very high, High,
Medium, Low, Very low},where each term is characterized by a fuzzy set in a universe of
discourse U=[0,1] as shown in figure 4.1. It shows that a part attribute similarity of 0.52

belongs to the linguistic variable medium and high with membership values of 0.8 and 0.2

respectively

Fuzzy control

Fuzzy set theory is very useful in modeling complex and vague systems. It depicts the
control actions of the operators when they can only describe their actions using natural
language. Fuzzy set theory is a tool that transforms this linguistic control strategy into
mathematical control method. Fuzzy control was first introduced by Mamdani (1974). It

has been successfully applied to many areas.
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4.3.2 Development of model (Model 1) using fuzzy logic and AHP for part family

formation

A model for part family formation using fuzzy logic and AHP is developed. The
similarity  between various parts based on the part attributes is developed using
normalization technique. Next, these similarity coefficients are fuzzified (linguistic
variable with membership value) using a fuzzy membership function. In this model a
trapezoidal membership function (figure 4.1) is used for fuzzification of part similarity
coefficients. Similarly, weight factors computed using AHP model from the
expert/designer/user importance for different attributes are fuzzified (linguistic variable
with membership value). A triangular membership function (figure 4.2) is used for
fuzzification of weight factors. Now, using these linguistic variables and their
membership values, final similarity matrix is generated. The clustering is done using
single linkage clustering method as adopted by McAuley (1972). The detailed algorithm

of the model is given next and the flow chart is shown in figure 4.3.

4.3.2.1 Algorithm

Step 1: Input the number of parts, number of attributes, and their values.
Step 2: Compute the membership value of the individual attributes between the parts as:

(X, = ¥,)
(x_y):ma.x

My =1- (1)

Where x and y are values of the attribute a for parts 1 and 2 respectively.

Step 3:  Define the membership function for the attributes and accordingly define the
linguistic variables (in case of a tie, choose the variable on the lower side).

Step 4: Determine weight factors for each attribute by using AHP.

Step 5:  Define the membership function for the weight factors and accordingly define

the linguistic variables (in case of a tie, choose the variable on the lower side).
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A

Very Low

f Low Medium High Very High
T 1 r1rrtrrrr>

0 01 02030405 060708 09 1.0
Part attribute similarity

—

Figure 4.1: Membership function for part attributes
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Figure 4.2: Membership function for weight factors

Step 6:  Establish the decision making logic or decision rules. These rules usually take
the form of IF-THEN rules. These rules imitate the designer/user’s decision and
are conveniently tabulated in look-up tables.

Step 7 Find the membership using the minimum operator (Mamdani and Assilian
1975, Mamdani 1976), i. e., the membership function of the similarity for each

decision is the minimum value of the input variable's membership, as shown

below:
tabel — L) {U label label }
/‘lnmilurily rating — Minimum input\value ******* /uinpul, value

Step 8:  Find the similarity coefficients between all parts (similarity matrix) using centre

of area method as given below:

D HE xR

R. =4
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Where: R, = the similarity for the pair of parts
i = the rules used
R = the numerical rating
My = the minimum membership value for the rule
Step 9:  Find the maximum value in the similarity matrix.
Step 10: Join the two part groups (two parts, a part and a part group or two part groups)
having maximum similarity. At each stage. part group p” and ¢ are merged into
a new group; say v. This new group consists of all the parts of both the groups.
Add the new group v and update the similarity matrix by computing the
similarity between the new group v and some other group g as:
Svg = Max {Spq} PEV. qEB

Step 11: Repeat step 9 to 10 until all parts are grouped.
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v

Compute consistency ratio (CR)
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Accept weight factors
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Fuzzify weight factors

v

Compute similarity coefficient

!

Join the parts/groups with maximum similarity coefficient

v

Modify similarity coefficient

Is number of
groups>1?

Print solutions

Figure 4.3: Flowchart of the model (model 1) using fuzzy logic and AHP for part family

formation
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4.3.2.2 Validation

The model is validated by solving two examples - one from literature and other generated

with hypothetical values.

Example 1: Consider an example of clustering six parts in families considering three
attributes; length (L), tolerance on the part (T), and the length/Diameter ratio (L/D). The
problem is further divided in three sub-problems taking different weightage for different

attributes (case I, case II, and case III). A step-by-step solution procedure is given below.

Stepl: Input the number of parts, number of attributes. and values of attributes as shown

in table 4.1.

Table 4.1: Parts and the values of different attributes

Parts | Length | Tolerance | LengtvDia
(L) (T) (L/D)
| 70 0.1 2.0
2 10 0.3 2.5
3 30 0.2 3.0
4 60 0.5 4.0
5 70 0.1 2.0
6 20 0.25 3.0

Step2: Compute the membership value of the individual attributes between the parts using
equation (1). These computed values are shown in tables 4.2, 4.3, and 4.4 for L.,

T, and L/D respectively.

Table 4.2: Membership values for attribute L (length)

Parts | 1 2 3 4 5 6
1 1.0 {0 0.166 [ 0.833 (1.0 0.166

2 1.0 1 0.833]0.166 | 0 0.833
3 1.0 0.333 1 0.166 | 1.0
4 1.0 0.833 1 0.333
5 1.0 0.166
6 1.0
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Table 4.3: Membership values for attribute T (tolerance)

Parts | 1 2 3 4 5 6

1 1.0 {05 {0750 1.0 ]10.375
2 1.0 10.75105 (0.5 |0.875
3 1.0 10.25]10.75|0.875
4 1.0 |0 0.375
5 1.0 | 0.625
6 1.0

Table 4.4: Membership values for attribute L/D (length/diameter)

Parts | 1 2 3 4 5 6

1 1.0 |0.75105 |0 1.0 [0.5
2 1.0 [10.75]0.25(0.75]0.25
3 1.0 (05 |05 (1.0
4 1.0 |0 0.5
5 1.0 0.5
6 1.0

Step 3: Fuzzification of part attributes: The values for part pair 1-3 for L, T and L/D are

0.166, 0.75, and 0.5 respectively (see tables 4.2, 4.3, and 4.4). The linguistic

variables and membership values for these values are low with 0.666, high with

0.5 and medium with 1.0 respectively (see figure 4.1).

Step 4: Determination of weight factors of attributes using AHP: the given intensity

importance for attribute 1 (L) over 2 (T), 1 (L) over 3 (L/D), and 2 (T) over 3

(L/D) are 2, 5, and 1 respectively. Table 4.5 illustrates a sample calculation of

weight factors for part pair 1-3 (details of AHP are given in chapter 3). The

weight factors for L, T, and L/D are 0.6, 0.23, and 0.17 respectively.

Table 4.5: Sample weight factors using AHP

L |T |[L/D|PV
L 1 2 |5 0.60
T a |l 1 0.23
L/D | 1/5]1 1 0.17
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Step 5:

Step 7:

Step 8:

Fuzzificauon of weight factors: The weight factor 0.6 belongs to fuzzy subset very
high with a membership value of 1.0 (sce figure 4.2). Similarly, 0.23 and 0.17
belong to fuzzy subsets medium and low with membership values of 0.533 and

0.8606 respectively.

: When this process is completed for all pairs of facilities. IF-THEN decision rules

arc developed. The IF-THEN rules for the part pair 1-3 framed using table 4.6

arc:

Rule 1: IF p" is Low and its weight factor is Very High THEN similarity

coefficient is 0.4
Rule 2: IF uT is High and its weight factor is Medium THEN the similarity
coefficient is 0.8

Rule 3: IF p'P is Medium and its weight factor is Low THEN the similarity

cocfficient is 0.2
Table 4.6: IF-THEN rules

w|VL]L |[M |H |VH
L\L’L 0 |0 |02]02]02
L |0 [0 040404
M |02 ]02]06 06 ]06
H |04 |04 ]08 |08 ]08
VH 0.6 |06 | 1.0 | 1.0 | 1.0
pr=p=p =p”

Using the minimum operator; Rulel results in similarity coefficient of 0.4 with
membership value of 0.666 [Minimum {1, 0.666}]. Similarly, Rule 2 results in
similarity coefficient of 0.8 with membership value of 0.5, and Rule 3 results in
similarity coefficient of 0.2 with membership value of 0.866.

The crisp value of similarity coefficient for part pair 1-3 using the Centre of Area
(COA) method is:

0.4x0.666 +0.8x0.5+0.2x0.866
0.666 + 0.5+ 0.866

= 0413
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This process is repeated for all pair of parts and subscquently the similarity
cocfficient matrix generated is shown in table 4.7.

Step 90 The maximum value of similarity coefficient in table 4.7 is 0.855 for part pair |-
5. Cluster these parts together and the modify similarity matrix. (For example,

Si1.56= max (Si6, Ss¢) = 0.418)

Case I: The importance rating of different attributes is:
LoverT=2,LoverL/D=5.and Tover L/D = |

Table 4.7: Similarity matrix for parts
| 2 3 4 5 6

1 0.35310.413 | 0.462 | 0.855 | 0.367
2 0.8 0.283 [ 0.353 | 0.638
3 0.316 | 0.413 ] 0.855
4 0.462 | 0.367
5 0.418
6

Table 4.7a: Updated similarity matrix for joining parts | and 5

1.5 |2 3 4 6
1,5 0.353 | 0.413 | 0.462 | 0.418
2 0.8 |0.283]0.638
3 0.316 | 0.855
4 0.367
6

Table 4.7b: Updated similarity matrix for joining parts 3 and 6

1,5 |2 3,6 4
1,5 0.353(0.418 | 0.462
2 0.8 0.283
3,6 0.367
4

Table 4.7c: Updated similarity matrix for joining part 2 and (3.6)

1,5 12,3,6 |4
1,5 0418 ] 0.462
2,3,6 0.367
4
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Table 4.7d: Updated similarity matrix for joining part 4 and (1.5)

1,54 | 2.3,6
1.5,4 0418
2,3,6
1 0.855 0.8 0.4620.418

1

[

Nt N Dot e

|

Figure 4.4a: Dendogram showing the clustering of parts (not to scale) for example 1(case I)

Part families formed at different levels of similarity are:

a = 0.855

Part family 1: {1, 5]
Part family 2: (3. 6]
Part family 3: [2]
Part family 4: [4]

a=0.38

Part family 1: [, 5]
Part family 2: (3. 6, 2]
Part family 3: (4]

a=0.462
Part family 1: [1, 5, 4]
Part family 2: (3, 6, 2]

a=0418
Part family 1: [1, 5, 4, 3, 6, 2]

These results are also shown in figure 4.4a using a simple dendogram
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Case II: The importance rating of different attributes is:

L over T=", Lover L/D=1/3,and T over LD = |. The similarity matrix

generated is shown in table 4.8.

Table 4.8: Similarity matrix for parts

1 2 3 4 5 6
0.432 | 0.575 | 0.445 [ 0.828 [ 0.580

1

2 0.7 0.493 ] 0.432 [ 0.669
3 0.526 | 0.575 | 0.828
4 0.445 | 0.579
5 0.580
6

Table 4.8a: Updated similarity matrix for joining parts | and §

1,5 |2 3 4 6

1,5 0.432 |1 0.575 | 0.445 | 0.580
2 0.7 0.493 | 0.669
3 0.526 | 0.828
4 0.579
6

Table 4.8b: Updated similarity matrix for joining parts 3 and 6

1,5 [2 3.6 |4
1,5 0.432 | 0.58 | 0.445
2 0.7 [0.493
3.6 0.579
4

Table 4.8c: Updated similarity matrix for joining parts 2 and (3,6)

1,5 12,3,64
1,5 0.58 | 0.445
2,3,6 0.579
4

Table 4.8d: Updated similarity matrix for joining parts (1,5) and (2,3,6)

1,5, |4
2,3,6
1,5, 0.579
2,3,6
4
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Figure 4.4b: Dendogram showing the clustering of parts (not to scale) for examplel (case 1)

Part families formed at different levels of similarity are:

a=0.828

Part family 1: [1, 5)
Part family 2: [3, 6]
Part family 3: [2]
Part family 4: [4)

a=0.7

Part family 1: (1, 5]
Part family 2: [2, 3, 6]
Part family 3: [4)

a=0.58
Part family 1: (1, 5, 2, 3, 6]
Part family 2: (4]

@ =0.579

Part family 1: (1, 5, 2, 3, 6, 4]

These results are also shown in figure 4.4b using a simple dendogram

Case III: The importance rating of different attributes is:

Lover T=1, Lover L/D =1, and T over L/D = |. The similarity matrix

generated is shown in table 4.9.

Table 4.9: Similarity matrix for parts

I |2 3 4 5 6
l 0.497 ] 0.583 | 0.467 | 1.0 0.54
2 0.888 1 0.47 0497 [0.8
3 047 |.583 |[1.0
4 0.467 | .539
S 0.611
6
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Table 4.9a: Updated similarity matrix for joining parts 1 and 5

152 3 4 6
1.5 0.497 [0.583 [ 0.467 | 0.611
2 0.888 [ 047 |08
3 047 | L0
4 0.539
6

Table 4.9b: Updated similarity matrix for joining parts 3 and 6

1,512 3,6 4
1,5 0.497 | 0.611 | 0.467
2 0.888 | 0.47
3.6 0.539
4

Table 4.9¢: Updated similarity matrix for joining parts 2 and (3.6)

1,5]23,6 |4
1,5 0.611 | 0.467
2,3,6 0.539
4

Table 4.9d: Updated similarity matrix for joining parts (1,5) and (2,3,6)

15, |4
2,3,6
1.5, 0.539
2,3,6
4
I 0.888 0.611 0.539 0
I ]
-
_

]_

Figure 4.4¢: Dendogram showing the clustering of parts (not to scale) for examplel(case 11I)

™l K th — b
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Part families formed at different levels of similarity are:
a=1.0

Part family 1: [1, 5]

Part family 2: [3, 6]

Part family 3: [2]

Part family 4: [4]
u=1(.888

Part family 1: [1, 5]

Part family 2: (2, 3, 6]
Part family 3: [4]
a=0.611

Part family 1: [1, 5, 2, 3, 6]
Part family 2: [4]

a=0.539
Part family 1: (1, S, 2, 3, 6, 4]

These results are also shown in figure 4.4c using a simple dendogram

Example 2: This example has been extracted from Singh and Rajamani (1996). Here six
parts arc to be classified into families based on the eight-digit classification code. In this
example the eight digits of code are taken as eight attributes and the code values are
assumed as attribute values. The data is given in table 4.10. The problem is solved by
taking the same weightage for all the eight attributes. The similarity relation matrix is
shown in table 4.11. The dendogram showing the clustering of parts is shown in figure

4.5. The solution is similar to the one given in Singh and Rajamani (1996)

Table 4.10: Input data for example 2
2 3 4 S

ributes
Parts

WALl b|lw] ~
—_—] NI i DN I
O\ W] | cofoo| ool O
N~ OIS —]| O N
Nl AN ]9

3
1
1
3
1
3

QA | A w o]~
bt | et | et | s | g | e
[ RV, N S N YNV, ¥ Ne Y
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Table 4.11: Similarity matrix for equal weightage of all attributes

1 2 3 4 5 6
1 0.375 | 0.500 | 0.833 | 0.312 | 0.792
2 0.875 | 0.333 | 0.813 | 0.292
3 0.458 | 0.813 | 0.292
4 0.292 |0.292
5 0.396
6

Table 4.11a: Updated similarity matrix for joining parts 2 and 3

] 2,3 4 5 6
1 0.500 [ 0.833]0.312{0.792
2.3 0.458 [ 0.813 | 0.292
4 0.292 ] 0.292
5 0.396
6

Table 4.11b: Updated similarity matrix for joining parts | and 4

14 123 5 6
1.4 0.500 1 0.312 ] 0.792
2,3 0.813]0.292
5 0.396
6

Table 4.11c: Updated similarity matrix for joining parts 5 and (2,3)

1.4 23,5 |6
14 0.500 [ 0.792 |
2,3,5 0.396
6

Table 4.11d: Updated similarity matrix for joining parts 6 and (1.4)

1,4,6 | 2,3,5
0.500

1,4,6
2,3,5

ttegrated Approach for Design of Cellular Manufacturing Svstems
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0.8750.833 0.8130.792

0.5

F I

[

5
7
5
¢
4
|

Figure 4.5: Dendogram showing the clustering of parts (not to scale) for example 2

Part families formed at different levels of similarity are:

a=0.875

Part family 1: [2,
Part family 2: [1]
Part family 3: [4]
Part family 4: [5)
Part family S: [6]

a=0.833

Part family |: |2,
Part family 2: [1,
Part family 3: [5)
Part family 4: [6]

a=0.8I3

Part family 1: 2,
Part family 2: (1,
Part family 3: [6]

«=0.792
Part family 1. [2,
Part family 2: 1,

a=0.5
Part family 1: [2,

These results are also shown in figure 4.5 using a simple dendogram

3]

3]
4]

3. 5]
4]

3,5]
4, 6]

3,5, 1,4, 6]

4.3.3 Development of model (Model 2) using fuzzy equivalence relations and AHP

for part family formation

In each equivalence relation on a given set X, elements of X are related if they are

equivalent in terms of a specified characteristic. There are three properties of fuzzy

cquivalence relations: reflexivity, symmetry, and transitivity.
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A fuzzy relation R on X is reflexive if and only if
R(x,x)=1 V xeX;
Itis symmetric if and only if
R(x,y)=R(y.x) V x,ye X.
A fuzzy relation is transitive if and only if

R (x,2)> max min [R (x.y).R(y.z)] Vr.:e X
Ve

The formula on the right hand side of this inequality expresses the composition R o R of
the relation R with itself. This is possible since R is defined on the Cartesian product

XxX and, hence, it is compatible with itself. By performing the composition R o R, one
can obtain for each pair (x, z)€ X* its membership grade representing the indirect
connection of elements x and z via all possible chains with two links. For a fuzzy relation
to be transitive it is required that for any pair (x‘ z)e R, the direct membership grade R

(x. z) be not smaller than the membership grade obtained indirectly. In some applications,
a fuzzy relation that should be transitive on intuitive ground is actually not transitive. This
unsatisfactory situation may be caused by a deficiency in the data from which the relation
Was derived, inconsistent opinions of experts, or other shortcomings. Transitivity is
essential if the relation is intuitively an equivalence relation. In such cases, it is desirable
to convert the given fuzzy relation R to a transitive one that is as close as possible to R,
Such a relation is called the transitive closure of R. To obtain transitivity, some degrees of
membership in R must be properly increased. The transitive closure of R is thus the
smallest fuzzy relation that is transitive and contains R. Equivalence relation clearly
groups elements that are equivalent under the relation into disjoint classes. Figure 4.6

shows the characteristics of reflexivity, symmetry, and transitivity.,
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Transitivity

Reflexivity Symmetry

Figure 4.6: Characteristic components of reflexive, symmetric, and transitive relations

Compositions of fuzzy relations are conveniently performed in terms of their matrix
representation. Let

P =[p;], Q = [gjx), and R = [ri]
be matrix representation of fuzzy relations for which PoQ = R. then by using matrix
notation. one can write

[ric] = [py] o[qu]

where ry = mlax min (p;,q )

Observe that the same entries in matrices P and Q are used to calculate matrix R as would
be used in the regular matrix multiplication, but the product and sum are replaced here

with the min and max operations, respectively.

As an example, consider a set of six experts who are asked to express their opinion on
Some policy issue. Assume that the similarity in their opinions is captured by the fuzzy

relation R expressed by the matrix R given below

[1 1 0 08 09 0]
I 1 08 09 05 0
R-[0 08 1 0 0 o038
0809 0 1 1 o
0905 0 1 1 o0
0 0 08 0 0 1

Integrated Approach for Design of Cellular Manufacturing Svstems
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1 1 08 09 09 0
1 1 08 09 09 038
0808 1 09 05 08
0909 08 1 10
0909 05 | 1 0
0 08 08 0 0 1

RoR =

For example 0.8 (=r13) = max [min (r11, r13), min (r12, r23), min (r13, r33).
min (rl4, r43), min (r15. r53), min (r16, r63)]

= max [min (1,0), min (1,0.8), min (0.1),
min (0.8,0), min (0.9,0). min (0.0.8)]

= max [0,0.8, 0.0, 0, 0]

=(0.8

4.3.3.1  Algorithm

Step I Input the number of parts, number of attributes, their weightage and values.
Step 2:  Compute the weight factors of attributes using AHP.

Step 3 : Compute the membership value of the individual attributes between the parts as:

(X, —¥2)
(x—y)::\ax

M, =1-
Where x and y are values of the attribute a for parts 1 and 2 respectively.
Step 4 : Compute weighted similarity relation matrix (R) between parts as:
U, =Wt Wy ldy g+t WA
Step 5 : Compute R"'=RoR [R(x,2) 2 r?ez},x min [R (x,y). R(y,2z)] Vx,ze X))
Step 6 : IfR' # R, set R=R’and go to step 5

else Rt =R’"and go to step 7

Step 7 : Stop

The flow chart of the developed algorithm is shown in figure 4.7
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Input

v

Compute membership value

v

Input importance of attributes

v

Compute consistency ratio (CR)

N
R

Accept weight factors

v

Compute weighted similarity relation matrix

!

Compute R’ ¢

Y
R'r=R

v

Print the solution

Figure 4.7: Flow chart of the model (model 2) using fuzzy equivalence relations and AHP
for part family formation
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4.3.3.2 Validation

The model is validated by solving three examples - one from literature and other two
generated with hypothetical values.

Example 1. To validate this algorithm, we have taken the example | given in section
4.3.2.2 and also further divided the problem in three sub problems as done in section

4.3.2.2.

Tables 4.12, 4.13, and 4.14 show the similarity matrix and transitive closure obtained for
Case I, Case II, and Case III respectively. The results are shown in figures 4.8a, 4.8b, and

4.8c for Case I, Case II, and Case III respectively.

Table 4.12a: Similarity matrix for Case |

| 2 3 4 5 6
1 1.0 {0.243 | 0.358 | 0.5 1.0 0.329
2 1.0 0.8 0.257 1 0.243 | 0.829
3 1.0 0.343 1 0.357 | 0.971
4 1.0 0.5 0.371
5 1.0 0.329
6 1.0

Table 4.12b: Transitive closure for Case |

1 2 3 4 5 6
1 1.0 10.37110.371 | 0.5 1.0 0.371
2 1.0 0.83 10.371|0.371 [ 0.83
3 1.0 0.371 ] 0.371 | 0.971
4 1.0 0.5 0.371
5 1.0 0.371
6 1.0
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Table 4.13a: Similarity matrix for Case II

] 2 3 4 5 6
] 1.0 [0.525]0.541 | 0.142 [ 1.0 0.492
2 1.0 0.764 | 0.333 [ 0.525 | 0.813
3 1.0 0.374 [ 0.541 | 0.951
4 1.0 0.142 | 0.423
5 1.0 0.492
6 1.0

Table 4.13b: Transitive closure for case II

| 2 3 4 5 6
| 1.0]054 |0.54 |0423]|1.0 0.54
2 1.0 10.813({0.423|0.54 |0.813
3 1.0 0.423 [ 0.54 |[0.951
4 1.0 0.423 [ 0.423
5 1.0 0.54
6 1.0

Table 4.14a: Similarity matrix for Case 11
1 2 3 4 5 6

| 1.01041710.47210.278 [ 1.0 0.431
2 1.0 0.778 | 0.306 | 0.417 [ 0.819
3 1.0 0.361 | 0.472 | 0.958
4 1.0 0.278 | 0.403
5 1.0 0.431
6 1.0

Table 4.14b: Transitive closure for Case 1]
1 2 3 4 5 6

1 |1.0]0.472]0472]0.403[1.0 |0.472
2 1.0 |0.819]0.403 | 0.473 | 0.819
3 1.0 | 0.403]0.473 | 0.958
) 1.0 |0.403 | 0.403
5 1.0 0473
6 1.0
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Figure 4.8a: Dendogram showing the clustering of parts by fuzzy equivalence (not to scale) for Case |

Figure 4.8b: Dendogram showing the clustering of parts by fuzzy equivalence (not to scale) for Case 11
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Figure 4.8c: Dendogram showing the clustering of parts by fuzzy equivalence (not to scale) for Case 111

Example 2: An example for clustering 25 parts using 15 attributes is taken from Xu and
Wang (1989). The data is given in table 4.15. In this example equal weightage for all
attributes has been considered. The similarity matrix and transitive closures obtained are

given in tables 4.16a and 4.16b respectively.
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DWW I C Al Y =

DD = = o o e - e -
BWN—OV0OIO AL WI—0O

o
‘N

] 2
5514 1.1600
$96 0.9996
596 0996
S96 0999
4687 0.718
4687 0718
409 0.504
31928 0.7509
631 1.06
2.51 0.3165
596 0.9997
11.481 0.878
4.687 0.718
11.281 0.875
3.7 038
37 0.59
2.174 0.18
3.7  0.6252
§.512 0.75
3.6 0.3849
4.076 0.504
5512 1.1873
2.174 0.3125
6.388 0.9377
4.687 0.718

Table 4.15: The part feature data for example 2

Fealures/attributg'

3 4
0.560 4.7534
039 59624
039 5.9624
0.39  5.9624
0.3762 6.5279
0.3762 0.6279
0.329 8.115
029 5.231
0.875 5.9547
0.159 7.9305
039 59618
05 13.0763
0.3762 6.5279
0.5 12.8926
0.2 9.7368
0275 6.2712
0.109 12.0778
03 5.9181
0.35  7.3493
0.188 9.3531
0.4 8.0873
0.55 4.6425
0.159 6.9568
044 6.8124
0.355 6.5279
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[" Various attributes considered are: 1-overall length, 2-maximum diameter, 3-minimum diameter, 4-
lengthymaximum diameter ratio, S-number of grooves, 6-minimum diameter, 7-tightest dimensional
tolerance, 8-best surface finish, 9-perpendicularity, 10-cylindricity, 11-parallelisim, 12-round out, 13-

position, 14-straightness, 15-symmetry]
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Part Family Formation

Figure 4.9: Dendogram showing the clustering of parts (not to scale) for example 2
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Part Family Formation

Part families formed at different levels of similarity are:

a=1.0
Part family 1: [2
Part family 2-24

. 4]
: each part in individual family
a = 0.999762

Part family |: [2, 4, 3]

Part family 2-23: each part in individual family

a =0.969888

Part family 1: [2, 4, 3]

Part family 2: [5, 25]

Part family 3-22: each part in individual family

a =0.968403

Part family 1: (2, 4, 3]

Part family 2: [5, 25, 6]

Part family 3-21: each part in individual family

a =(.964267

Part family 1: [2, 4, 3]

Part family 2: [§, 25, 6, 13]

Part family 3-20: each part in individual family

« =00.962885

Part family 1: (2, 4, 3, 11]

Part family 2: (5, 25, 6, 13]

Part family 3-19: each part in individual family

a =0.950048

Part family 1: (2, 4, 3, 11]

Part family 2: (5, 25, 6, 13]

Part family 3: [1, 22]

Part family 4-18: each part in individual family

a=0.941043

Part family 1: [2, 4, 3, 11]

Part family 2: (5, 25, 6, 13, 19]

Part family 3: [1, 22]

Part family 4-17: each part in individual family

a=0.926119

Part family 1: (2, 4, 3, 1 1]

Part family 2: [5, 25, 6, 13, 19]

Part family 3: (1, 22]

Part family 4: [ 10, 23]

Part family 5-16: each part in individual family
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Part Familv Formation

a =(0.925839

Part family 1: (2,4, 3, 11]

Part family 2: (5, 25, 6, 13, 19]

Part family 3: [1, 22]

Part family 4: [7, 21]

Part family 5: [10, 23]

Part family 6-15: cach part in individual family

a = 0.9200634

Part family 1: (2. 4, 3, 1]

Part family 2: 5, 25. 6, 13, 19]

Part family 3: [1, 22, 24]

Part family 4: [7, 21]

Part family 5: [10, 23]

Part family 6-14: each part in individual family

a= 0.915957

Part family 1: (2,4, 3, 11]

Part family 2: 5, 25, 6, 13, 19, 8]

Part family 3: [1, 22, 24]

Part family 4: 7, 21]

Part family 5: [ 10, 23]

Part family 6-13: each part in individual family

a=0913616

Part family 1: [2, 4, 3, 11]

Part family 2: (5, 25, 6, 13, 19, 8, 1, 22, 24]
Part family 3: (7, 21]

Part family 4: [ 10, 23]

Part family 5-12: each part in individual family

a=0.913581

Part family 1: [2, 4, 3, 11]

Part famlly 2: [5, 25, 6, l3t 19, 8s lv 229 24]
Part family 3: (7, 21]

Part family 4: [10, 23, 17]

Part family 5-11: each part in individual family

a=0.911875

Part family 1: [2, 4, 3, 11]

Part family 2: [5, 25, 6, 13, 19, 8, 1, 22, 24, 15]
Part family 3: (7, 21]

Part family 4: [10, 23, 17]

Part family 5-10: each part in individual family

a=0.901544

Part family 1: (2.4, 3, 11,5, 25, 6. 13. 19. 8, 1, 22, 24. 15]
Part family 2: [7, 21]

Part family 3: (10, 23, 17]

Part family 4-9: each part in individual family
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Part Familv Formation

a = ().89986

Part family 1:[2,4,3.11,5,25.6,13, 19,8, 1,
Part family 2: (7, 21

Part family 3: [10, 23, 17]

Part family 4-8: each part in individual family

88
9

.24, 15, 20)

a = (0.870456

Part family 1: (2,4, 3, 11.5.25,6, 13,19, 8, 1.
Part family 2: (7, 21]

Part family 3: {10, 23, 17, 16]

Part family 4-7: cach part in individual family

to
19
)
»
wn

. 20]

u = (.864697

Part family 1: (2,4, 3, 11,5, 25,6, 13, 19,8, 1.
Part family 2: 7, 21]

Part family 3-6: each part in individual family

(3]
(8]
(3]
i SN

. 15,20, 10, 23, 17, 16]

a =0.854850

Part family 1: (2, 4, 3, 11, 5, 25, 6, 13, 19, 8, 1, 22, 24, 15, 20, 10, 23, 17, 16, 18]
Part family 2: [7, 21]

Part family 3-5: each part in individual family

a=0.843478

Part family 1: [2, 4, 3, 11, 5,25, 6. 13,19, 8, 1,22, 24, 15,20, 10. 23,17, 16, 18.7. 21]
Part family 2: [9]

Part family 3: [12]

Part family 4: [14]

a =(0.762604

Part family 1:(2,4.3.11.5.25.6,13.19.8. 1.
Part family 2: (12, 14]

Part family 3: [9]

38
o

.24,15.20.10.23.17,.16. 18. 7. 21]

@ =0.757454
Part family 1: (2.4, 3, 11, 5,25,6,13,19,8,1,22,24, 15,20, 10. 23,17, 16, 18, 7. 21, 9]
Part family 2: [12, 14]

€=0.716169
All parts in one family

These results are also shown in figure 4.9 using a simple dendogram

Example 3: A hypothetical example for clustering 25 parts using 22 attributes is
considered. The data is given in table 4.17. In this example also equal weightage for
all attributes has been considered. The similarity matrix and transitive closures

oblained are given in table 4.18a and 4.18b respectively.
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Table 4.18b: Transitive closure for example 3

1.000000 0.710277 0.710277 0.710277 0.710277 0.710277 0 710277 0710277 0710277 0.710277 0.710277 0.710277 0.710277 0710277 0.710277 0 710277 0710277 0710277 0710277 0710277 0710277 0.710277 0 710277 0710277 0 696444
0.710277 1.000000 0776522 0.713879 0.776522 0.770130 0757963 0.758287 0776522 0.776522 0.776522 0.776522 0.776522 0 776522 0.77512$ 0776522 0776522 0775325 0776522 0776522 0776522 0776522 0 776522 0776522 0 696444
0.710277 0.776522 1.000000 0.713879 0.781683 0.770130 0.757963 0.758287 0.802335 0.825171 0.863807 0.804004 0.802335 0.825171 0.775325 0.801 191 0325171 0 775325 0781683 0804004 0802335 0.848645 0.794372 0802335 0 696444
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Figure 4.10: Dendogram showing the clustering of parts (not to scale) for example 3

Integrated Approach for Design of Cellular Manufacturing Systems 102



Part Family Formation

Part families formed at different levels of similarity are:

a =0.873593
Part family 1: [14, 17)
Part family 2-24: cach part in individual family

a =0.866621
Part family 1: [14, 17, 10]
Part family 2-23: each part in individual family

a =0.863807
Part family 1: (14, 17, 10]

Part family 2: [3, 11]
Part family 3-22: each part in individual family

a =0.850758

Part family 1: [14, 17, 10]

Part family 2: (3, 11]

Part family 3: [21, 24]

Part family 4-21: each part in individual family

a = 0.848665

Part family [: [14, 17, 10]

Part family 2: (3, 11, 22]

Part family 3: [21, 24]

Part family 4-20: each part in individual family

a =0.847171

Part family 1: [14, 17, 10]

Part family 2: (3, 11, 22]

Part family 3: [21, 24]

Part family 4: [12, 20)

Part family 5-19: each part in individual family

a=0.837328

Part family 1: [14, 17, 10]

Part family 2: (3, 11, 22]

Part family 3: [21, 24, 13]

Part family 4: [12, 20]

Part family 5-18: each part in individual family

a=0.825171

Part family 1: (14, 17, 10, 3, 11, 22]

Part family 2: [21, 24, 13]

Part family 3: [12, 20]

Part family 4-17: each part in individual family

a =0.804004

Part family 1: (14, 17, 10, 3, 11, 22, 12, 20]
Part family 2: [21, 24, 13]

Part family 3-16: each part in individual family
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a = 0.802335
Part family 1: [14, 17, 10, 3, 11, 22, 12, 20, 21, 24, 13, 9]
Part family 2-14: each part in individual family

a=0.801191
Part family 1: [14, 17, 10, 3, 11, 22, 12, 20, 21, 24, 13, 9. 20]
Part family 2-13: each part in individual family

a =(0.798551
Part family 1: [14, 17,10, 3, 11, 22, 12, 20, 21, 24, 13, 9, 20]

Part family 2: [5, 19]
Part family 3-12: each part in individual family

a =0.794372

Part family 1: (14, 17, 10, 3, 11, 22, 12, 20, 21, 24, 13, 9, 20, 23]
Part family 2: [5, 19]

Part family 3-11: each part in individual family

a= 0.784183

Part family 1: [14, 17, 10, 3, 11, 22, 12, 20, 21, 24, 13,9, 20, 23]
Part family 2: [5, 19]

Part family 3: (15, 18]

Part family 4-10: each part in individual family

«=0.781683

Part family 1: (14, 17, 10, 3, 11, 22, 12, 20, 21, 24, 13, 9, 20, 23. 5, 19]
Part family 2: (15, 18]

Part family 3-9: each part in individual family

a =0.776522

Part family 1: [14, 17, 10, 3, 11, 22, 12, 20, 21, 24, 13,9, 20. 23, 5, 19, 2]
Part family 2: [15, 18] .

Part family 3-8: each part in individual family

a=0.770130
Part family 1: [14, 17, 10, 3, 11, 22, 12, 20, 21, 24, 13,9, 20, 23, 5, 19, 2, 15, 18, 6]

Part family 2-6: each part in individual family

a = 0.758287
Part family 1: [14, 17, 10, 3, 11,22, 12, 20, 21, 24, 13,9, 20, 23, 5, 19, 2, 15, 18, 6, 8]

Part family 2-5: each part in individual family

a=0.757963
Part family 1: (14,17, 10, 3, 11, 22, 12, 20, 21, 24, 13, 9, 20, 23. 5, 19,2, 15, 18. 6. 8, 7]
Part family 2-4: each part in individual family

a=0.713879

Part family 1: (14, 17, 10, 3, 11, 22, 12, 20, 21, 24, 13,9, 20, 23, 5. 19, 2. 15, 18. 6. 8, 7. 4]
Part family 2: [1]

Part family 3: [25]
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a=0.710277
Part family 1:[14, 17,10, 3. 11,22, 12, 20,21, 24, 13,9, 20, 23. 5. 19. 2, 15, 18, 6. 8. 7. 4. 1]
Part family 2: [25]

a = 0.696444
All parts in one family

These results are also shown in figure 4.10 using a simple dendogram

4.4 Conclusions

Literature revicw of the part family formation approaches indicates that there are two
main methodologies for part family formation - one based on the coding and
classification and the other based on production flow analysis. Moreover, part families
can be formed based on the design attributes or manufacturing attributes or using a
combination of both. Two models for part family formation are developed in this
chapter, which do not force a part dichotomously to fall in a cluster but allow it to
belong to a part family with certain membership. Model 1 is based on the fuzzy logic
and AHP and model 2 is based on fuzzy equivalence and AHP. Both these models
climinate the scaling problem of different attributes and can be integrated with the
existing coding systems in the organizations to form the part families. However, in
model | AHP is used to assign the weightages to the attributes for each relationship of
part pairs and in  model 2 AHP is used to assign the weightages to the different
attributes, which are same for all parts. Both the models show that different

importance for the different attributes changes the part clustering.
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Chapter 5

Cell Formation

%

5.1.  Introduction

The cell formation problem is of crucial importance when implementing a cellular
manufacturing system because the success of the system depends greatly on the initial
grouping of machines and parts (Chen er al. 1995a). A considerable amount of research
has been directed at the cell formation problem. The Group Technology (GT) problem
was originally tackled, although not in an algorithmic approach, by Burbidge's
production flow analysis (1963, 1971, 1975, 1991). Burbidge's pioneering work is based
on parts routing information and consists of an exhaustive analysis of production flow:.
His approach takes the binary machine-part incidence matrix and rearranges it so that
blocks of machine-part combinations are grouped into cells along the diagonal of the
matrix. The early cell formation methods like array clustering methods and similarity
coefficient based methods used the binary machine-part incidence matrix and ignored
issues such as operation ‘sequence of parts, demand of parts, alternate routes, and size of
the cells. Mathematical programming approaches can cope with the cell formation
Problem in a more comprehensive way since they can incorporate more complicated
features of the problem. Such approaches vary greatly in objectives and constraints,
resulting in extremely complex formulations that are non-polynomial (NP)-complete.

Therefore. usually heuristics are employed to solve these problems. Simulated annealing



Cell Formation

algorithms, genetic algorithms, and tabu search based heuristics have been employed to

solve these problems.

This chapter presents a literature review on cell formation and three models developed to
solve the cell formation problem. The first model is ART!1 neural network (NN) based
which considers various practical factors like production volume, processing time of parts
on machines, number of cells, minimum acceptable utilization of individual machines,
machine downtime, desirable machine utilization, maximum permissible workload on
machines and other management constraints like number of shifts, working days,
maximum and effective time available on machines. Intercell material handling cost and
cost of voids are also considered. Model 2 and model 3 are random search heuristics
based on simulated annealing. These two models consider the alternate process plans for
the parts. However, model 2 considers the binary part-machine incidence matrix and
solves the cell formation problem with the objective of minimizing weighted sum of
exceptional elements and voids and model 3 considers the operation sequence, production

volume (demand), and batch size of parts and solves the cell formation problem with the

objective of minimizing intercell moves.

5.2, Literature Review

Cell formation problem has attracted considerable attention of researchers during past
three decades. Many research papers have appeared during this period. In this section, cell
formation literature is reviewed. Due to the large number of cell formation methods and
the diversity in approaches adopted it is difficult to classify all the approaches without
overlap. Therefore, few references are referred more than once according to the
requirement of the proposed classification scheme. The literature in cell formation has

been classified on the basis of various approaches followed by the researchers as:
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e Array clustering

¢ Similarity coefficient methods

e Heuristics

e Mathematical programming

e [‘uzzy clustering

e Graph theory and network based methods
e Neural networks

¢ Simulated annealing

* Genetic algorithms

e Expert systems/Knowledge-based systems

¢ Simulation

Multiobjective models

5.2.1 Array clustering

Array based clustering method is based on production flow analysis, which primarily uses
routing information. The approach is based on sorting rows and columns of the part-
machine incidence matrix to generate block diagonal forms. McCormick er al. (1972)
developed bond energy algorithm (BEA) to identify and display natural variable groups
or clusters that occur in complex data arrays. They proposed a measure of effectiveness
(ME) such that an array that possesses dense clumps of numerically large elements wil|
have a large ME when compared with the same array if the rows and columns have been
permuted so that its numerically large elements are more uniformly distributed
throughout the array. King (1980) proposed the rank order clustering (ROC) algorithm for
block diagonalising the binary part-machine incidence matrix. This algorithm provides a

simple, effective and efficient technique, which can be easily computerized. In this
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method each row (column) in the part-machine matrix is read as a binary word. The
procedure converts these binary words for each row (column) into decimal equivalents.
The algorithm successively rearranges the rows (columns) iteratively in order of
descending values until there is no change. ROC algorithm had a limitation of
computational complexity as for large-scale problems the binary weight increases,
creating computational problems. This method was improved by developing a modified
version (ROC2) by King and Nakornchai (1982). ROC2 algorithm begins by identifying
in the right-most column all rows that have an entry of 1. These rows are moved to the
top of the column, keeping the relative order among rows. This procedure is then applied
to the rows by beginning at the last row. The use of binary words was eliminated in this
procedure. Waghodekar (1994) proposed ROC3, in which column-row reordering is
suggested instead of row-column reordering, which is done in ROC2. Chandrasekharan
and Rajagopalan (1986a) presented modified rank ordering clustering (MODROC), an
improved ROC algorithm incorporating the block and slice method. In this method the
block of columns form left is removed and ROC is applied again to get another block of
I's in the top left hand corner. This process is continued until no elements are left in the
matrix. This method identifies mutually exclusive groups but may contain overlapping
machines. Chan and Milner (1982) proposed the direct clustering algorithm (DCA),
which rearranges the rows with the left-most positive cells (i.e. 1's) to the top and the
column with the top-most positive cells to the left of the matrix. This method may not
necessarily always produce diagonal solutions even if one exists. Iri (1968) suggested a
method to identify perfect block diagonals if they exist. In this method, starting from any
row, mask all the columns, which have an entry in this row, then proceed to mask all the
rows, which have an entry of 1 in these columns. Repeat this process until the number of

rows and columns stop increasing. These rows and columns constitute a block. If perfect
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block diagonals do not exist, the entire matrix is masked as one group. Kusiak and Chow
(1987b) presented a cluster identification algorithm (CIA) as an implementation of this
method to solve the machine-part grouping problem. A cost analysis was developed to
solve the augmented formulation of the problem, which associates the cost with part and
restricts the number of machines in the cell. In later paper (1987b) they developed a
modified cluster analysis to tackle the presence of exceptional parts or machines.
Chandrasekharan and Rajagopalan (1986b, 1987) presented a three step non-hierarchical
algorithm, ZODIAC, for simultaneous design of part families and machine groups. In the
first step the grouping problem is formulated as a bipartite graph with the nodes in the
first layer representing machines and the nodes in the second layer representing the parts.
The upper bound to number of groups is determined. In the second step, the machine part
incidence matrix is rearranged with the cell having maximum clustering efficiency.
Finally groups are adjusted by defining ‘ideal’ seeds (centroids of the groups) for the
groups. Grouping efficiency is then used to evaluate the goodness of the solution.
Srinivasan and Narendran (1991) developed an algorithm called GRAPHICS based on
non-hierarchical clustering algorithm. In this algorithm the initial seed is obtained from

the assignment method. The authors found that the results obtained with this method are

better than those obtained by ZODIAC.

5.2.2 Similarity coefficient based methods

Similarity coefficient based methods are one of the most frequently used techniques in
cell formation. It can incorporate production data. The approach is easy for the computer
application. Similarity coefficient, dissimilarity coefficient, and resemblance coefficient

are the various measures used in this category. These are used to compare two objects
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such as parts/machines. The aim is to select a larger similarity/rescmblance coefficient or

a smaller dissimilarity coefficient.

McAuley (1972) used Jaccard similarity coefficient in cluster analysis for machine cell
formation. The similarity measure is determined by the ratio of number of parts visiting
both machines and number of parts visiting at least one of the machines. Using single
linkage clustering analysis (SLCA), groups of machines with the highest similarity
cocfficient are formed. In order that the similarity coefficients are meaningful, all
machines must process nearly the same number of parts (DeBeers et al. 1976). For two
machines, which are processing an identical sct of parts and if one of the machines also
processes an additional large number of parts, this similarity would be artificially low
(Luong 1993). SLCA requires a large number of data storage and computation of
similarity matrices and does not form part families and machine groups simultaneously. It
also suffers from chaining problem (Adil et al. 1997). Carrie (1973) used numerical
taxonomy for similarity between parts for the cell formation. Like McAuley (1972), this
method also needs a threshold level of similarity or pre-specified number of cells.
Similarity level is gradually reduced for grouping. The membership of each family is
determined at such level. Rajagopalan and Batra (1975) have also used Jaccard similarity
coefficient for representing arcs in their graph theoretic model. They used cliques of
machine-graph to identity machine cells. Strongly related vertices form the preliminary
cells. With limitation on the cell sizes, some of the vertices are merged so as to minimize
intercellular movement. In this approach, large cliques do not get disjoint- vertex due to
high density of graphs. Another limitation of this method is that part-families are not
formed concurrently. DeWitte (1980) used operation routing, machine time and
divisibility of operations between machines. The method uses three types of similarity

coefficients to explore the interdependence of machine types. These are (i) absolute
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similarity coefficient, (sa,). (ii) mutual similarity coefficient, (smy). and (i) single
similarity coefficient. (ss,). Cells are formed using single linkage cluster analysis and
arbitrary selection of threshold value for similarity coefficients. DeWitie concluded that
for clustering one should first use sa,; and sm; and then for allocating the remaining
unassigned machines. ss, should be used. Waghodekar and Sahu (1984) proposed a
heuristic, MACE, in which they used three similarity coefficients of additive type or
product type. Their method is simple and yields minimum number of exceptional
elements. Grouping is based on the flow and sequence of parts. Panneerselvam and
Balasubramanian (1985) used the parts grouping, which is based on similar process
sequence. This facilitates the processing in the same line. Seifoddini and Wolfe (1985)
proposed average linkage clustering algorithm (ALCA) to overcome the chaining
problem resulting from the duplication of bottleneck machines. Machine duplication
starts with the machine, which is generating largest number of intercellular moves and
continues until a specified threshold is reached. Average linkage clustering method is
preferred as a means of reducing chances of improper machine assignments, though it
does not always do so (Seifoddini and Wolfe 1986, Seifoddini 1989b). In a similar
development, Seifoddini (1989a) compared the SCLA and ALCA and found that ALCA
gives better results. In further study in this area, Seifoddini (1990) observed that machine-
component group analysis methods are suitable when there is no bottleneck machine and
similarity coefficient methods are suitable when bottleneck machines are present. Mosier
and Taube (1985) used similarity coefficient, which is weighed by the size of two
member clusters. Weighted average linkage clustering algorithm, (WLCA), which is an
extension of average linkage clustering algorithm (ALCA) is used for cell formation.
Mosier (1989) has done experimental investigation of application of similarity

coefficients in clustering problems. Steudel and Ballakur (1987) introduced a similarity
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measure based on the part routing and production requirement data. The similarity
measure. called cell bond strength. is used in a two-stage heuristic. Optimum chain
maximising the sum of the bonds among the machines is determined and it is then
partitioned to form machine groups. Wei and Kermn (1989, 1991) used a commonality
score for evaluating similarity of parts. The commonalty score not only recognizes the
parts. which require the two machines for processing. but also the parts. which do not
require both the machines. An algorithm based on single linkage cluster method is used to
form cells. Gupta and Seifoddini (1990) used a similarity coefficient based on production
data such as part type. production volume, routing sequence. and unit operation time. On
the basis of percentage utilization in each cell. their algorithm identifies bottleneck
machines for duplication. Vakharia and Wemmerlov (1990) used an index to assess to
similarity of parts on the basis of their operation sequences. Flow line cells are generated
through iterative sequential manner. Shafer and Roger (1993a) have compared similarity
and distance measures. They observed that the rescarch devoted to machine grouping
procedures out numbers the research devoted to part grouping procedures. Shafer and
Roger (1993b) have proposed a similarity measure to remove this bias. which occurs
when the part requires different number of machines in their processing. Similar bias also
occurs when machines process different number of parts. Loung (1993) developed a
similarity coefficient. which is based on the similarity between the two cells. Coding
system is used to identify machines needed for processing the parts. A heuristic is used to
form cells. In this approach, appropriate value for maximum number of machines in a cel]
and minimum acceptable value of similarity coefficient need to be specified beforehand.
Sarker (1996) compared the similarity/dissimilarity coefficients in literature. Mosier et al.
(1997) have surveyed the similarity coefficient based methods. They emphasised the need

for development of similarity matrices with some desirable properties such as. controlling
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the placement of matrices on a numeric continuum and incorporation of weights and
sequence-order into the matrix. Offodile and Grznar (1997) used similarity coefficient
method for converting weighted code of coding and classification into similarity
measures. An algorithm involving single linkage clustering and average linkage
clustering is also proposed. Askin and Zhou (1998) have defined a similarity coefficient
based on longest common operation sequence between part type and used it to group parts
into independent flow-line families. The optimum machine sequence and capacity for
each cell are then determined by solving shortest path problem on an augmented graph.
Nair and Narendran (1998) proposed CASE (Clustering Algorithm for Sequence Data) to
cluster machines and components on the basis of sequence data. Islam and Sarker (2000)
developed relative similarity coefficient, which uses a set of important characteristic
properties for grouping, for use as an intermediate tool to form cohesive cells. They
developed a mathematical model and a heuristic to form cohesive cells using the
similarity coefficient developed. Yin and Yasuda (2002) developed a similarity
coefficient that incorporates alternate process routing, operation sequence, operation time
and production volume factors. They developed a two stage heuristic for cell formation,
The developed similarity coefficient is used in stage I to obtain basic machine cells. Stage
Il solves the machine-capacity violated issue, assigns parts to cells, selects process
routing for each part and refines the final cell formation solution. A major disadvantage

of most of the similarity coefficient methods is their arbitrary choice of threshold value.

5.2.3 Heuristics

Since the cell formation problem is NP-complete, many procedures developed in this areg
are heuristic based. These methods attempt for efficient yet effective solution approaches.

This often leads to sub-optimal results.
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Purcheck (1985) suggested a heuristic for cell formation. He defined the most complex
part that has to be processed in one cell as master. His heuristic forms groups of minimum
difference between masters and maximum combination of masters. Integrating it with
workload the combination of master set is revised through acceptability tests.
Waghodekar and Sahu (1984) developed a heuristic algorithm MACE (Machine
Component Cell Formation) based on the similarity coefficient between parts to form
machine part groups. The heuristic determines the intercell flows and groups machines
based on the flow and assigns the parts as per the sequence of machines. Askin and
Subramanian (1987) used a three-stage heuristic with economic considerations. Part
routing similarity is coupled with the economic benefits of group technology. This forms
the basis of the heuristic for cell formation. Ballakur and Steudel (1987) applied within-
cell-utilization, workload restrictions and cell-size restrictions in two-stage procedure
involving heuristic for cell formation. Tabucanon and Ojha (1987) developed heuristic for
minimizing intercell flow of material in CMS. Harhalakis er al. (1990a) used a two-step
procedure in the heuristic for minimizing intercell movement of parts. The first step is a
bottom-up aggregation procedure to minimize the normalized intercell traffic. The second
step involves a refinement procedure, which validates the significance of each machine in
a cell to which it is assigned. They also considered the sequence of operations. Kusiak
(1991) used a branching algorithm, which is a modification over his previous heuristic.
Branching schemes for exceptional elements and bottleneck machines were proposed.
The algorithm does not recommend any objective criteria to determine exceptional
elements. Logendran (1991) has developed heuristic solution algorithm for the
identification of key machines in the cell formation. Total moves of the parts are
considered as the weighted sum of both intercell and intracell moves. Chen and Iran;j

(1993) developed two effective clustering heuristics that generate compact block diagonal
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form. These heuristics are based on the minimal spanning tree (MST) of machines and
parts. Kang and Wemmerlov (1993) proposed a heuristic that incorporates the concept of
reallocating operations to alternative machines, while meeting capacity constraints. The
proposed heuristic is user interactive that allows the user to intervene at several points
during the cell formation process. Verma and Ding (1995) developed a sequence based
material flow heuristic to solve cell formation problem. This heuristic is designed to
consider operation sequence in accurately determining the costs of intercell movement as
well as forward and backward intracell movements. Beaulieu et al. (1997) proposed a
heuristic algorithm for cell formation. They considered machine capacity. alternate
routing and constraints on cell size. The heuristic consists of two phases. In the first phase
independent cell is formed using an aggregation procedure. In the second phase. intercell
flow is introduced to eliminate the under-utilization of machines. Del Valle er al. (1994)
developed a workload-based heuristic to minimize the intercell movements. Wu and
Salvendy (1999) proposed a merging-and-breaking heuristic to solve the traditional cell
formation problem and the assignments of the identical machines to different cells. Yin
and Yasuda (2002) developed a heuristic algorithm that consists of two stages. They
developed a similarity coefficient that is used in stage I to obtain basic machine cells.
Stage II solves the machine-capacity violated issue, assigns parts to cells, selects process

routing for each part and refines the final cell formation solution.

5.2.4 Mathematical programming

Two main research schools are identified in the area of CMS, namely: ‘pragmatic’ and
‘optimal’ (Cantamessa and Turroni, 1997). According to ‘pragmatic’ school of research
benefits of CMS come from mere existence of cellular structure with realistic features

rather than mere optimal composition of cells, pursued by so called optimal school of
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research. Therefore, there is a growing need to address some of the practical
manufacturing and managerial considerations mentioned above. Lenstra (1972) showed
that cell formation problem is NP-complete problem. Therefore, research has focussed in
this area to solve a truncated version of the much larger and intractable problem under
certain assumptions to simplify the model. A large variety of mathematical programming
approaches have been used to solve cell formation problems. Linear programming (LP),
Zero-One Linear Integer Programming (ZOLIP), Dynamic Programming (DP). Goal
Programming (GP), Mixed Integer Programming (MIP), Zero-One Non-Linear Integer
Programming (ZONLIP), Zero-One Non-Linear Fractional Programming (ZONLFP),
assignment model, network model, etc. have been adopted for this purpose. Majority of
Mathematical programming models have used objective functions, which are based on
cither maximizing similarity measures or minimizing dissimilarity measures. Some other
models use minimization of various associated costs or maximizing/minimizing the
Operation related measures. The constraints are selected on the basis of cell size, physical
constraints, logical constraints or modelling constraints. Chu (1995) has reviewed and

compiled 34 objectives and 44 constraints on the basis of 58 models selected from

literature in this category.

Purcheck (1975) used mathematical programming for cell formation. Two kinds of
classification schemes using exclusive membership and non-exclusive membership are
adopted. Kusiak er al. (1986) used quadratic programming model for cell formation.
Cluster size is constrained. The model is solved using an eigenvector-based algorithm,
Steudel and Ballakur (1987) used a similarity measure called ‘cell bond strength’. Using
dynamic programming formulation, optimum chain of machines is found. Later, these
chains are partitioned on the basis of cell restrictions. Kusaik (1987¢c) used p-median

model for maximising the sum of similarity coefficients for a fixed number of groups.
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Additional constraint for assigning each part to only one family is modelled. The
approach involves initially selecting p of parts to serve as median or seeds for the clusters.
Subsequently, the remaining parts are assigned to this seed such that the sum of part
similarity in cach cluster is maximized. In another integer programming model he
considered more than one process-routes for every part. In the p-median formulation,
additional constraints are added so that each part uses one process plan. The approach is
significant in the sense that it was one of the earlier approaches to process a similarity
matrix into a mathematical programming framework. The major limitation is that there is
no simultancous identification of machine cells in the model. Viswanathan (1996)
proposed a new approach for solving the p-median problem in GT wherein the number of
cells are not required to be given a priori. Wang and Roze (1997) used modified p-
median approach for cell formation that allows the control of size of machine cells or part
families by introducing an upper bound on the maximal number of machines per cell or
maximal number of parts per family. Won (2000) developed two new p-median
approaches to cell formation with alternate process plans: one with the prespecified
number of cells and the other without the prespecified number of cells. Choobineh (1988)
used proximity measure for manufacturing operations and sequence of operation. A
zero/one integer programming formulation is used for cell formation. It is assumed that an
operation can be performed on more than one machine type. Objective function
minimizes the cost of producing parts in each cell and cost of purchasing new equipment.
The model makes a significant contribution as the fund availability for machine
acquisition has been considered. The formulation has a limitation that some coefficients
of model can be known exactly only after the solution is known. For example, cost of
producing a part in a cell can be known exactly only after the cell is formed through the

final result of the formulation. Co and Araar (1988) used a three-stage methodology for
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cell formation. Initially zero/one integer programming is used to minimize the deviation
between available capacity and workloads assigned to each machine. The resulting
incidence matrix is manipulated by using King's algorithm. In the third stage, a direct
search algorithm is employed for the composition of cells. The most significant limitation
of this model is that the two parts that require similar processing in terms of tooling and
set-ups can be assigned to different machines in order to achieve a balance of capacity for
each machine type (Shafer and Rogers 1991). Gunasingh and Lashkari (1989) developed
zero/one integer programming for maximizing similarity between machines and parts for
minimizing the difference in cost of machines and saving due to intercellular material
handling. The major contributions are: consideration for tooling-based similarity;
differentiating situations of reorganizing the manufacturing system and setting up a new
system; and consideration for cell size limitations. The information regarding total
budgetary limit for the purchase of each machine is considered. Shtub (1989) used
generalised assignment problem to minimize the cost of assigning the parts in the cells
subject to minimum and maximum usage in each cell. Several process plans are also
considered for the parts in each model. Askin and Chiu (1990) considered minimization
of four costs: (i) machine cost; (ii) overhead associated with establishing a cell; (iii)
tooling cost; and (iv) parts intercell transfer cost. Cell size restriction and limits on
workers hour are also considered in the 0/1 integer programming formulation. Offodile
(1992) has tackled the cell formation problem as a generalized assignment problem. This
model advocates the adoption of dissimilarity measures and incorporates a weighted
incidence matrix for production volume of parts. Rajamani et al. (1992a) have developed
an integer program for a sequence dependent cell formation problem. The trade-off
between saving on sequence dependent setup costs and additional investment on new

machines is considered for determining the economic number of cells. Nagi et al. (1990),
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Singh er al. (1992) have considered the issue of alternate routing in the mathematical
programming model for cell formation and route selection. A weighted criteria for
minimizing intercell and intracell part movement is considered by Logendran (1990).
Sankaran and Kasilingam (1993) have tackled the issue of cell size and machine
requirement planning in the integer-programming model for cell formation. They also
presented a simplified computational heuristic. It was observed that the interplay between
sum of spatial and machine amortizing cost, and the sum of the processing and the
material handling costs are the crucial factors in deciding capacity planning investments.
Shanker and Agarwal (1997) considered a generalized framework of cell formation where
an operation can be performed on more than one machine. Non-binary part-operation-
machine incidence matrix is used for both hierarchical and non-hierarchical approaches.
With multiple route plans, it is possible to reduce number of bottleneck machines by
selecting a suitable process plan out of several alternatives available for each part. Lee
and Chen (1997) have developed a mathematical formulation weighted approach for cell
formation. The objectives are minimizing intercell movement and workload balancing
among duplicate machines. Cell size, machine types and capacities, routing sequence,
processing data, setup time, cycle demand, batch size, and pallet size are considered in the
model. It has been assumed in the model that each part type has one unique routing
sequences and total workload of each machine is within capacity limit. A three-phase
strategy has been adopted to solve the model. They have also concluded that a singular
objective of either minimizing intercell movement or maximizing process similarity is not
effective in real life cell formation problem. Important performance including throughout
time, number of in-process parts, and complexity of operation and control must be
considered in the cell formation process. Askin and Zhou (1998) proposed an operation-

sequence-based method for forming flow-line cells. The objective of the method is to find
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the minimum cost set of flow line cells that is capable of producing desired part mix.
Shortest path problem is solved as an augmented graph to find optimal machine
sequence/requirement for each cell. Baykasoglu and Gindy (2000) devcioped a goal
programming formulation for concurrently forming independent cells. Machine
independent capability unit, which are known as resource elements, are used to define
processing requirements of parts and processing capabilities of machine tools.
Representation of unique and shared capability boundaries by resource elements increases
the opportunity to form independent cells and efficient utilization of them. The model was
solved using tabu search algorithm. Won and Lee (2001) proposed a O-1 linear
formulation for solving the cell formation problem considering operation sequences and
production volume to minimize the total intercell flows. The upper and lower limits on
the part family and machine cell size were considered in the algorithm. Many other
researchers have also adopted mathematical programming approaches in cell formation,
for example: quadratic programming (Srivastava and Chen 1995), integer programming

(Gunasingh and Lashkari 1991), mixed integer programming (Rajamani er al. 1990,

1992b, 1996, Adil et al. 1993, and 1996), erc. There has been some criticism of the
mathematical programming models. This is because most of these methods are
computationally intractable for large size problems (Vakharia and Chang 1997). Wei and
Gaither (1990) have however pointed out that these models allow researchers to compare
solution quality of heuristics used for cell formation. These models also provide the
insight into development of near-optimal heuristic procedure. Another feature of some

recent research is to exploit the potential of these methods in conjunction with a heuristic,

i.e., adopting a two-phase methodology for cell formation.
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5.2.5 Fuzzy clustering

Fuzzy approach provides a more accurate presentation of problem in the environment of
uncertainty or inexact information (Bezdek 1981). It effectively tackles those
parts/machines whose lineages to a cell are less evident. Batra and Rajagopalan (1977)
used fuzzy clustering. Their approach first forms fuzzy component families and decides
membership grades of cach component with reference to every family. An alternative
algorithm is used for cell formation by considering the requirements of high-grade
members subject to constraint on cell size and machine utilization. They also introduced
the concept of super cell, which is a collection of adjacent cells forming single
administrative unit. Chu and Hayya (1991) used fuzzy c-means clustering algorithm to
formulate the cell formation problem. Each part is associated with a degree of
membership to the part families. It provides flexibility in part assignment to cells so that
the workload balance among machine cells is maintained. Zhang and Wang (1992)
showed that degree of match between each part-machine pair could be calculated using
fuzzy set theory. They provide a fuzzy version of single linkage clustering and rank order
clustering considering a non-binary machine-component matrix. This method is more
flexible as compared to the binary matrix approach. It provides a mechanism to capture a
number of other relationships between part machine pair such as cost of processing a part
on machine, processing time, etc. Fuzzy clustering approach has also been used for cell
formation by Ponnambalam and Arvindan (1993a), Ponnambalam et al. (1993). They
proposed a heuristic algorithm, which uses a similarity measure proposed by Kusiak
(1987b) and Hungarian method to solve the travelling salesman formulation for
sequential fuzzy clustering problem. The algorithm has weaknesses such as - artificial
restriction on number of groups and data structure of incidence matrix is in no way

related to the heuristic. They (Ponnambalam and Arvindan 1993b) proposed the
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modification by incorporating commonality score (Wei and Kern 1989) and labelling
algorithm (Lotfi 1989). Gindy er al. (1995) used fuzzy c-means clustering algorithm and
defined a validity measure for cell formation. Component partitioning is based upon
assessing the compactness of component within a group and overlapping between
component groups. Venogopal (1999) provides a review of the fuzzy models for solving
group technology problem. He divided the models in four categories: (i) fuzzy clustering;

(ii) fuzzy heuristics: (iii) fuzzy mathematical programming: and (iv) fuzzy ART neural

networks.

5.2.6 Graph theory and network based methods

Rajagopalan and Batra (1975) used graph theory for machine group formation. This
problem is represented in the form of a graph, whose vertices represent machines and
edges represent relationships created between the machines and components using them.
In order to identify the machine cells a graph-partitioning method was developed, which
identifies cliques. Vannelli and Kumar (1986) used minimum cut nodes of graph to model
the minimum number of bottlenecks machines (or parts). When duplicated (or
subcontracted) this results in perfect clustering. Faber and Carter (1986) used networks in
which nodes represent machines/components. This is decomposed into dense sub-graphs.
Heuristic is used to decide duplication of bottleneck machines and cell formation.
Ballakur and Steudel (1987) used bipartite graph search algorithm to select key
machine/part and within cell utilization of machines is used as the criterion for machine
assignment. Askin and Chiu (1990) used graph partitioning to assign components to
specific machines and then grouping into cells. Vohra et al. (1990) used network

approach for cell formation for minimum intercellular transfer. Modified Gomory-Hu

algorithm is used to partition the incidence matrix with machining time figures.
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Askin er al. (1991) used Hamiltonian path approach for cell formation. Distance measure
based on the similarity coefficients is used in the heuristic for deleting edges on tour.
Agarwal er al. (1994) have also considered use of graph theory in cell formation. Vannelli
and Hall (1993) used a graph partitioning technique for finding part-machine families to
optimize machine replication and part sub-contracting strategies in economical sense. The
limit on part-machine families was considered to address the issue of load imbalance
between cells. Hadley (1996) extended this work to improve the accuracy of the graphical
models. Shanker and Agarwal (1997) have reviewed some graph partitioning approaches-
based papers and concluded that this approach has been successfully employed for simple
grouping and has potential for generalized grouping with non-binary part-machine
associations. Wu (1998) developed a network based model by which the cell formation
and assignment of identical machines are solved concurrently. The machine type which
has only one machine is represented by a simple node and the machine which has two or
more than two machines is represented by a complex node. By using the information of
operation sequences for each part type, Wu and Salvendy (1999) developed a graphical
mode! that can describe the part families with respect to the machine types of multiple
machines. This model can assign identical machines to different cells based on part
families without involving complex computation. Mukhopadhyay et al. (2000) proposed
an algorithm based on modified Hamiltonian chain (MHC) and consists of two stages.
Stage I forms the graph from the machine part incidence matrix. Stage II generates a
modified Hamiltonian chain which is a subgraph of the main graph developed in stage I,
and it gives machine sequence and part sequence directly. A major drawback of graph

theoretic approach is due to non-consideration of practical issues such as, production

volume and alternative plans (Singh 1993).

Integrated Approach for Design of Cellular Manufacturing Svstems 131



Cell Formation

5.2.7 Neural networks

Various paradigms of neural network have been used for cell formation during recent
years. The rapid parallel processing of these networks and pattern classification are very
useful in this area. Back propagation, self-organising mapping, competitive learning,
adaptive learning techniques (ART, ART-1 and ART-II), and interactive action and
competition learning, have been employed for cell formation problem (Chu 1995).
Malave and Ramachandran (1991) and Chu (1993) have applied the competitive learning
rule to the parts and machines formation problem but the problem with these models is
that there is no threshold to define the level of similarity between the patterns which are
clustered together. So the presence of an unusual pattern which is only slightly similar to
the members of an existing cluster can wash away the cluster's information about the
previously learned patterns. Dagli and Huggahalli (1991) used the ART1 neural network
for part family and machine cell formation and noticed that the outputs of ARTI are
dependent on the sequence of the inputs. Kaparthi and Suresh (1992) also used ARTI to
group parts or machines wherein they suggested reversing the ones and zeros in the
incidence matrix and restoring the original values after the clustering to reduce the data
dependency of ARTIL. This algorithm didn't produce very satisfactory results for ill-
structured problems such as Burbidge (1975). Kaparathi er al. (1993) proposed a robust
neural network based algorithm for part-machine grouping problem in group technology
by modifying the normal Carpenter and Grossberg’s ARTI1 neural network. The
robustness of the modified algorithm to random ordering of the input data was tested
using industry-size data set (10000 parts and 100 machine types). Venugopal and
Narendran (1994) tested the competitive learning algorithm, ART1 and Kohonen's self-
organising feature map for cell formation. Kusiak and Lee (1996), Chen and Cheng

(1995), Chen et al. (1995b) have also used neural network approach for cell formation
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problem. Malakooti and Yang (1995) have used unsupervised learning neural network,
having features to incorporate variable parameters in cell formation. V¥a and Ali (1995),
and Zolfaghari and Liang (1997) have used Hopfield neural network for cell design.
Burke and Kamal (1992) have introduced an application of the fuzzy-ART neural
network to the cell formation problem. Suresh and Kaparthi (1994) investigated the
performance of fuzzy-ART for cell formation. Using large data set, a series of replicated
clustering experiments are performed. It is shown that the fuzzy-ART performs better
than ARTI1, DCA, ROC3 and modified ART! approaches in terms of consistency and
better identification of block diagonalised structures. Execution time in fuzzy-ART is
more than ART! and modified ART1 but less than DCA and ROC2. Suresh er al. (1999)
included the operation sequence of parts in a Fuzzy-ART model. Kamal (1995) and
Kamal and Burke (1996) also presented FACT (Fuzzy ART with Add Clustering
Technique) algorithm for GT application. FACT can be trained to cluster machines and
parts for cellular manufacturing under a multiple objective environment. Rao and Gu
(1995) proposed a multi-constrained neural network that is capable to develop alternate
cell designs taking into consideration the duplicate machine availability and the capacity
available on each of the machines. Venugopal (1999) provides a review of the neural
network models for solving group technology problem. He divided the various neural
network models in eight categories: (i) competitive learning/modification; (ii) interactive
activations and competition (IAC); (iii) self-organizing feature map/modification; (iv)
ART-1/modification; (v) Fuzzy ART; (vi) back propagation; (vii) stochastic learning; and
(viii) Hopfield networks. Dobado et al. (2002) proposed the application of a Fuzzy Min-
Max neural network for the part family formation in a CMS. They used a minimum cost
flow model to form the machine cells. The input data are in the form of a binary part-

machine incidence matrix.
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5.2.8 Simulated annealing

Boctor (1991) used simulated annealing for minimum number of exceptional elements
(EE) when rearranging the part-machine matrix. Its potential is however limited to single
objective. Boctor (1996) has further used mixed linear program where the objective is to
minimise the total manufacturing cost (material handling cost and the annual operating
cost). He used simulated annealing to solve cell formation problem. Proth (1991)
proposed an algorithm based on simulated annealing for cell formation. The algorithm is
used to minimize the inter-cell movements. He concluded that the convergence of the
algorithm is highly dependent on the annealing parameters and the initial incident matrix.
Harhalakis et al. (1990b) used simulated annealing-based heuristic for cell formation for
an industrial problem. Venugopal and Narendran (1992a) used a simulated annealing
algorithm to solve the cell formation problem wherein the grouping problem is modelled
mathematically with the objective of minimizing the load variations of machines in a cell,
subjected to the constraints of assigning one machine type to only one cell and where cell
is not empty. Chen and Srivastava (1994) have used simulated annealing for solving part-
family problem in discrete part manufacturing. Cell formation was modelled as quadratic
programming with the objective of minimizing the sum of similarity of machines within a
cell. It produces solutions of comparable quality and could handle realistically large
problem instances. Chen er al. (1995a) used simulated annealing-based heuristic for cell
formation. They outlined three advantages of their approach: (i) flexibility in maximum
number of machines allowed; (ii) ability to solve non-binary problems; and (iii) ability to
solve large size problems. Adil er al. (1997) have also used simulated annealing for cell
formation with alternate routing considerations. Vakharia and Chang (1997) have used
simulated annealing and tabu search for cell formation. They concluded that simulated

annealing is preferred above tabu search procedure in terms of solution quality and
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computational effort for the selected problem. Sofianopoulou (1997,1999) proposed
simulated annealing algorithms for cell formation problem considering alternate process
plans and multiple machines of each type with an objective to minimize the intercellular
moves. Adil and Rajamani (2000) developed a simulated annealing algorithm that
minimizes the total intercell and intracell costs. Sangwan and Kodali (2002) formulated
the cell formation problem as a non-linear programming (NLP) problem with the
objective to minimize intercellular and intracellular moves cost. A simulated annealing
algorithm was proposed to solve the formulation. Various practical factors like alternate
routes, operation sequence of parts, production volume, transfer batch size and upper

limit on the number of machines in the cells were considered.

5.2.9 Genetic algorithms

Venugopal and Narendran (1992b) used bi-criteria mathematical model with a solution
procedure on genetic algorithm. Two objectives are considered: (i) minimisation of the
volume of intercell moves; and (ii) total within-cell load variation. Gupta et al. (1995)
used genetic algorithm for a formulation, which minimises the weighted sum of intercell
and intracell part movement. Minimum acceptable level of machine utilisation is defined.
Cheng er al. (1998) have also used genetic algorithm to solve a “travelling salesman
problem™ (TSP) formulation for cell design. Lee er al. (1997) developed a genetic
algorithm based method for cell formation. This method takes into account the production
volume, alternate routing, and process sequences. It also has the ability to select the best
alternate routing in terms of cell formation for each part before attempting to cluster the
machines and parts. The cell formation has been treated as a minimization problem
according to a defined cost function. The cost function consists of material handling

costs, operation and non-operation (loading and unloading) costs of machines, fixed
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machine costs. and machine duplication costs. Cheng et al. (1998) formulated the cell
formation problem as a travelling salesman problem (TSP) and a solution methodology
based on genetic algorithms is proposed to minimize the intercellular movements. Binary
part-machine incidence matrix is the input. Zhao and Wu (2000) developed a genetic
algorithm approach to the cell formation problem with multiple objectives: minimizing
costs due to intercell and intracell part movements; minimizing the total within cell load
variation; and minimizing exceptional elements. Cells are formed based on production
data. They also suggested a method to deal with alternate routing. Brown and Sumichrast
(2001) presented a grouping genetic algorithm for solving the machine-part cell formation
problem. The algorithm was tested using the measurements of efficiency and efficacy.
The input data are in the form of a binary part-machine incidence matrix. Dimopoulos
and Mort (2001) also proposed a genetic programming model to solve the simple versions

of the problem. The input data are in the form of a binary part-machine incidence matrix.

5.2.10 Expert systems/knowledge-based systems

Kusiak (1987a, 1988, 1990) used knowledge-based approach with expert system and
optimization. Information regarding machine capacity, material handling capabilities,
technical requirements and cell dimensions are used to form cells. The knowledge-based
approach EXGT-S allows taking advantage of the user’s expertise. Kusiak (1987c)
discussed the role of artificial intelligence and operations research in the GT cell
formation. El-Maraghy and Gu (1988) developed a system considering syntactic pattern
and knowledge rule to form cells. In a similar development, they used a technique for
direct and automatic assignment of parts. They used the integration of feature-based
modelling system and cellular manufacturing with the help of expert part/cell assignment.

El-Maraghy and Gu (1989) has also used expert system approach for cell formation.
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Chow and Hawaleshka (1993) developed a knowledge-based system to consider three
types of practical constraints in cellular manufacturing: maximum size of machine cells,
technological constraints, and desired total number of machine cells. Basu et al. (1995)
proposed an expert system approach to cell formation. The starting point for their expert
systems is the initial solution generated by traditional mathematical techniques. Based on
a flexible set of user-driven quantitative and qualitative factors, the expert system
evaluates these preliminary solutions for feasibility and quality. If the solutions are not

satisfactory (infeasible or of low quality), the system suggests modification.

5.2.11 Simulation

In the contemporary research in manufacturing, simulation studies have been carried out
to establish the cffectiveness of manufacturing systems (Lyu and Gunasekaran 1992).
Gupta and Tompkins (1982) analysed the impact of variables such as demand, cell size,
setup time, efc. on the group technology shop. Ang and Willey (1984) compared the pure
and hybrid group technology systems. The effects of the changes in job mix and of
increase in demand and intercell workload transfer were examined. It was established that
hybrid group technology with approximate configuration may perform significantly better
than pure group technology system. Flynn and Jacobs (1987F) compared group technology
and traditional job shop for average move time and average setup time. Superiority of
group technology-based system is established. Banarjee and Flynn (1987) studied the
group technology system for maintenance policies. They found that combined policy of
preventive maintenance and equipment redundancy is superior to individual policies.
Hanumante er al. (1988) have considered the effectiveness of cellular manufacturing
through simulation study. Flynn (1987) used critical machine concept in the group

technology and evolved a set of maintenance policies. Simulation study of group
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technology by Sassani (1990) suggested that the performance improve through sub-batch
work transfer. Morris and Tersine (1990) analysed the factor influencing the
attractiveness of group technology layouts. They identified the ideal environment for
CMS as one in which: (i) there is high ratio of setup to processing time: (ii) demand is
stable; (iii) the work has a unidirectional flow within a cell; and (iv) there is a significant
time delay in moving parts between departments. Suresh (1991) investigated how much
setup times must decrease in CMS to offset the loss in routing flexibility that exists
because of the substitutability of machines in functional layout. Suresh (1992) further
studied CMS under a comprehensive set of conditions involving the setup reduction
factor, the batch quantity, the cell size, and the allowance of intercell movements. Shafar
and Meredith (1993) carried simulation study of functional and cellular layouts with
overlapping operations. They suggested that following five factors might influence the
relative benefits of adopting a cellular layout: (i) mean batch size; (i1) number of different
machine parts required; (iii) processing times; (iv) machine capacity; and (v) existence of
natural part family. Shafer and Chames (1993) used a simulation model to study the
performance of a completely cellular layout, which is different from Shafer and Meredith
(1993) due to hybrid cellular layout studied in the later. Shafer and Charnes (1995)
simulated the loading procedures for cellular and functional layouts in a variety of
operating environments. Factors such as, part family flow, shop congestion, delay in

moving batches, and labour are considered.

5.2.12 Multi-objective models

Any manufacturing system design is basically a multiple criteria decision making
problem (Tabucanon 1998), a fact ignored in many contemporary research papers in CMS

design. This is mainly due to computational effort to tackle such formulations. However,
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there are some important contributions in this area. Wei and Gaither (1990) considered
capacity constrained, linear integer, multi objective cell formation problem. Objective
functions are: bottleneck costs; average cell utilisation; intercell load imbalance and
intracell imbalance. Limits on cell size were also considered in the model. Frazier et al.
(1991) used best of random seed heuristic to generate a large number of alternatives for a
multiobjective, cell formation problem. Non-dominated solution theory. and preference
cone theory were used to select a solution out of potentially useful alternatives. In this
model the active participation of the decision-maker is required. Vakharia and
Wemmerlov (1990) used four-stage cell formation algorithm, which is based on the
operation sequences with restrictions on capital for machine acquisition and acceptable
threshold value for cell utilization. Shaferand Rogers (1991) used goal programming for
a multi-objective cell formation problem. Objectives are divided in four major categories:
(i) reducing the number of set-ups; (ii) producing parts completely within the cell; (ii)
minimizing investments in new equipment; and (iv) maintaining acceptable utilisation
levels. Min and Shin (1993) have developed multi-objective model for simultaneous

formation of machine cell and human cell. Akturk and Balkose (1996) proposed a more
comprehensive multi-objective approach for part-machine grouping and considered both

design and manufacturing attributes and operation sequences simultaneously.

5.3 Neural Networks Approach for Cell Formation

Neural networks, sometimes referred to as artificial neural networks or parallel processing
systems, are developed to model the way in which the human brain processes
information. As the human brain is extremely effective as regards problems involving
large amount of uncertain and noisy data. neural networks attempt to mimic the

functioning of biological neurons and generate intelligent decisions. The fundamental
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processing unit in a neural network is called a neuron, which can posses a local memory
and carry out localized information processing operations. They are interconnected with
unidirectional signal channels (called connections) into multilevel networks. Each neuron
has a single output, which branches into as many collateral connections as desired. Each
neuron carries the same signal - the neuron output signal. This signal can be of any
mathematical type desired. The processing that takes place within each neuron must be
completely local - it must depend only upon the current values of the input signal arriving
at the neuron through impinging connections and upon the values stored in the neuron's
local memory. Generally, a neural network has an input layer to receive data from the
outside world and an output layer to send information to users or external devices. Layers
that lie between the input and output are called hidden layers and have no direct contact
with the environment. Neural networks may or may not have hidden layers. The structure
of a neural network could be characterized by the interconnection architecture among
neurons, the activation function for conversion of inputs into outputs, and the learning
algorithm. To date, many kinds of neural network architectures including the ART
models, Hopfield models, Back-Propagation models, Kohonen’s model, etc., have been

developed. The basic principles of neural networks are given in Lippmann (1987), Zurada

(1999).

Artificial Resonance Theory 1 (ART1)

ART1 network was developed by Carpenter and Grossberg (1987, 1988). It serves the
purpose of cluster discovery. The network produces clusters by itself, if such clusters are
identified in the input data, and stores the clustering information about patterns or features
without a priori information about the possible number and type of clusters. Essentially
the network “follows the leader” after it originates the first cluster with the first input

pattern received. It then creates the second cluster if the distance (dissimilarity) of the
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second pattern exceeds a certain threshold, otherwise the pattern inspection followed by
either new cluster origination or acceptance of the pattern to the old cluster is the main
step of ARTI network production. The basic idea in ART! is that the input vector is
compared to the prototype vectors in order of decreasing similarity until a prototype
vector close enough to the input vector (vigilance ratio) is found. Prototype vectors are
stored in the network as connection weight vectors. Connection weight vectors that have
not been used for any cluster at a certain stage are all set to ‘1°, the vector of all ones

(exemplar). The flow chart of the basic ART! algorithm is shown in figure 5.1.

The ARTI neural network is based on unsupervised learning. Learning in neural
networks can be supervised, unsupervised or based on combined unsupervised-supervised
learning. In supervised learning, the correct output for an input pattern has to be specified
when the input pattern is presented. In an unsupervised learning, the network has no
knowledge about what the correct or desired output should be. The system learns on its
own without external guidance. The ART1 network includes two layers of neurons: the
input (comparison) layer and the output (recognition) layer as shown in figure 5.2. In part
family formation problem, the input layer is representative of the part characteristic vector

and the output layer represents the number of part families.

The comparison layer elements accept inputs from the environment and the recognition
layer elements each represents a pattern class. Every node in the input layer is totally
connected to every node in the output layer with top down and bottom up connections.
The ARTI algorithm employs a competitive learning approach in the sense that ART]
learns to cluster the input pattern by making the output neurons compete with each other
for the right to react to a particular input pattern. The output neuron which has the weight

vector that is most similar to the input vector claims this input pattern by producing an
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output of ‘1" and at the same time inhibits other output neurons by forcing them to
produce ‘0's. In ARTI, only the winning node is permitted to alter its weight vector,
which is modified in such a way that it is brought even near to the representative input
pattern in the cluster concerned. ART1 attempts to associate an input pattern to a cluster
pattern. The output of ARTI is an indication of membership of the input pattern in a

group with similar characteristics.
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Figure 5.1: Flow chart of the basic ART! algorithm
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Figure 5.2: The architecture of the ART! neural network

5.3.1 Development of model (Model 1) using ART]1 for cell formation

In this section a user interactive five-stage ART1 based model is presented to solve the
cell formation problem by satisfying the specified design criteria as deemed fit by the
user/organization. The five stages of the framework for the model - the parameter input,
ARTI part family formation, allocation of machines, examination of the cell design
constraints, and finally the selection of the best solution from the feasible set on the basis

of a cost function - are shown in figure 5.3.

Stage 1: The parameter input stage

In this stage the following problem inputs are required to define the problem.
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Notation:

M : Number of machines

P : Number of parts

Lom : Part-machine incidence matrix

Uc : An upper bound on the number of cells

Cyaxy  : Number of output ncurons

P : The vigilance threshold for the formation of part families

Pyiv  : Least permissible degree of similarity between parts in each family
PTM,,, :Processing time, in minutes, of part p on machine type m

CVOID :Cost associated with a void

CICM, :Cost associated with an inter-cell move for each unit of part type p
PVOL, :Annual demand for part p

UTIL, :Minimum acceptable utilization levels for machine m

NS :Number of shifts

HPS  :Hours per shift

WD  :Number of working days in a year

m, :Utilization of machine m

Mysage -Time (in minutes) for which the machine is engaged

DUM :Desirable utilization levels for each machine

VALAX :Available time reduction factor for machines

Y,.(Cmax, P) :The i'" feasible cell configuration corresponding to © and Cyax

€ :Cost function (the sum of the costs of voids and inter-cell material handling)

)] :Feasible set of solutions

MGCmc :Machine to cell assignment
PCC, :Partto cell allocation

NCELLS :Number of cells formed

Stage 2: Formation of part families

In this stage ART! neural network is used to form part families based on the network
parameters, Cmax and p, which play an important role in determining the quality of the

resulting partitions. Here Cmax is the expected number of clusters and thus corresponds to

an upper bound on the number of cells that can be formed. The initial value of Cyax,

Integrated Approach for Design of Cellular Manufacturing Svstems 145



Cell Formation

chosen arbitrarily, does not impact the efficiency of the solution provided it is high
enough. In our algorithm this parameter is changed from 2 to UC in various iterations.
This technique has the advantage that all feasible solutions are identified. This parameter
can be used to limit the number of cells formed and, p, the vigilance threshold, is a
measure of the minimum desired similarity between parts in each part family and as p is
increased the network tends to increase the number of clusters formed. The advantages of
using this methodology for the formation of part families is that computational times are
low, the entire part-machine matrix need not be stored and as only one row is processed at
a time, product flexibility in the CMS is maintained. The network treats each part on the
basis of its processing characteristics, which is a marked improvement over traditional

clustering techniques, which would solve the entire problem if a new part is to be added.

Stage 3: Machine assignment

At this stage of the algorithm the neural network has formed part families corresponding
o the network parameters Cmax and p. We now use the weighted sum of exceptional

-lements and voids to allocate machines for the processing of these part families.

Stage 4: Sartisfaction of cell design constraints

When the machines in the manufacturing system have all been assigned for the
brocessing of part families the cell configuration has been completely determined. Most
-onventional approaches to the cellular manufacturing problem terminate at this stage.

However, this model investigates the feasibility of the resulting solution by ascertaining if

1l specified cell design constraints are met.

Stage 5: Selection of the best solution corresponding to the minimum total cost
The total cost for each element of the feasible set, i.e. the W¥i(Cmax, p), will now

letermine the best solution corresponding to the least cell configuration cost. It must be
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noted that the total cost function & is a function of ¥ alone and does not depend on the

level of similarity at which it is formed.

Initialize the neural network parameters p and
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]
f E— |
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Figure 5.3: Framework for the model (model 1) using ART! for cell formation
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5.3.1.1 Algorithm
Step 1: Part data. costs and cell design parameters are input to the algorithm
Step 2: Initialize Cyax =2
Step 3: Initialize p = pamin
Step 4: Initialize top-down and bottom-up weights
Step 4a: Top down connection weights: t;(0) = 1
Step 4b: Bottom-up connection weights: bj;(0) = 1/(1+M)
Step 5: Input nodes i=1 to M and output node j = 1 to Cajax

Step 6: Apply a new input vector I, corresponding to the p" row of the part-machine

incidence matrix

Step 7: Compute matching scores

The output y; of every node j is calculated as:

M, = b (Nx, VY j=li1C,,

He = mj_lx {ﬂj}

Step 8: Select best matching score, i.e. node (6) with maximum output. The output of all
other neurons is suppressed (lateral inhibition). In the case of a tie choose the one

with a lower j.

Step 9: Test the similarity of the input vector with the best matching exemplar

I, |= D x, =the numberof s intheinput vector
i
IT-1]= Zt,,, -x; =thenumber matching ls berweentheinput vector and
i

the best matching exemplar

If (”T |/ |15 )2 pgotostep#llelsegotostep#10
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Step 10: Disable best matching exemplar temporarily
The output of the best matching node selected is temporarily set to zero. Other
outputs have already been suppressed due to lateral inhibition. Go to step 7 and
select a new neuron in the output layer

Step 11: Update best matching exemplar
Reverse the exemplar X and the input vector I to X' and I’ respectively, with the
ones being made zeros and vice versa. The elements of the modified exemplar are
then given by || X'. I" || which is in turn reversed to yield the updated exemplar.
Case 1la: X=I,. The input vector is identical to the exemplar and the input is
classified under the category of matching exemplar and the exemplar remains
unchanged, regardless of reversal of digits.
Case 11b: X# I, [IX]| < || Ip || and X < I;. The number of ones in the exemplar is
lower than in the input vector that has been found to be similar. Also, the
exemplar is fully included in the input vector. It is desired that the exemplar
absorb new elements from the input vector. This does not occur with regular
notation.
Case 1lc: XI,, || X || > || Ip || and I, € X. In this case, the number of elements in
the exemplar is more than in the input. The input vector is fully included in the
exemplar that has been found to be similar within the limits of p. Reversal ensures
that the exemplar remain the same without contracting.
Case 11d: X#I and || X || = || I, || In this case the two vectors are similar, but not
the same, and the number of elements in both are same, but their positions differ.

In such a case it is desired that the exemplar merely absorb new elements without
losing any existing element.

b = s (t): %,
05+ D 1,00 x,)
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Step 12: Update the bottom-up weight connections

Step 13: If all parts are assigned go to step 14; else Go to step 5, after enabling any
nodes disabled in step 10

Step 14: Set NCELLS = Number of part families identified

Step 15: Assignment of machines to part families by minimizing the weighted sum of

exceptional elements and voids

NCELLS P M

Contribution of Exceptional elements: ~w Z ZZI m PCC,. (1-MGC,)

czl  p=lms]

NCELLS P M

Void contribution: (1-w) ». Y. >.(1-1,,) PCC, MGC,

cal  p=lmsl

Subject to:

NCELLS
> pcC, =1,V p=ltoP
cal

NCELLS

Y MGC,, =1,.Ym=1toM

where

| ifpart p is assigned to cell ¢
PCCye = {0 otherwise

1 if machine m is assigned to cell ¢
MGC, = {0 otherwise

Stepl16 Examine the feasibility of the solution by checking if all cell design constraints

are satisfied

Step 16a: Calculate the available time (in minutes per year) of each machine as
follows

TIME = 60XNPSxHPSXW XV,

avail
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Step 16b: Find total time for which each machine ‘'m' is engaged

P
m,,. = I, PVOL PTM,  Vm=ltoM

pel

m, =(m,,, /TIME,,,) VYm=lioM

usage

Step 16¢: Find the utilization of all machinesm =1toM
Step 16d: Compute machine workloads in each cell:

The number of shifts, hours per shift and the number of working days in a
year govern the operation time available for machines in each cell. While
forming cells we need to ensure that the total time for which the machine
needs to be engaged does not exceed the available time of the machine.
We also need to account for the downtime of the machine for maintenance,
breakdowns, tooling and set-ups. Implementing philosophies like TPM in

the workplace can increase the available time of machines.

m < TIME,, ¥V m = ltoM

usage

Step 16e: Utilization of machines in each cell: On the basis of the capital investment
in each machine and the management philosophies being implemented it

will be necessary that every machine be used to varying levels of

utilization

m, > ACCPU, VYV m=1toM

If all the cell design constraints are met g0 to Step 17 else go to step 18

Step 17: Add solution to the feasible set @
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Calculate the total cost £ for this cell configuration W(Cyyax. p) by finding out the inter-

cell material handling cost for parts in various cells and the cost associated with the voids.

NCELLS
Inter cell material handling cost : ZZZIM CIcM, PVOL,
=l pec nR«
NCELLS
Cost associated with voids in cells : ZZE(I ~ 1 CYOIDY G0k)
c=l pecmec
where x=m —-DUM
) 5 0 VvV x20
ane (x)= |x] ¥V x<0

Step 18 If p = 0.9 go to step 19; else update p =p + 0.1 and go to step 5

Step 19 If Cyax = UC go to step 20; else update Cyiax = Caiax + 1. p = panx and go to
step 5

Step 20 Select the best solution ¥, corresponding to the least cost é'. from the feasible

set @
Step 21 Stop

5.3.1.2 Validation

The model is validated using example 1 and example 2 (given below) from literature. For
both examples the feasible set of solutions is obtained and for these cell configurations
the total cost of inter-cell material handling and voids in the manufacturing cells, is
computed. The best solution is then the cell configuration corresponding to the minimum

cost. Both examples use the following values for the parameters specified:

NS =2

HPS =B

WD =i
VMAX =093
DUM =0.6
CVOID =% 1000
ucC =3
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Example 1: This is a six machines and eight parts matrix (Singh and Rajamani 1996).

The input data for the problem is given in the table 5.1. The upper bound on the number
of cells is set to 3. The network parameters, Cpmax and p initially set to 2 and 0.1
respectively. Then each row of the incidence matrix is fed to the network, part-wise and
the network assigns them to part families on the basis of the similarity threshold p. The
steps of the ART1 algorithm for part family formation at p = 0.5 are given below:

Table 5. 1: Input data for example |

Unit cost of inter- Processing times o i
Parts cell move (8) Demand g[ﬂlinljc-‘:]1 mechines
| 10 4000 MI(10), M3(14), M6(13)
2 10 3500 M1(23), M3(9), M6(9)
3 30 4750 M2(5), M3(11), M5(9)
4 10 2500 M2(18), M4(18), M5(13)
5 20 6500 M1(9), M3(8)
6 9 5000 M2(19), M3(8), M6(10)
7 10 6700 M2(9), M4(20), M5(10)
8 13 5000 MI(16), M3(3), M4(16)

| Step 1: consider the upper limit on the number of families as 2 (C = 2)

The weights are initiated as:

bijj = I/1+M = 1/7

t=1,i=1..,6j=12
Step 2: When part | is presented to the network, one of the two neurons has the largest
output. It is arbitrarily denoted as neuron 1. The vigilance test is unconditionally passed
as the vigilance in the first pass is unity as all top down weights are initialised as unity.
This results in the unconditional definition of the first cluster. Figure 5.4 shows the ART]

network after completion of the first training step. Note that from among 12 weights, t;;, 3

are set to unity and others are set to zero.
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Output layer

Input layer

Figure 5.4: The ARTI network for example 1 after the first training step

Summary of first pass of ART! algorithm, after part is input is:

b“ = b31 = b(,l =2/7 (1/0.5+3),

the remaining bottom up weights are 1/7 as initialised.

ty =ty =ter = 1,

the remaining top down weights are set to zero.

Step 3: During the presentation of part 2, there is no output layer node competing for

clustering, since the only active node is 1. The vigilance test results in

(T 1)/ 1o )= 30173)=1>05

As this input is exactly similar to the neuron 1, this part is clustered in family 1. Summary

of second pass of ARTI algorithm, after part 2 is input is:

bya = baa = be2 = 2/7 (1/0.5+3),

the remaining bottom weights are 1/7 as initialised.

the remaining top down weights are set to zero.

Step 4: During the presentation of part 3 also there is only one active top layer node. The

vigilance test results in:
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(-1 7te] )= 101/3) = 1/3<0.5
Due to the failure of the vigilance test and the absence of other nodes for further
eivaluation and for potential disabling, part 3 is treated as a new cluster (family). This
family is represented by another neuron, neuron 2.
Summary of third pass of ARTI algorithm, after part 3 is input is:

ba3 = bay = bsy = 2/7,

the remaining bottom weights are 1/7 as initialised.

ta=ta=ts3= 1,
the remaining top down weights are set o zero.

Step 5- During the presentation of part 4, there are two neuron competitors. The matching

chore computed are:
w = 002/7) + 3177 = 377
py = 22/7) + L(1/T) = 517

Thus, neuron 2 results as a winner and the vigilance test results in:

(T 1] /150 )= 21/3) = 2/3> 0.5

The vigilance test is passed and the part is clustered in family 2.

éummaw of fourth pass of algorithm, after part 4 is input is:

f bys = bas = bas = bsa = 2/9 (1/0.5+4),
the remaining bottom weights are 1/7 as initialised.

; a=ty=ty=tsa=1,

the remaining top down weights are set to zero.

Step 6: During the presentation of part 5, the matching score computed are:

-

§

W = 2(2/7) + 0(1/7) = 4/7=0.571

' 2 = 1(2/9) + 1(1/7) = 23/63= 0.365

Thus, neuron 1 results as a winner and the vigilance test resu
i

t

Its in:

0
I
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(.10, )=20/2)=1505
The vigilance test is passed and the part is clustered in family 1
The summary of fifth pass of ARTI algorithm, part 5 is input is:
bis = bas = bes = 2/7,
the remaining bottom weights are 1/7 as initialised.
t1s = tas = tgs= 1,
the remaining top down weights are set to zero.
Step 7: During the presentation of part 6, the matching score computed are:

f w=2(2/7) + 1(1/7)=5/7=0.714

we = 2(2/9) + 1(1/7) = 37/63 = 0.587
Thus, neuron 1 results as a winner and the vigilance test results in:
(T 1, 7|1.] )=21/3)=2/3>0.5
The vigilance test is passed and the part is clustered in family 1
The summary of fifth pass of algorithm, part 6 is input is:
bie = bag = b3g = bes = 2/9,
the remaining bottom weights are 1/7 as initialised.
tie = tas = t36 = teo = 1,
the remaining top down weights are set to zero.

Step 8: During the presentation of part 7, the matching score computed are:

W = 1(2/9) + 2(1/7) = 23/63
Mo = 3(2/9) + 0(1/7) = 2/3
Thus, neuron 2 results as a winner and the vigilance test results in:

(. 1) 7te] )=30/3)=1>0.5

The vigilance test is passed and the part is clustered in family 2

The summary of sixth pass of ART]1 algorithm, part 7 is input is:
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b27 = bi7 = bar = bsy =2/9,

the remaining bottom weights are 1/7 as initialised.
lr=lyr=ty=ts7 = 1,

the remaining top down weights are set to zero.

Step 9: During the presentation of part 8, the matching score computed are:

!
p = 2(2/9) + 1(1/7) = 37/63

pa = 2(2/9) + 1(1/7) = 37/63
Both the neurons have same score, but the selected winner is neuron | (lower j), the
vigilance test results in:

(T 1,0/ ]1:]) )= 201/3)=2/3>0.5

i . . :
The vigilance test is passed and the part is clustered in family |

Thus, at this stage, the part families formed are:

|
i

Part family 1: 1, 2,5,6, 8

Part family 2: 3,4, 7

}\fter the network has successfully assigned all parts, the weighted sum of exceptional

elements and voids is minimized and the machines are allocated as shown in table 5.2.
|

We have used a weight of w=0.7, as exceptional elements are usually more problematic

from a material-handling perspective than voids. The current cell configuration (2, 0.1)
!

|
js then examined to check if all cell design constraints are met. The rearranged matrix,
|
machine utilization levels, inter-cell material handling costs and cost of cell voids are

f
shown in tables 5.3 - 5.6. This cell configuration is found to satisfy all cell design

f .
‘constraints and is added to the feasible set &.

i
i
{
f
{

1::The network parameters are then updated to Cmax=2 and p=0.2, and it is found that the

fsolution is the same as W(2, 0.1). In fact, this solution is found to remain stable for all

i
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values of p ranging from 0.1 to 0.6, for Cyax=2.Finally, at Cyjax=2, p=0.7, the network s
unable to retain all parts in two clusters and no solution is obtained. No solution is

obtained for all subsequent values of p, for the same value of Cmax=2. Now the network

parameters are set to Cmax=3, p=0.1, and the original feasible solution of W¥(2, 0.1)

reappears. In this way by altering the parameters of the network the feasible set of

solutions if obtained as follows:

b = { FCrax. P)]
{2, 0.1), (2, 0.2), ¥i(2, 0.3), Fy2, 0.4), ¥s5(2, 0.5), ¥(2, 0.6), ¥«A3,

0.1), ¥(3, 0.2), o3, 0.3), ¥i(3 0.4), ¥u(3, 0.5). ¥iA3. 0.5). ¥(3,

B

0.6)]

As mentioned above, the total cost function & depends of the cell configuration alone and
is independent of the level of similarity at which the cells are formed, thus the total cost
for all these solutions is the same. The various costs for the cells and the overall cell

configuration cost are shown in table 5. 7. The minimum cost for this solution is seen to

be &" = $ 278,500.

Table 5.2: Change in solutions with variations in the network parameters
CELL CONFIGURATION (Y)
Crmax Pmin : -
Machine Group Part Family
M1, M3, M6 1,2,5,6,8
2 006 1 M2 M4, MS 3,47
2 0.7-0.9 No feasible solution
3 0.1-0.6 Same as ¥(Cmax =2, p=0.1-0.6)
3 0.7-0.9 No feasible solution

—_—
]
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Table 5.3: Rearranged part machine matrix for cell configuration ¥ 1

Machines
Parts 1 3 6 3 ) s
l 1 1 I
2 1 ] I
5 l l *
6 * ] 1 I
8 | | * 1
3 1 1 * 1
4 I | |
7 ) l |
Table 5.4: Utilization of machines
Minimum o —
Cell Machine acceptable Utilization peration time
utilization [minutes]
l 0.75 0.91 259000
' 3 0.5 0.47 133500
6 04 0.50 142250
2 0.4 0.68 194500
2 4 0.4 0.45 129050
5 0.4 0.63 179000

Table 5.5: Calculation of costs associated with inter-cell moves for parts

Demand Cost for | Total cost
Cell Inter-cell move of part unit ($) $)
P6 to M2 5000 9 45000
P8 to M4 5000 13 65000
2  P3toM3 4750 30 142500

Table 5.6: Calculation of costs associated with voids in cells

Cost of void

Cell [parmgci‘me] Machine utilization (CyOID * (DUM — my]
P5/M6 0.47 13000
P8/M6 0.47 13000
2 No voids
Table 5.7: Inter-cell movement, void and total costs (All costs in $)
Cell Inter-cell movement Void cost Total cost
€ cost
26000 136000
11000
é 142500 o ;‘;gggg
Total cost for this cell configuration =
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Example 2: This problem involves ten machines and twenty-five parts (Masnata and

Settineri 1997). The data for the problem is given in table 5.8. The feasible set is obtained

as follows:

® = {¥(Cmax, P)}
(W,(4, 0.1), Wa4, 0.2), W34, 0.3), Ya(4, 0.4), ¥s(5, 0.1), We(5, 0.2),

W¥,(5.,0.3), (5, 0.4)}
The configurations ¥, W2, W3, Ws, W6 and V5 correspond to the same cell configuration,

say V', while the configurations W4 and W are the also the same, say ¥''. It is found that
the minimum total cost corresponds to the cell configuration ¥ and is equal to $607,500
while the solution ¥ corresponds to a total cost of $984,800. The best solution ¥’, thus
corresponds to a minimum cost £ of $607,500. Various feasible solutions at different
network parameters are given in table 5. 9. Tables 5.10 to 5.14 show the rearranged

matrix, utilization of machines, and calculation of inter-cell, void and total cost for the

best solution respectively.
Table 5.8: Input data for example 2

p : Unit cl(;st of Annual Processing times on machines
ants mter-c(e$) MOVE  demand [minutes]
10 4000 M1(9), M7(9), M9(5)
10 3500 M1(7), M5(9), M7(8)
10 4750 M4(23), M10(1)

2500 M3(10), M5(20)

10

10 6500 M2(12), M6(7), M8(16)
10 5000 M3(10), M5(21), M10(7)
10 6700 M4(2), M6(11), M8(9)
10 5000 M1(13), M7(9), M9(14)
10 4000 M4(12), M8(11)

10 3500  Md(6), M8(12)

10 4750  M3(14), M7(9)

10 2500  M2(14), M10(4)

10 6500  MI(8), M7(16)

10 5000  MA4(12), M10(17)
M2(19), M6(2), M8(7)

10 6700
10 5000  MI1(9),M7(10)
19 2000 M2(2). M6(14). M&(D)
10 3500  M2(9). M9(1D)
4750 M2(10), M6(9)
10 9
2500  M2(5), M6(12), M8(9)
12 6500  MI(5). M5(3), M9(5)
> s000  MI®: M7(5), MI(7)
10 M4(5), M10(8)

10 6700 (a6, MT(12), M9(3)

5000
}g 1500 M3(7). M5(12)
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Table 5.9: Change in solutions with variations in the network parameters

0 Cell configuration (V)
Cinax e Machine Group Part Family
2 0.1-0.9 No feasible solution
3 0.1-0.9 No feasible solution
M1, M7, M9 1,2, 8,12, 16, 18, 21, 22
M4, M5, M10 3,6,12, 14, 23,25
4 0.1-0.3 M3 4,11, 24
M2, M6, M8 5.7,9,10, 15,17, 19, 20
M1, M7, M9 1, 2,8, 22
4 0.4 M4, M10 3,9, 10, 14, 23
' MS, M5 4,6, 11, 12,13, 16, 18, 19, 21, 24,25
M2, M6, M8 S,7,15,17,20
4 0.5-0.9 No feasible solution
5 0.1-0.3 Same as \P(CMAxﬂ, p=0.l to 0.3)
5 0.4 Same as ¥(Cumax =4, p=0.4)
5 0.5-0.9 No feasible solution

I——
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Table 5.10: Rearranged part machine matrix

Machines
Parts 1 7 9 4 5 10 3 2 6 8
1 | | 1
2 1 | * ]
8 1 1 |
13 ] | *
16 | | *
18 * * ] ]
21 ] * | 1
22 1 | |
3 1 * 1
6 * | l |
12 * * | 1
14 1 * 1
23 | * |
25 * | * |
4 1 1
11 | |
24 | 1 1
5 | 1 1
7 1 * 1 1
% % l
10 1 Coe
1 1 1
; 2 | | 1
19 1 | *
20 1 l l
Table 5.11: Utilization of machines
Minimum A Operation time
Cell Machine acceptable Utilization [minutes)
utilization 5060
: o 0‘82 333000
: 7 04 iy 196000
9 0.4 0.69
y 0.4 0.71 202750
0.4 0.43 123000
2 5 ‘ 0.66 188350
10 04 0.43 121500
3 3 04 0.96 273300
2 04 0.92 261350
4 g M 223700

\ . : '5
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Table 5.12: Calculation of costs associated with inter-cell moves for parts

Cell Inter-cell move Demand Cos} for 1 Total cost

| of part unit ($) (3)
i P2 to M5 3500 10 35000
| l P21 to M5 6500 10 65000
J P18 to M2 3500 10 35000
P6 to M3 5000 10 50000
2 P25 to M3 1500 10 15000
P12 to M2 2500 10 25000
P11 to M7 4750 10 47500
3 P24 to M7 5000 10 50000
i P24 to M9 5000 10 50000
P4 to M5 2500 10 25000
P7 to M4 6700 10 67000
4 P9 to M4 4000 10 40000
P10 to M4 3500 10 35000

Table 5.13: Calculation of costs associated with voids in cells

Cell Void ath Machine utilization Cost of void

[part/machine] (M,) [CVOID * (DUM - my)]
P18/MI Ml - 0.86 -
P18/M7 M7 -0.78

|, pamT M7 -0.78

P2/M9 M9 - 0.69
P13/M9 M9 - 0.69
P16/M9 M9 - 0.69
P6/M4 M4 - 0.71
P12/M4 M4 - 0.71
P25/M4 M4 -0.71 -
P3/M5 M5 -0.43 17000

2 p1aMs M5 - 0.43 17000
P14/M5 M5 - 0.43 17000
pP23/M5 M5 - 0.43 17000
P25/M10 M10 -0.66

3 No voids
P7/M2 M2 - 0.96
P9/M?2 M2 - 0.96

,  Pom2 M2 - 0.96
P9/M6 M6 - 0.92
P10/M6 M6 - 0.92 -
P19/M8 M8 - 0.79 =

er-cell movement, void and total costs (All costs in §)

Table SW
Cell Inter-cell Void cost Total cost
€ movement cost
I 135000 0 135000
90000 68000 158000
§ 172500 0 172500
0 142000
4 142000 607500

Total cost for this cell configuration =

uring Sysiems
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5.4 Simulated Annealing (SA) Approach for Cell Formation

Simulated Annealing Algorithm is a powerful random search algorithm based on iterative
improvement originally introduced by Metropolis er al. (1953) and later implemented by
Kirkpatrick er al. (1983) to solve combinatorial problems. The algorithm starts with an
initial random feasible solution Soly and by applying the perturbation scheme to this and
any subscquent solution, Sol. neighbouring feasible solution, Soli.;, is obtained. If the

change in the objective function £ (0bji.1-obj) <0, the solution is accepted otherwise the

case is treated probabilistically; if a random number, R, between (0, 1) < e ™" the solution

is accepted otherwise rejected. The probability of accepting such solutions is reduced as

the value of T decreases and the change E in the objective values increases. It is this

ability to probabilistically accept ‘retrogressive’ solutions that distinguishes the SAA

from the classic iterative improvement methods and enables it to escape from a local

optimum at an early stage (Venugopal and Narendran 1992a). The various parameters of

the algorithm were finalized for specific problems after running the program at different

values of the parameters. This section presents an implementation of the simulated

annealing for cell formation. The main steps of SAA are: initial solution, generation of
olution, and termination.

neighbourhood solution, aCCCPlaﬂce/fejCCﬁO“ of generated s

Initial solution

Initially machines are allotted randomly to each cell. For this machine assignment, an

Initial part allocation 18 obtained. Thus, an initial solution and objective function are

Obtained.

Generation of a neighbourhood solution
d solutions. two actions can be adopted — move

T :
O generate subsequent nelghbourhoo

med by rand

omly selecting tWO cells, then choosing

and/ :
Or swap. A move is pe[’fOf

o anufacturing Systems
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randomly a machine inside one of the cells and moving it to the other one. Repeat this
process if the stated any stated constraint is violated. A swap is to exchange two randomly

selected machines inside two randomly chosen cells.

Acceptance/rejection of the generated solution

The generated solution is accepted if the objective function value improves. If the
objective function value does not improve, the solution is accepted with a probability
depending on the temperature, which is set to allow the acceptance of a large proportion
of generated solution at the beginning. Then the temperature is lowered to reduce the

robability of acceptance. At each temperature many moves are attem ted and the
Y p

algorithm stops when predefined conditions are met.

Termination

The algorithm can be terminated in three ways: when the specified maximum iterations

are reached or the acceptance ratio is below a predetermined value or if the objective
function does not change for a specified number of iterations. The values of the stopping

criteria are a compromise between the solution quality and computational time.

54.1 Development of SA model (Model 2) using binary part-machine incidence

matrix for cell formation
eveloped for cell formati

ence matrix. The objective is to minimize the

i i ted. The input t
In this section a SA model d on is presente e input to the

algorithm is the binary part-machine incid

ements and voids. This model solves the cell formation

Weighted sum of exceptional €l
ans for parts. The basic flowchart of the SA is

Problem ip presence of alternate process pl

Shown in figure 5.5.

wms
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5.4.1.1 Mathematical formulation

Norations:

l, | : variables for machines (i)
n - total number of machines

k : variable for parts

P . total number of parts

Xy - variables for cells (x#y)

- total number of cells

F,f - flow/interaction between machine i and j for part £

- number of process plans for part

The objective (minimization of weighted sum of exceptional elements and voids) is

computed as:
7
Minimize —z=).

subject to

a0 =] vk
This constraint gurantees that each part is allocated to one cell and

only one process plan is selected for the part

Ly

I, if machineiisin cell x
0, otherwise

res processing on machine i in process plan r

B I, if part k requi
! 0, otherwise

rocess planris selected

'rl.l =

. 1, if part k isincell x and p
0, otherwise o
nal element corresponding to part k and machine

W
nding to partk and mac

Il

« = weight of exceptio
L, = weight of void correspo
0 <w

hinei

ki Sl
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Input data and read data

v

Generate initial solution
Compute obj'

v

Generate neighbourhood solution, Compute obj',

Accept oid sol as new sol

P nhj', , sol', «

v

Compute E

Is ES 0?
oF .
ROI)<e™?

Accept new solution

]

Accept new solution

l FC=FC+l

Integrareq Approach for Design of Cellular M anufacturin
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obj' sol! [

<4+—
_ Y
3
=
)
c
=9
@
3]
<
N
Accept old sol as
new solution
T|= ﬂT[
[=1+1
1=0, AT=0

ow chart of the SA
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5.4.1.2 Algorithm

Step 1 Input P, n, ny', ATmn. 1, 8, T}
Step 2 Read part-machine incidence matrix
Step 3 Generate an initial solution, compute objective value (obj)
Step 4 Initialize I = 0 and set ohjl = obj and sol' = sol
Step 5 Initialize t = 0, AT = 0 and set obj; = obj” and sol, = sol”
Step 6 Generate a neighbourhood solution and compute obj,
Step 7 Compute E = obj, - obji
Step 8 If E <= 0 or random no. R between (0.1) <= ¢

Accept objand sol, and update AT = AT + |

else accept obj, = obji.1 and soli = sol.; and update t =t + 1
Step9 If AT <ATminOrt< n*n, set objI = obj, sol'=sol,and go to step 6

else go to step 10
Stepl0 If objl <obj'"" accept objI and sol’

else if obj' =obj['I accept obj' and sol' and set FC=FC+1

else accept obji = objl'l and sol' = sol"!
Stepll Compute r = AT/, if r<=rgo to step 13
else go to step 12
Stepl2  If I < Iy or FC==20,1= [+1, T=aTandgotostep 5
else go to step 13
Stepl3  Print sol', obj', no. of cells
Stepl4  Stop
54.1.3 Validation
o of which are from literature and

This model is validated by solvin

g three examples W

One generated hypothetically.

u///’\ 1
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Example 1: This example is same as example | in section 5.3.1 .2. Only the part-machine

incidence matrix is considered here. The solution is shown below in table 5.15.

Table 5.15: Rearranged part-machine matrix for example 1

Machines
Parts ] 3 6 2 4 5
| | | ]
4 2 Lo I |
5 {1 1 *
6 " | | |
8 | 1 A |
3 1 | * ]
4 | 1 1
7 | | ]

Example 2: This example is same as example 2 in section 5.3.1.2. Only the part-machine

incidence matrix is considered here. The solution is shown below in table 5.16.

Table 5.16: Rearranged part-machine matrix for example 2

\% | 7 9 2 6 8 3 5 4 10
Parlsv

<o

t

—_— e — —
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Example 3: This example generated hypothetically to validate the model for alternate

process plans is shown in table 5.17. The solution is shown in table 5.18.

Table 5.17: Incident matrix for example 3

Part Process ] 2 3 4 5 6 7 8 9 10
Plan
I ] 1 | 1
2 | |
3 | ] |
2 ] 1 | |
2 | | 1 1
3 1 1 | |
2 1 | |
3 1 1 |
4 | | | |
2 | | 1
5 1 | 1 ]
2 | ! I 1
6 | | ] |
2 1 1 ]
3 | | |
7 | | | |
2 1 1 1
3 | ] I
8 I I ! ' ' :
2 ] Lo
9 l 1 1 1 1
2 l : '
10 1 1 l :
3 1 1 |

e matrix for example 3

Table 5.18: Rearranged part-machin

e

7 8
Pﬂrt Process 2 6 | 5 9 10 3

Plan A
| 2 I I

Pl e

I | | L
8 2 1 1 1
8| I I 1 I
“‘—-g—~_.2__.__- 1 | 1 1
. L 1 1 ;
10 ) //”"’_'
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5.4.1.4 Comparison of results of model 1 and model 2

Comparison of table 5.3 and table 5.15 which are the solutions of the same example by
model 1 and model 2 respectively shows that both the models has given the same output
(equal exceptional elements and voids). However, comparison of tables 5.10 and table
5.16 shows the output of two models is different. This is on two accounts; one because
the final objective function for model 1 is different although the initial grouping of parts
is done with the objective of minimizing the weighted sum of exceptional elements and

voids. second the solution of ART1 algorithm is dependent upon the ordering of the input

vectors (incident part-machine matrix). The total cost calculated for the solution of model

2 comes out to be 466500$, which is less than the cost computed for model 1 solution

(607500%).

5.4.2 Development of SA model (Model 3) using operation sequence of parts for

cell formation
In this section also a model developed based on the SA is presented. However, unlike

model 2, this model uses operation sequence of parts and the objective is (0 minimize the

number of intercell moves. This model also solves the cell formation problem in presence
of alternate process plans for parts. Demand and batch size for parts is also considered in

this model.

5.4.2,1 Mathematical formulation

Notations:

i.j - variables for machines (i%)
"  total number of machines

5 : variable for parts

P . total number of parts

[ular Manufacturing Systems
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Dy - production volume of part & for a given planning horizon
B, - transfer batch size of part

X3 - variables for cells (x#v)

C . total number of cells

F' - flow/interaction between machine i and j for part &

- operation number for the operation done on part k& using machine 7 in process

plan r

. number of process plans for part

The objective (minimization of intercell moves) is computed as:

.
C n n P ny

€
b sl k Mol o F
Minimize A =ZZ F/a,a,a,a, XX,

=1 v=1 ¢=1 y=1 k=1 r=I

D,/ .
where F! = A‘. i

Y
0. otherwise

=185,:85 =0

r r
Sy —d

{1. machineiisincell x
a =

0. otherwise

{1. machine jisincell y
a -]

" 0, otherwise

. 1,if part k uses machine in route r
akl = !

0, otherwise
Subject to:
n; ) (l)
Xpaxy =1 VEXFY
r=|
(2)

C = Cmax
; : e cell and only one proce
The first constraint guarantees that each part1s allocated to on y process

nd constraint guarantees that the number of cells
co

Plan is selected for the part. The s€

. Ils.
f‘DrIT]ed are eqUHI to the reqL“rcd number Of ce
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5.4.2.2 Algorithm

Step 1 Input P, n, Cpax, Nk's ATmin, Tro @, T
Step 2 Read operation sequence, Dy and By
Step 3 Generate an initial solution, compute objective value (obj)
Step 4 Ininalize I =0 and set ohj' = obj and sol' = sol

Step 5 Initalize t =0, AT = 0 and set obj, = obj” and sol, = sol"

Step 6 Generate a neighbourhood solution and compute obj;
Step 7 Compute E = obji - obju
If E <= 0 or random no. R between (0.1) <= et

Step 8

Accept obj,and sol, and update AT = AT+ 1

else accept obj; = obji.1 and sol, = sol.; and update t =t + 1
Step9  If AT < AT or t<n*n, set objI = obj, sol'=sol, and go to step 6

else go to step 10

Stepl0O If ohj'<obj"| accept obj' and sol’

else if obj’ :ob_i"] accept objl and sol' and set FC=FC+1

else accept obj' = obj'" and sol' = sol"!

Stepll Compute r = AT/, if r<=r(go to siep 13

else go to step o

Stepl2  If I < Iyax or FC= =20,1=1+1,T=a * T and go to step 5

else go to step 13

Stepl3  Print sol', obj', no. of cells, Tt and I

Stepl4  Stop

5.4.2.3 Validation
ples extracted from literature. Each example

This model is validated by solving four exam

one without considering the demand and other

'S further divided into two sub-examples £

oy considering the demand and batch size.

Cellular ftlmzufac'rur!ng Svstems
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Example 1: The 12 machines and 12 parts example (table 5.19) with alternate process

plans was extracted from Lozano et al. (1999). Lozano ef al. (1999) has considered four

planning horizon but in this example only one planning horizon is considered and

accordingly the demand for one planning horizon is considered here. The solutions are

shown in tables 5.20 and 5.21.

Table 5.19: Input data for example |

" Partno. | Process | Operation No. (machine no.) Demand Batch
plan size
BE 1 1(6). 2(5). 3(3), 4(12), 5(8). 6(11) 12 1
2 1(10), 2(11), 3(6). 4(5). 5(7)
rﬁ 2 | 1(10), 2(2), 3(4). 4(1), 5(5) 21 |
' 2 1(4), 2(1), 3(10). 4(3). 5(5)
i 3 1(12), 2(2). 3(6)
; 3 | 1(8). 2(5), 3(2). 4(12) 20 1
2 1(12), 2(8)
4 | 1(9), 2(2), 3(4) 18 ]
2 1(2), 2(7), 3(3), 4(11), 5(12)
5 1 1(1), 2(7), 3(4), 4(2), 5(9) 28 1
6 ] 1(12), 2(3), 3(2), 4(1 1), 5(8), 6(5) 10 1
2 1(11), 2(10), 3(5), 4(8)
7 1 1(10), 2(7), 3(11), 4(5) 12 1
2 1(3), 2(4), 3(10), 4(7)
8 | 1(5), 2(2), 3(4) 16 |
9 I 1(6), 2(7), 3(11), 4(3). 5(2) 23 1
2 1(2), 2(3), 3(11), 4(6)
10 I 1(4), 2(8), 3(5) 29 !
11 I | 13), 2(2). 3(10), 4(9), 5(12) 21 I
12 [ 1(6), 2(7). 3(2) 20 1
i ' es as objective
Table 5.20: Solutions for example 1 without demand and intercell moves as objecti
acrhi Ob T
C Parts (process plan) Machines \TI:lCu[é\c
10,11
2 T 6(2). 7(1). 9(2). 12(1) "5'2"; — ;
50330, 30, 5(1). 8D, 10D, 11D 23483, 1€
1,6,7,10,11
3 1(2), 6(2), 7(1). 9(2), 12(1) ‘5—3‘”‘_—“_—
3(2), 10(1) W 13
23, 41), 50, 8D, 11D B
- d intercell moves as objective
Table 5.21: solutions for example | with dem?fiji_;——— —
— Ian) Machines Objective
& Parts (process P value
SRR
/ s above 189
— 2 | Sameds above Same as
——
245
bove
——— 1 Same as above Same as |

\—/_’/’,//_//—\
tf(IC‘HH i”g 5)'.”(’.'?15

/
"egrated Anmrorh for Desion ofCeliular Mant



Cell Formation

Example 2: The 20 machines and 20 parts example (table 5.22) with alternate process
plans was taken from Nagi er al. (1990). Solutions are shown in tables 5.23 and 5.24.

Table 5.22: Input data for example 2

Part no. Process plan | Operation No. (machine no.) Demand Batch size
2 1

[ 1 1(12). 209). 3(6) 2
' 1(12), 2(9), 3(7)

16). 2012), 3(1) 2 .
1(7), 2(12), 3(1)
1(1), 2(9), 3(12), 4(7)
1(1), 2(9), 3(12), 4(7)
1(1), 2(12). 3(6) 2
1(1), 2(12), 3(7)
1(9), 2(1), 3(12), 4(19)
1(9), 2(1), 3(12), 4(18)
1(9), 2(1). 3(12), 4(20)
1(6), 2(5), 3(2) 2
1(7). 2(5). 3(2)
] 1(5), 2(16), 3(19), 47)
2 1(5), 2(16), 3(18), 4(7)
3 1(5), 2(16), 3(20)., 4(7)
4 1(5), 2(16), 3(19), 4(6)
5 1(5), 2(16), 3(18), 4(6)
6 1(5), 2(16), 3(20). 4(6)
I 1(16). 2(7). 3(2) 2
2 1(16), 2(6). 3(2)
l 1(16), 2(2), 3(19). 4(7) 1
2 1(16), 2(2), 3(19), 4(6)
3 1(16), 2(2), 3(18), 4(7)
4
S
6
|
2
1
2
3
1
2

39

[§]

(8]

1

ed

td | =t —

| —

| — ||t —

(3]

1(16), 2(2), 3(18), 4(6)
1(16), 2(2), 3(20), 4(7)
1(16), 2(2), 3(20), 4(6)
1(1), 2(16), 3(5), 4(6)
1(1), 2(16), 3(5), 4(7)
1(8), 2(3), 3(11), 4(18)
1(8), 2(3), 3(11), 419)
1(8), 2(3), 3(11), 4(20)
1(3). 2(8), 3(18)
) 1(3), 2(8), 3(19)
3 1(3), 2(8), 3(20) : 1
13 | 1(11), 2(8), 33), 4(18) B
2 I(11), 2(8). 3(3), 4(19)
3 1(11), 2(8). 3(3). 4(20) - |
| 1(10), 2(18), 3(14), 4U17)
) 1(10).2(19).3(14)‘4(17) -
3 1(10), 2(20), 3(14), 4(17) . 1
1 1(18), 2(17), 310) 2
2 1(19). 2(17), 310)
3 1(20), 2(17), 3(10) : 1
[ —
N —
N .

1(18), 2(10), 3(14) ]

1(19). 2(10), 3(14)
1(20), 2(10), 3(14)
7 1(17), 2(14). 310)
1(13), 2(4), 3(15)
= (), 213), 3(15)

l
1
|
ég I 1(15), 2(4)
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. » &9 C . . . ) .
Table 5.23: Solutions for example 2 without demand and intercell moves as objective

f .
: C | Parts Machines Objective
| value
BE l\ 1(2), 2(2). 3(2). 4(2), 5(1) 1,7.9.12
f [ 6(1). 7(6). 8(2), 9(6). 10(1) 2,5.6,16,20
TICD, 12(1), 13(1) 38.11.18
L
[ 14(2), 15(2), 16(2), 17(1) 10,14,17,19
18(1), 19(1), 20(1) 4,13,15 2
4 1(2). 2(2), 3(2). 4(2), 5(1), 14(2), 1,7.9.10,12.14,17,19
15(2), 16(2), 17(1)
6(1), 7(6), 8(2), 9(6), 10(1) 2.5,6.16,20
11(1), 12(1), 13(1) 3.8.11,18
18(1), 19(1), 20(1) 413,15 0

Table 5.24: Solutions for example 2 with demand and intercell moves as objective

18(1), 19(1), 20(1)

Int
“8rated Approach for Design

of Cellular Manufactt

r C Parts Machines Objective
value
5 1(2), 2(2), 3(2), 4(2), 5(1) 1,7.9:12
6(1), 7(6). 8(2), 9(6). 10(1) 2,5,6.16,20
11(1), 12(1), 13(1) 3,8,11,18
14(2), 15(2), 16(2), 17(1) 10,14,17,19
18(1), 19(1), 20(1) 4,13,15 5
4 1(2), 2(2), 3(2), 4(2), 5(1), 14(2), 1.7.9,10.12.14.I7.]9
15(2), 16(2), 17(1)
| A e
6(1), 7(6), 8(2), 9(6), 10(1) 2,5,6,16,20
L e
T1(1), 12(1), 13(1) 381118
4,13,15 0

(ring Sysrems
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' Example 3: The 20 machines and 20 parts example extracted from Harhalakis er al.

(1990a) is shown in table 5.25. The demand and batch size have been assumed as this was

not considered by the Harhalakis et al. (1990a). This example is solved for 3-cell, 4-cell

and 5-cell solutions. The solutions obtained without considering demand and with

demand are given in tables 5.26 and 5.27 respectively. The 3-cell solution without

demand is better than the 3-cell solution obtained by Adil and Rajamani (2000). The

4-cell solution and 5-cell solution are similar to the solutions obtained by Harhalakis er al.

(1990a) and Reddy and Wadhwa (1999) respectively.

Table 5.25: Input data for example 3

Parts Operation number Demand | Batch
(machine no.) size
| 1(12), 2(1), 3(9), 4(18), 5(20) 20 20
2 1(11), 2(3), 3(2) 80 40
3 1(8), 2(20), 3(19) 200 50
4 1(3), 2(11), 3(2), 4(10) 50 25
5 1(4), 2(15), 3(6). 4(7) 100 25
6 1(11), 2(14), 3(16), 4(17), 5(5) 150 25
7 1(5), 2(16), 3(17) 40 20
8 1(15), 2(13), 3(7), 4(9), 5(4) 80 40
9 1(18), 2(9), 3(11), 4(1), 5(12) 30 15
10 | 1(19), 2(20), 3(8) 20 5
11 1(11), 2(14), 3(3) 20 10
12 1(9), 2(18), 3(5), 4(12), 5(1) 50 25
13 1(6), 2(7), 3(15), 4(17) 80 20
14 | 1(8), 2(10), 3(1), 4(2) 50 10
15 1(13), 2(14), 3(16), 4(17) 150 25
16 1(15), 2(7), 3(6), 4(19) 80 20
17 [ 109), 2(1), 3(12) 100 20
18 1(8), 2(19), 3(20), 4(10) 50 25
19 1(3), 2(2), 3(11), 4(5) 150 25
20 | 1(18), 2(10), 3(1), 4(12) 40 20

——————

Integrateq Approach for Design of Cellular Manufacturing Sy
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Table 5.26: Solutions for example 3 without demand and intercell moves as objective

C | Cells | Parts Machines Objective
value

3 1 2,4,6,7,11,15,19 2,3,5.11,14,16.17

2 5,8,13,16 4,6,7,13,15

3 1,3,9,10,12,14,17,18,20 | 1,8,9,10,12,18,19,20 11
4 l 2,4,6,7,11,15,19 2,3,5,11,14,16,17

2 1,9,12,14,17,20 1,9,10,12,18

3 3,10,18 8,19,20

4 5,8,13,16 4,6,7,13,15 14
5 1 1,9,12,14,17,20 1,9.10,12,18

2 24,1119 2,3,11,14

3 5,8,13,16 4,6,7,13.15

4 3,10,18 8,19.20

S 6,7,15 516,17 17

Table 5.27: Solutions for example 3 with demand and intercell moves as objective

C Cells | Parts Machines Objective
value

3| 1 |2467111519 2.3,5.11,14,16,17

2 5,8,13,16 4,6,7,13,15

3 1,3,9,10,12,14,17,18,20 1,8,9,10,12,18,19,20 33
4 1 5,8,13,16 4,6,7,15

2 1,9,12,14,17,20 1,9,10,12,18

3 2,4,6,7,11.15,19 2.3,5,11,13,14,16,17

4 3,10,18 8,19,20 39
5 ] 6,7,.11,15,19 5,11,13,14.16,17

2 3,10,18 8,19,20

3 [5.8,13,16 4,6,7,15

4 1,9,12,14,17,20 1,9,10,12,18

5 |24 2,3 53
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Example 4: The 30 machines and 41 parts example taken from Seifoddini and Djassemi
(1995) is shown in table 5.28. The batch size of unity has been considered for all parts.

This example is solved for 5-cell, 6-cell and 7-cell solutions. The solutions obtained

without considering demand and with demand are given in tables 5.29 and 5.30

respectively.

Table 5.28: Input data for example 4

| Parts Operation number (machine no.) Demand Batch size
1 1(20). 2 (30), 3(19). 4(29), 5 (8) 5 1
|2 1(10), 2 (23) 16 I
3 1(20). 2(30), 3(19). 4(29), 5 (9) 120 1
B 1(14), 2 (25) 78 1
s 1(14) 91 I
6 1(6), 2(16) 71 1
7 1(17), 2(4) 67 1
8 1(8). 2(28), 3(27) 82 1
9 1(29), 2(8) 61 1
10 1(22), 2(1), 3(11), 4(21) 8 1
I 1(2), 2(12) 63 1
12 1(3), 2(22), 3(2), 4(21), 5 (10), 6(23), 7 (11) 144 1
13 1(29), 2(9) 127 l
14 1(18). 2(8) 76 |
15 | 1(27). 2(4) 75 ‘
16 1(7), 2(26), 3(17), 4(18) 87 !
17 1(5), 2(15) 3 ‘
18 | 1(2).2(14) 9;30 :
19 1(12), 2(13) :36 1
20 1(12) o7 :
21 1(30), 2 (19), 3(29), 4 ) =5 |
22 1(29) = |
23 1(3), 2(22), 3(10), 4(12) 51 |
24 1(12), 2(4) T 1
25 (), 2(13) 35 1
26 1(4), 2(16), 3 (14) 97 1
27 | 1(7). 226). 3(17). 4(18) ) T
28 1(4) 61 1
29 1(19), 2(8), 3(28) 55 1
30 1(29) 87 1
311103, 2(22), 3(1), 42D, 523) 3 I
32| 1(4).2(22). 3(1). 42, 521 93 1
33 1D, 201D, 3(2). 4@D 60 1
34 1(7). 2(26), 3(18), 4(5) 128 I
35 [ 1(28),.2(4) 49 I
% [imoee e —— | 8 L
3 aseey  ——— |8 ;
w200 ____agen 80|
39 [10), 222), 3 (D, 411, 5@) G10, 7¢3. 302 10 l
L] [ e
40 [1(3),2(22). 32D, 4(12) 31 !
41 (1), 2(11), 3(2)

o
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Table 5.29: Solutions for example 4 without demand and intercell moves as objective

Machines Objective
value

& Parts

5 [2.10,11,12,20,23,31,32,33,39,40,41 1,2,3,10,11,12,21,22,23
| 15.19,24,25,28,35,38 4,13,24,27

| 7,14,16,17,27,34,36,37 5,7.15.17,18,20
1,3,8.9,13,21,22,29,30 8.9,19,20,28,29,30
4,5,6,18,26 6,14,16,25 9

6 |1,3,9,13,14,21,22,29,31 8,9.19,20,29,30

7.16,17,27,34,36,37 5,7,15,17,18,26
2.11,19,20,23,24,25,38 10,12,13,23,24

4.5,6,18,26 6.14,16,25
8.15,28.35 4.27,28
10.12.31,32,33,39,40,41 123.11,21,22 16

7 110.23.31,32,40 13,22

.11.12.20,33.39.41 2.10.11,12,21,23

45,18 14,25

76.8.15.24,26,28,29,35 4.6.8.16,27.28

57.15,17,18.26 ]

7.14,16,17,27,34,36,37
1,3,9,13,21,22,30
19,25,38

9,19,20,29,30
13,24 20 |

Table 5.30: Solutions for example 4 with demand and intercell moves as objective

C Parts Machines Objcclivc—
value
]
512,101 1,12,20,23,31,32,33,39,40,41 1.2,3,10,11,12,21 22,23
15.19,24,25,28,35,38 4,13,24?718 =
7.14.16,17,27,34,36,37 5,7,15-10’28,29 =
1,3,8,9 13,21,22,29,30 8,9,19,20,20,27,
1561826 6,14,16,25 820
6 1‘399913121'22!29’30 8,9‘ 13‘%2‘32’33 28
2.5.6.8.15,18,24,25,26.28,35 W
7.14.16,17,27,34,36.37 %2,/—:————“
23,49 13 24
M : ]232
| [2.10.11,12,20,31,32,33.39:41 i%gl LI22LE
7 110.23,31,32:40 D P
2,;11,5132,20,33,39.41 ET .
. 4,6,8,16,27,
6!8s15g24y26a28129135 5 7 15‘17’18‘26
7,14,16,1 7.27,34,36,37 9*1'9‘20‘29'30
1.3.9.13,21,22,30 1’3,24 1589
__119,25,38 -
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5.5 Conclusions

This chapter presents an extensive review of literature on cell formation approaches and
the three models developed for the cell formation. The literature review indicates the need
of cell formation methods that consider the factors like operation sequence, production
volume of parts, number of cells, cell size, capacity of machines, workload on machines,
processing time on parts, machine utilization, size of the problem, product mix. cost, etc.
There is a growing need to develop methods based on the artificial intelligence techniques

like neural networks. simulated annealing, and genetic algorithms.

Model 1 presents a ART] network based algorithm for solving the cell formation problem

with a view to generating feasible solutions that satisfy real-world constraints of
production volume, processing time, number of cells. minimum acceptable utilization

levels for individual machines, machine downtime, desirable machine utilization,

maximum permissible workload on machines and other management constraints like
number of shifts. working days and maintenance philosophy. The model also introduces

the cost of inter-cell material handling and voids in a practical way by accounting for the

ing inter-cell moves and the total workload of the

production volumes of the parts mak
machines in the cells. The neural network can be structured on the basis of the number of
fied on the number of cells. The network is also

Mmachines as well as the upper bound specl

em of product flexibility in a CMS. Other cell design

Capable of handling the probl
ernate process plans are not included in the

Constraints like machine duplication and alt

ounted for by g at the feasible solutions and

lookin

algorithm but these can be acc
ive. The objective of

i , : is user interact
Individual machine utilization as the algorithm 15 U

. i sum of costs associate
Model | is 1o form feasible cells with minimization of weighted ted

2is a simulated annealing model for cell

Wi , :
Vit exceptional elements and voids. Model

he weighted sum of exceptional elements and

f . , N
OMMation with an objective to minimize t

\/’//—\ 181
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voids. This model considers the alternate process plans for the parts and the binary part-

machine incidence matrix as input. The model is versatile as any value of weights for

individual exceptional elements and voids can be given. Model 3 is also a simulated

anncaling model. which considers the alternate process plans, operation sequence

demand. and batch size of parts. The objective of this model is to minimize the

intercellular moves. In this model the number of cells are specified a prior. The limit on

the cells may arise due to many Causes such as better utilization of employees

manufacturing equipments. and space; and safety and technological considerations.
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Chapter 6
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6.1 Introduction
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| formation on layout, the benefits of CMS cannot be validated (Salum 2000). Many of
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f xisting cell formation techniques mainly perform this task by minimizing the number
0 .

exceptional parts (the parts which require further processing outside the designated
c .
ells), which tend to generate smaller number of cells. Some researchers in cellular

he number of inter-cell moves and/or intra-cell

manuf . .
acturing field had tried to minimize t
t of the machines and cells (Adil and

Move P
s, without considering the actual layou
90, Ballakur and Steudel 1987). The exceptional elements
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(Mukherjee ¢
erjce er al. 1999. Logendran 1991). It is natural that the parts with high
igher
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itative. Qualitative facto i
rs such as noise, heat, flexi il
! . xibility, emplo
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erc. are non-quantifiable and must be considered in making transition

satisfaction, safety,
from

ure ; acticable ' ﬁ

pure model to practicable solution (Shang 1993). Some of the quatitalive: IHTGTSam

positive whi - L ,
e which require the proximity of facilities, while others are negative factors that

requir Tl : .
quire the facilities to be farthest apart. It 18 also important that quantitative approach
shoul . . . b
d not be dismissed in favour of totally qualitative approach as the quantitative aspect
of the facili -
facility problem can not be reckoned with accuracy through intuition alone (Francis

and White 1974),

In thi ; L
is chapter, a multi-criteria mathematical formulation is presented as quadratic
assi ; e .
gnment problem for the design of layout for CMS considering both qualitative as well

5§, auantitas ; .
quantitative factors. TwoO models developed for solving the mathematical model are

called MUCH uses

pairwise exchange heuristic and the other

presented. One model
ithm with embedded fuzzy logic and AHP models. A

called FUGEN uses a gene[ic algor

CoO : ;
mparison of results of two models is also presented.

6. :
2 Literature Review
in cellular

Kusiak and Park (1994) developed heuristics  for machine layoul
f layout: single row layout (all

m ; ,
anufacturing systems. They considered two patterns O

de of a line) an

d double row layout (machines are located

Mach; :
hines arranged along one S
proach to solve

On both sides of a line). Sarker and Yu (1994) presented 2 successive ap

m in cMs. Tl nfigures the cell layout that

\e first phase €O
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€ bottleneck machine proble
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minimizes the total inter-cell material handling cost of all bottleneck parts. The second

phase of the procedure finds the bottleneck machines that need to be duplicated, by a

inary linear programming model. in order to minimize the total cost. The total cost

ncludes the cost of duplicating bottleneck machines and the cost of inter-cell material

moves if the machines are not duplicated. Ho and Moodie (2000) addressed the cell

layout problem combining search algorithm and Linear Programming models to layout

the cells and their flow paths in tree configuration. The search algorithm has a

backtracking procedure that allows one to explore alternative layouts, while the

mathematical programming model helps to obtain accurate layouts and their flowpaths.
The proposed layout procedure interacts with designer and allows designer to include

qualitative considerations into layout design. This procedure avoids awkward layouts,
irregular shapes of cells and flow paths. This paper does not consider the layout of
machines in the cells. Elwany el al. (1997) used a multigoal model developed by
Harmonsky and Tothero (1992) to incorporate the quantitative and/or qualitative criteria
in the intercell layout combining a knowlcdgc-based system and simulated annealing
algorithm. The knowledge-based system generates a layout based on a set of rules, this
layout is seeded optionally to an improvement simulated annealing global optimisation
n for the situation. This paper does not consider the

algorithm to find better configuratio
nd distance as user input.

layout of machines in the cells and also it requires the flow a
phase model to layout machines on the shop floor that

Salum (2000) proposed a two-
phase the system is simulated to

d time. In the first

reduces the tota] manufacturing lea
ctween machines in the second

. milari es b
Obtain the data, which is used to find similarity measur

loits an algorithm, which creates and uses these
P

Phase. The second phase then ex
her similarity next

machines with hig

Imilar s catin
Similarity measures to construct @ Jayoul by lo g
d mean manufacturing lead time.

: i ime an
© each other to minimize total material handling t
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a physical layout which some authors call ‘virtual

results in :
s in a logical layout rather tha
introduced PFAST

CC“ular F E . ,
manufacturing’ (Kannan and Ghosh 1996). Irani ef al. (2000)

ion Fl P i i
ow Analysis and Simplification Toolkit) to evaluate and simplify th
Material flow e
. . :
network prior to the design of the layout. Depending on the type of input
of algorithms to the facility planner. The

data - ‘
and desired results, PESAT offers a variety

basic i
: idea of a :
| the PFAST 1s to apply the cell formation algorithms to layout design
3azar |
- gun' i 1 e
Lari et al. (2000) and Bazargan-Lari (1999) proposed machine layout and
roposed methodology nondominated intracell

Inte ,
reell layout designs for CMS. In the P
allocated to the

cll based on twWo criteria, namely the area

lay
outs :

s are generated for each ¢
o select the most different layout

process is used t

Cel] an
d the travelling cost. A filtering
o reduce the number of
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gns in , )

in an effort to handle information overload and t
these nondominated intracell layout designs are

nond .
ominated solutions. Finally,
ntercell layouts: A goal programming approach is
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grated to produce multiple efficient i
rnick (1996)

developed 2 model for intra-cell and inter-

Used,
Bazargan-Lari and Kaebe
ed a model to layout
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cells to linear locations i _
linear locations in order to minimize the intercell material handling cost incurred
& €

due N — ; .
e to bottleneck machines in CMS. They developed heuristics to solve the problem The

binary part-machine b .
ry part-machine matrx is considered to calculate the number of bottleneck machines

The locati b . : .
location-to-location distance and the inter-cell material flow matrix are input (o the

1odel. Moreover, the machine layout 1s not considered and the authors have admitted that

[ > 1 = Y - 2 . . . a
heir inter-cell material flow matrix 1s not a good representation in CMS.

The facility layout problem was formulated as QAP for the first time by Koopmans and
Beckmann (1957). Since then other types of modelling like quadratic sct covering

problem (Bazaraa 1975), linear integer programming problem (Lawler 1963). mixed

integer programming problem (Kaufman and Broeckx 1978), graph theoretic problem

have been tried. Kusiak and Heregu (1987) gives a

(Foulds and Robinson 1970). efc.
comprehensive literature survey of the existing methods for facility layout. The QAP
f NP-complete (Sahni and Gonzalez

formulation of the problem belongs to the class o

1976) and the size of the problems that can be solved by the existing optimal methods is
cs have been developed for solving the QAP.

limited (<15). Consequently, many heuristi

6.3 Development of Multi-criteria Mathematical Formulation for Layout of CMS

formulation given this section deals with the

The multi-criteria mathematical ik
Minimization of the integrated (intra-cell and inter-cell) cost function. Machine layout
Problem inside the cells and cell Jayout problem on the shop floor are modelled as

leTHS (QAP , facilities (machines/cells) to n
oble

) to assign !

Quadratic Assignment Pr
locations with a view (O minimize the material handling (quantltatlvc) and to maximize
facilities (machines/cells).

t
he closeness (qualitative) betwee! the
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Notations:

iandj : variables for machines (i)

n - total number of machines

k - variable for parts

P - total number of parts

Dy : production volume of part for a given planning horizon
B; - transfer batch size of part k

Xy - variables for cells (x#)

L - total number of cells

p. g : variables for locations (p=q)

d,,  :distance from location p to location ¢ (rectilincar distance)
Fui ‘ flow/interaction between machine i and j for part k

£, . flow/interaction between machines and j for all parts

im,"  : flow/interaction between machines i and j in cell x

cells xand y

icy : flow/interaction between
Sk . operation number for the opcration done on part k using machine i
Wi : weight for qualitative factors

w2 : weight for quantitative factors

o . weight for intra cell objective function

% . weight for inter cell objective function

. e — ere
The objective of the model 1s to minimize 2. wh (1)

L= oyIM + oIC | e |
| bjective functions

. rer-cell layout ©
Where IM and IC are the intra-cell layout and inter-c¢

r :
especnvely as given below:
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(
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ic . :ZZ[ a.a, (3.1)

0 - {"l. if machine i 1n cell x
0. otherwise

& = [1f machine jincell'y
"0, otherwise

'r..if location p and g are neighbours
nwpq =

4
[0, otherwise

r., =closeness ranking value when cells X and y are

neighbours with common boundary

. __{I. if machine x is assigned to location p
p T

0, otherwise

Subject to:
) (4)

Z'\.rp = 1 V[J

" 5)
';l = 1 v’l

p=l

; (6)
Z'\‘lp =1 vp

x=|

: (7)
Z"l.ip = l V\
p=1
Wl + W2 = l
Wiw, 20

ion and machine can be assigned to one
ation

Constraints (4) and (5) assure that each loc

t each location and each
: d (7)
nstraints (6) an

assure tha

Machine and one Jocation only. Co

ion only:
ne IOCH[IO
cell can be assigned to oné cell and ©

: 1ems
ing Syste!

crur
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6.4 Development of Multi-criteria Heuristic

Multi-criteria heuristic model (MUCH)
multi-criteria mathematical formulation.

1s used for design of layout of CMS. The

Model (MUCH) for Layout of CMS

for layout of CMS is developed based on the
Pairwise exchange of facilities (machines/cells)

algorithm of MUCH model is given below and

the flow chart is shown in figure 6.1.

6.4.1 Algorithm

Step 0
Step |
Step 2
Step 3
Step 4
Step 5
Step 6

Step 7

Step 8

Step 9

Step 10
Step 1
Step 12
Step 13

Step 14

Input number of cells, parts and machines therein. wi. ¢

r batch size and operation sequence of parts

Read demand, transfe

Set x=0

Generate initial machine layoul, compute Cijxq

Set i=0

Set j::j+|
; L. New
Exchange i and J, compute Cijpq
W new
new _ .. new ]a Ou[m.\ —':layOUt
If ¢ Pqn.:w< clquold1 updﬂte Ciqu = C'JPq , lay
] =
old
; old new — Jayout
else Cijpg = Ciipa Jayout

Ifj<n,j=j+land g0 10 Step 6
else i 1< n-1, i=i+land go to Step 5

else go to Step 9

Compute IM"

Print layout and M* )
nd go tO Step 3. else go to Step

Ifx<C, x=xtla

Compute IM
compute Cxypd
Generate initial cell 13y0Ut and

Set X:O
| 214
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Step 15 Set y=y+1

Ste =xC
ep 16 Exchange x and y and compute Cxypq

Ste . new Id
p 17 lf(.\‘,r.q _<_ Cx)-pqn , Upd!l[{: C‘)mnc“ = C\\T}q

= 5 new
else Cxypg = Cxypy

Step18 Ify<C.y=y+l and go to Step 16

else

else go to Step 19

Step 19 Compute IC
Step 20 Print layout and 1C
Step 21 Compute and print TC

Step22  Stop

Ing
egrated Approach for Desig" of Cellular

Manufactt ri

CW

HL'“" Iayou[m.‘\\‘ = 1ayoulllc“

1d A
o : |IlyOUInL“ - layou[nld

if x< C-1, x=x+land go to Step 15

ng Sy stems
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Input no of cells, pants and machines therein,

Wy,

<t

Read Dy, By Su

<4

f——’En:r.uc yimal layout and Compute 1€y,

Set x=0

— —*

Generate imnial layout and compute Cyp ‘

Sect j=1+1

Exchange x & ¥.
COMPULE Cora

Exchange 1and J.
compute Ciypm

Con™ = Cum
Jayour™™= layout™*

old
Cupq
= layout™

new

w

- nc
Cipg™ = Cijpa e
layout™™= layout

Ci.,
layout™™

g Sysrems
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6.4.2 Validation

]hc I’I]Odt H ( ¥ h\ > 1 r two exd > > ; 75
/ X g 3, Iable 1 2

“l”d L\L““]J ( -1 [ ][] > ¥ 1S 1re I I'TNe( 11 |.l]) [ I“| I eXe >
S ]L . 9
. :)._ al
b X ]p[b -

(['lhl 2, | b) o (I (1 oo SR =Y F:
& € D2 ) [' 1 1 ¥ C 1 | I Ons T = =9
B . u []L [hL

li]\'(_') 1 o f 2 a
b out dCS]gn' drc 1 .( u I 1
. 5 Li 2 H l d O l .
(0] dlfTC ent 'a[UL 1 i
S Of qllﬁll[u[[ e f'd
I carr I Vv \ ctors (\‘c'[) as Si i
10wWn 1n

tables 6.1
s 6.1 and 6.2. For ex¢ e -
example 4 (table 5.28), solutions with demand are considered fi
é ed for

the la :
yout design and i
§ the layout is done f
or w; = 0 as shown in tabl
e 6.3. In total ni
mne

problem: i ; : 5
s (solutions given in tables 5.26, 5.2 7 and 5.30) are taken for layout desi
g esign.

The ;
assumptio '
n :
P s made in the proposcd method are that the machines (cells) are of equal

size, the di
» the distanc e ' '
es between the adjacent machines (cells) are one unit each, and the cost is

Proporti
onal y ; 3 : :
to the total material handling and linear in nature. It has also been assumed
that th
e Cc”s pe 1) I
as well as the shop floor areas are rectangular in shape. This assumption is
realistic
stic and practical ¢ '
practical as pomlcd out by Black (1983). Values of a; and az are taken as 0.7

ayout for machine layout and cell

and ] ( : -
) (Seifoddini and Djassemi 1995)- The initial |
layout is i ;
is given in ascending order (machine number or cell number). Scoring is done

usin
g Dutta and Sahu (1982) pattern given below:

A=6, E=5, =4, 0=3, U=2, X=1

) show that the best solutions (cells formed) in

The ]
ayout designs (tables 0.1, 6.2, and 6.3
Chapte

r' 5 need not to be the best if layout is considered. AS shown in figure 6.2a, the best
s 3-cell solution and worst solution is 5.cell solution

Solutj
0 % s " 3
n without considering layout!

e 4 (table

tis considered (W1 = 0). For exampl

but
s o

ell solution is worst when the layou
6.2c, the best solution without considering layout is 5-cell

)8 as shown in figure
SO]U[.
l . .
on but 6-cell solution is best when the Jayout 15 considered (Wi = 0). However, for
ut considering layout and with

eXample 3 . :
(table 5,25). the best and worst solutions witho

la

N—///_
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Design of Lavour for Celliular Manufactiuring Svstems

Table 6.1a: Layout for 3-cell solution of table 5.26 using MUCH

[ / Cell I Cell2 Cell 3 [
Machines | 2,3,5.11,14,16,17 4.6,7.13.15 1.8.9.10.12.18,19.20 tnter cell i’,:;—:l‘:““
Parts 24.6,7,11,15,19 58.13,16 1,3,9,10,12,14,17,18.20
W, Layout IM" Layout IM° Tayout M Tayout T .
0.0 211 14 28.0 13 154 1.0 810 18 26.0 32 EE R
16 53 7 6 20109 !
17 19 12
0.1 21117 222 674 9.7 18 10 9 263 33 123 5224
31416 13 15 20 121 1
5 19 8
02 21117 18.4 71513 \7.0 18 10 9 \21,6 32 94 423
314 16 64 20 121 |
| e |
03 21117 14.6 715 13 S0 18 10 9 169 32 76 3315
314 16 6 4 20 12 1 1
5 19 8
0.4 21117 10.8 76 13 30 18 10 9 \ 122 32 3 240
31416 154 20 121 |
I REN
0.5 211 14 7.0 7613 \0.5 10 18 9 \75 32 40 145
317 16 154 20 121 |
RN
0.6 217 16 0.6 1376 ‘ 10 9 18 \ 26 3 2 23 29
1145 315 20 121 |
||
0.7 217 16 33 13706 \ 10 9 18 \ 28 32 04 695
1145 415 20 121 1
L e
0.8 216 17 12 6157 10 18 9 82 32 14 17,36
\ \145;1 \ 13 4 1ﬂo1 |
3 19
09 216 17 -12.1 6157 1102 (0 9 18 -13.4 32 32 2819
14 511 13 4 20 12 8 1
\ \ 3 \ 19 1
1.0 16 5 14 -16.0 1315 7 20 12 10 19.0 32 50 8.6
\ ' \ 1217 \ 64 18 19 9 !
3 8 1

Integrated Approach for Design of Cellular Manufacturing Systems
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Table 6.1b: Layout for 4- cell solution of table 5.26 using MUCH

Cell | Cell2 Cell 3 Cell 4 -
Inter cell Objecuve
Machines 2.3.5.11,14,16,17 1.9.10,12,18 8.19,20 4,6,7,13,15 value
Pans 24,6,7,11,15,19 1,9,12,14,17.20 3,10,18 5.8,13,16
W| Layoul IMI Layout IM-’ Layout lMi Layout IMF Tawur T If(-” _Z
0.0 211 14 28.0 18 12 10 16.0 20 19 7.0 13154 | 110 43 16 59 4
1653 9 | 8 76 l 12
7 \
\ 0.1 \111 17 \11: \x 12 10 \13.0 \10 19 \5.3 67 4 \07 \4 ] 136 4909
314 16 918 8 1315 12
5
02 21117 18.2 11210 10.0 20 19 4.6 71513 | 70 43 14 3926
314 16 918 8 6 4 12 l
5
0.3 514 11 107 112 10 7.0 20 19 34 71513 | 50 43 94 27 .46
16 3 2 9 18 8 6 4 112 ‘
17
0.4 514 11 6.6 11210 40 20 19 22 7613 |30 43 6.8 17.86
\ 1632 \ 918 \ \s \ \154 \ \1: \
17
0.5 514 11 25 \ 11210 \ 1.0 \20 19 \ 1.0 \7 6 13 \0.5 \4 3 \4.5 8.0
16 32 18 9 8 15 4 1.2
\ 17
0.6 S 14 11 \-m \1 1210 \-?..6 \m 19 \Aoz \137(, 2.3 \4: \:1 ‘ 2.42
1632 1% 9 8 415 2
\ :
0.7 514 11 53 12110 -5.0 8 20 -1:5 1376 4.4 \ 43 ‘ 01 -11.72
16 3 2 918 19 415 i &
17
0.8 514 11 98 12118 \-3.4 8 20 3.0 \o 157 | -74 43 24 -22.42
16 3 2 9 10 19 I8 4 12
L > e | ol
0.9 514 11 139 12118 122 % 20 45 \ 6157 |[-102 24 5.1 -33.66
16 3 2 910 19 18 4 3l
R T Rl L Ll
1.0 \5 16 14 \-mu \ 18 10 12 \-13.0 \a 20 \,c, 0 \ 13157 | -13.0 24 8.0 479
2317 91 19 6 4 3
\ 11 \

Integrated Approach for Design of Cellular Manufacturing Systems
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\ i
02 189 10 | 100 23 6.8 1564 |70 208 |44 1716 | 40 534|168 39 34
121 1114 137 19 5 21
03 18910 |70 35 47 56 K .
12 1 \ 7 :

Table 6. 1c: Layout for 5-cell solution of table 5.26 using MUCH
/ / Cell 1 [ Cell2 Cell 3 I Cell 4 Cell 5
Machi 2 2 : = Inter cell Objective
achines [ 1,9,10,12,18 23,1114 4,6,7.13,15 | 8.19,20 516,17 ¢ value
Parts 1,9,12,14,17.20 | 24.11,19 5.8.13.16 3,10,18 6.7.15
wt Layoul ”“1 [ayout IME [ayout 11\11 Layout [l\{l Tavout “\1‘ Tayout 1C " 1
0.0 181210 | 160 1411 1.0 3154|110 2019 |70 1716 |60 s34 |23 387
9 1 32| 76 8 5 21 )
0.1 18910 | 130 E 89 1564 [95 208 |57 1716 |50 534|199 1937
121 114 13 7 19 5 21

1564 |45 208 | 3.1
13 19

0.4 18109 | 40 33 26 1564 |20 20 8

121 1114 1317 19

RN
W Wl 5 A il
e T e

0.7 18109 | 65 23 37 1564
121 114 137

0.8 18109 | 10 23 S8

121 114 :

09 18109 | 135 |23 a9 15

121 1114 13

1.0 18109 | 170 |23 10 15

121 114 13

L}
—_—
(9% ]

i o
]
ta W -
= L
~J
Y

5] -110 -46.0
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|

Machines

Cell |

Cell2

Design of Laveur for Cellular Marnufactirisg Svsremn s

Table 6.2a: Layout for 3-cell solution of table 5.27 using MUCH

235.11,14,16,17

Cell 3

Parts

2,4,6,7,11,15,19

4,6,7,13.15

1.8,9,10,12,18,19,20

W,

[ayout

5.8,13,16

Layoul

M’

M-

1,3,9,10,12,14,17,18,19,20

s

s 17
31416
b |

88.0 71513

64

TLayout

38.0 8 10 18

M
66.0

3

Tayout

Inter cell

Objecuve
value

0.1 s
11416

8.3 71513

6 4

2019
19 12

810 18
2019

to —

0.2 157
31416
2

33.3 ]
|

19 12
810 18

03 5
31416
-

68.6 715 13
64

2019
19 12
8 10 18

135.66

sy

Y

589 715 13
6 4

2019
19 12
8 10 18

—
|

I
1
-

115.79

31416
0.5 s\
31416

al

492 71513
64

2019
19 12
19 9 12

19.2 \

350

l

95.92

0.6 WS
31416
]

395 715 13
64

201 18
8 10
10 18 9

145 \

(5]

81.3

s

\ 3 \
J o
5

293 7613
15 4

1376
415

8121
20 19
10 18 9

9.6 \

37

236

1]

19.0 \
14.2 \

58.3

0.8 TERE
31416

8121
20 19

t2

9.4

0.9 ST e
1623
17

1376
415

-6.1 1218 9

4.6

-1.0

(]

(]

4.6

\ 1.0 \165!4
3

1376
415

L
|

10 20 1
8 19

-1.2 19 9 18
10 121
20 8

-16.0 13157
6 4

18199

-13.0 20 12 10
81

-19.0

(2°)

-5.0
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Table 6.2b: Layout for 4-cell solution of table 5.27 using MUCH
Cell I Celi2 { Cell 3 ] Cell 4 ]
Inter cell [ Objective
Machines 2.3,5,11,14,16,17 1.9.10,12.18 S.19.20 4.6,7.13.15 5 value
|
Parts 2.4,67,11,15,19 1,9.12,14,17,20 3.10.18 5.8.13.16 ‘t
|
L |
\ W, \ Cayout \ ™M Tayout \ IME Tovou \ M Tayoul \ M T.T(-J-_“W—’l’(. i :
0.0 s 88 18 12 10 410 10 19 2 71513 38 13 3| 1775
31416 9 | 8 6 4 12 k
& |
0.1 s 17 782 11210 355 10 19 193 71513 333 43 98 15621
31416 9 18 8 64 12 \
)
02 s 17 68.4 11210 30 10 19 16.6 715 13 286 43 340 13512
31416 9 18 8 6 4 1. 2 \
2
03 s \7 58.6 11210 20.5 10 19 139 715 13 239 43 294 11403
314 16 9 18 8 6 4 12
2
0.4 s\ 48.8 112 10 19 10 19 12 71513 19.2 43 242 9294
314 16 9 18 8 6 4 12
al
05 ns 39.0 11210 13.5 10 19 85 71513 145 13 19.0 71.85
31416 918 8 64 12
3
0.6 s 17 292 11210 8.0 10 19 58 7613 9.6 43 13.8 50.62
31416 9 18 8 15 4 L2
2
0.7 1517 194 11210 25 1019 31 1376 37 43 86 28.69
31416 9 18 8 415 i 2
o)
0.8 s 96 12110 32 10 19 04 1376 12 ) 34 7.32
314 16 918 8 415 12
~
09 16 11 14 5.6 121 18 04 8 20 74 3706 61 3 18 1825
523 9 10 19 415 2
17
1.0 516 14 -20.0 18 10 12 -18.0 8 20 6.0 1315 7 -13.0 24 -8.0 479
2317 91 19 6 4 31
1
Integrated Approach for Design of Cellular Manufacturing Systems
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Table 6.2c: Layout for 5-cell solution of table 5.27 using MUCH

[ { Cell I Cell2 Cell 3 Cell 4 Cell 5 [
Machins | 5.11.13.14.16,17 | 8.19,20 36705 19.10,12.18 23 gell  JHIT
Parts 6,7,11,15,19 3.10,18 5.8.13,16 1.9,12,14,17.20 2.4
W, Layout M7 [ayout IM? Tayout IM? [ayout IM* Tayout M “Tayou Te _';. —
0.0 16 17 5 64.0 20 19 2 157 32.0 18 12 41.0 32 8.0 415 [ 1809
1413 11 8 46 10 23 '
9 1
0.1 \iﬁ 175 \ 56.0 \20 8 \ 19.2 \o 7 \ 28.1 \ 189 10 \ 355 \ 32 \ 70 415 | Soo 158.66
14 13 11 19 415 12 1 23
\ 0.2 \\6 175 \ 48.0 \10 8 \ 16.4 \e 1 \ 242 \ 18 9 10 \ 30.0 \ 32 \ 60 |45 492 136.42
14 13 11 19 415 12 4 23
\ 03 \\6 17 5 \ 40.0 \10 8 \ 13.6 \(, 7 \ 20.3 \ 18 9 10 \ 245 \ 32 \ 5.0 415 418 114.18
1413 11 19 415 12 1 23
\ 0.4 16175 \ 32.0 \ 20 8 \ 10.8 \ 67 \ 16.4 \ 18 9 10 \ 19.0 \ 32 \ 4.0 415 344 91.94
14 13 11 19 415 12 1 23
0.5 \ 16 17 5 \ 240 \20 19 \ 8 \6 7 \ 125 \ 18 9 10 \ 13.0 ‘ ¥2 \ 30 l 415 \ 270 69.35
\ 14 13 1\ 8 415 12 1 23
\ 0.6 \u 145 \ 16.4 \20 19 \ 52 \e 7 \ 8.6 \ 18 9 10 \ 7.0 32 \ 20 \ 415 ‘ 196 47.04
13 16 17 8 415 121 23
0.7 11145 7138 20 8 24 67 47 18 9 10 1.0 32 \ 1.0 415 12.2 24.03
13 16 117 19 415 121 23
0.8 111415 1.6 20 8 04 (67 0.8 18910 | -50 32 00 243 60 1.94
513 17 19 415 12 1 51
09 11517 -10.6 20 8 32 61 -3 18910 | -11.0 32 1.0 235 0.5 -20.73
14 16 13 19 415 12 1 41
1.0 11517 -20.0 20 8 60 |67 70 18910 | -17.6 32 2.0 425 10 47.4
14 16 13 19 415 121 13

Integrated Approach for Design of Cellular Manufacturing Systems
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Table 6.3a: Layout for 5-cell solution of table 5.30 using MUCH

Cell | Cell 2 Cell 3 Cell 4 Cell 5
Machines | 1,2,3,10,11,12,21,22.23 | 4,13,24,27 5,7,15,17,18.26 | 8.9,19,20,28,29.30 | 6.14.16.25 Inter
Parts | 210:11,12.2023,31.32, | 15,19.24.25, | 7,14,16,17.27, | 1.3,89,1321.22. |4.5.6.1826 cell
33,39,40,41 28,35,38 34,36,37 29,30
23 21 12 27 24 26 17 18 19 29 28 25 14 421
Layout |10 22 3 413 7155 30 9 8 6 16 35
112 20 )
| nmMnc | 4651 | 271 1181 | 1882 288 983
.z | 6774.1
Table 6.3b: Layout for 6-cell solution of table 5.30 using MUCH
\ | Cetl | Cell 2 | Cell3 | Celld4 [ Cell5 | Cell 6
| Machines | 8.9,19,20,29.30 | 4,6,14,16,25,27,28 | 5.7,15,17.18.26 | 3. 2~ | 1324 [12.10.11,1221,23| Inter
\ Parts \1,3,9,13.21,22, \4.5.6,8,15,18‘24, \7,14,16,17.27. 23,40 \ 19,38 2.10.11.12.20.31, | cell
29,30 25,26,28,35 34,36,37 32,33,39.41
29 19 30 16 14 25 26 17 18 322 1324 1112 23 364
Layout |9 8 20 \ 4 28 27 \7 155 \ 22110 125
6 1
| M/IC | 1617 \ 858 | 1181 | 503 | 120 2623 1440
| z | 6271.4

Integrated Approach for Design of Cellular Manufacturing Systems




Table 6.3c: Layout for 7-cell solution of table 5.30 using MUCH

\ | Celll | Cell 2 Cell 3 Cell4 | Cells Cell 6 Cell7 |
| Machines | 1,322 [2,10,11,1221.23 | 1425 [ 4,6,8,16.27.28 | 5,7.15,17,13.26\7.10.20.29,30 1324 | Inter
\ Parts \10»23,31~ \111»1120133, 4518 | 6,8,15.24.26, \7,14.16.17‘27. \1.3.9.13.21. 192538 | cell
32,40 39,41 28,29,35 34,36,37 22.30
22 3 2210 11 | 1425 |6 288 26 17 18 29 19 30 1324 |546
Layout | 1 12 21 2 16 4 27 7155 9 20 123
7
\ wic | i3 | 1986 | 78 720 \ 1181 | 1439 120 | 2021
Lz | 6386.9

Integrated Approach for Design of Cellular Manufacturing Systems
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80
60 A— —h—— A
40
0
‘ 3-cell 4-cell 5-ch
—&— cell formation 1 u 7
cbjective | | |
—— |ayout | 58.5 : 50.4 58.7
 biective |
Figure 6.2a
200 ——_+ ——
150
100 -
50 /

3-cell | .
| i I — 4—._—-!—-1——- — — | .
. —¢— cell formation 33 | 41 53 |
—a— layout 175.4 | 177.3 180.9 !
_ objective | — | I
igure 6.2b

Figure 6.2C B

v I
ter 5) and layout objective using MUCH
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'8ure 6.2: Comparison of cell formation objective (chap
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v to survive i ) re
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1T L tha the H'[’(Ik - individu
onmen han er in ivid als As
3 il a I'CSUl[ lhey c
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adaptatio

n cou i

. Id be employed for solving optimisation problems. Goldberg (1989), and

lep[ns Zlnd H s . ]
illiard (1989) give detailed insight into different aspects of the genetic

n, selection policy, genetic operators, and

algori
thms ;
. In genetic algorithms the populatio
terminati
nation CI—' ; :
iteria play important role in providing officient solutions (0 large
COmb'
Inatori: fizati
ial optimization problems at a very low computational cost.
POPUlation
initial population  at random. The

sists of generating an

The
search technique con
at any instant of th

solution Space e solution process.

POpulation i
tion is a subset of the total
pulation,

d chromosome is an element of the po

An
y feasi -

sible solution of the problem calle
nations of symbols, known as genes. which represent

Ch
somes (strings) aré combi
erations (children)

the |
indjvi :
vidual characteristics of the chromosome: The successive gef
by a process known

om the curre

parents)

nt populﬁ[iOﬂ (

of th
€ population are generated fr

ds
Selection.
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Selecti
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OUICl[e \Vl
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/ ue elﬂ i

to the rest of
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1ve

al functi : ' i
nction that maps a particular solution onto a

value d
etermine
termined using a mathematic

¢ solution’s worth. The probability of an

single it
g ositive
positive number that is a measure of th

individ :
ual 1 bei >
ng selected to be reproduced can be expressed as follow:

is the number of individuals in the

where
* F 1 1
. is fitness value of individual i and N

Populati
1on. Bas il :
ed on the probability, the genetic operators are applied to create a new
populﬂ[ion.
Genetj
netic operators
ver and mutation operators. The

T'w
O classi
SIC
al operators most comlnonly used are crosso

ically dependen

t on the genetic operators (Suresh et al.

exploration of search space is €rit

199

) 5). The crossover operator operates On two chromosomes and generates the offspring.
rossover is the exchange ©of sub-strings petween selected parents. Since it is an

nherits some characteristics of the parents (Islier

over (figure

inher;
rita
nce mechanism, the offspring i
e the simple cross

199g
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5) and Al-Hakim
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assignment of penalty factors. Here, a stepwise increasing penalty function
depending on severity of violation 1s employed. Coit and Smith (1996) suggested
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6'5 1 D
* etermina ion Of
i “0 CIOSC”CSS lating using ‘UZZV IOgiC and ‘\HP

IhL | “[ ) . . .
h( (.I(\] JJLA" 3 Tl Rl . T\ Il
gy ( f dLIL I l g 4 .) 4 = n

below:

Step 1: The first step i
st step is the variable i
T ;“ :;{l llL variable (qualitative factors and weight factors) fuzzification.
alitative variables that can influence the closeness Tt i rmi

the value of qualitative v jable ir of faci e
N | .Llrm es for each pair of facilities: define the membership

and the lhinguistic variables (see figure 6.4). The membership functions are
dev
eveloped using expert’s knowledge, interviews of involved people and/or past
hi
ustory of facilities layout. However 1n this model the values of the qualitative
variables are chosen arbitrarily on scale of 0 to 100. In the actual design process, the
efine the proper membership functions for

desi
- n1 »
gner has to collect the data and d

vari
arious variables.
using AHP. The AHP

r of facilities (activity)

etermi ;
nine weight factors for each pai
he membership function and linguistic

preced .

L . : .
ire is given in chapter 3. Next, define t
ee figure 6.5). Al this point the fuzzification is

ght factors (s

\'u]-i.
ables for the wei

Complete,

0.3 0.45

0 0.15 g
weight factors

Figure 6.5: Membership

ar M am:facturr’ ng System?
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Step 2: E
L ‘S[th_gh 2 LR o g . ‘
the decision making logic or decision rules. These rules usually take th
) e

form of IF IEN
of IF-THEN rules. These rules imitate the designer's decision and are

conveniently tabul:
iently tabulated in look-up tables (see table 6.4a, 6.4b, and 6.4c). The
Minin

1 A . .

um operator (Mamdani and Assilian 1975, Mamdani 1976). i.e. the
l]‘lcn]bc . - X = ; ..

rship function of the closeness rating for each decision is the minimum value

rship function, will be used as shown below:

l{filbr'i’ }

1 .‘:'.. — Mini {[ label
Sirlosenety Tiing "1!”””“”” lm;lur,m!ur """" Hoanpurovalue

Of o g . .
the input variable’s membe

Table 6.4a: Decision rules for QF)

Table 6.4b:Decision rules for QF2

(defuzzification) by
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1l

Where - R, = the final crisp rating of the activity.
i = the rules used in the activity.

the numerical rating of the activity of the rule.

1

R

uf = membership value of the activity for rule.

ed to develop a more efficient layout. An

The
se value - .
e values of closeness rating can be Uus

i”US Al vo . F . . . .
trative calculation of closeness rating. for the layout of six machines in a cell, using

fuz; :
2zy logic and AHP is given below:

¢pl: Consider an example of assigning SiX facilities to SiX locations. The qualitative
data and the desired relative jmportance for cach pair of facilities are given 1n

table 6.5,

ata and the desired relative jmportance

Table 6.5: The qualitative d
Qualitative | ativ nsi ceof
[T\m_ Qualilativc Qua[itativc Qualitative Inu,nsnyﬁlizgrosrlan
factor | factor 2 factor3 ——
( Fl (QF2) (QF3) lover2 loverd | 20V
] I
T (e | Be B |
- 0.00 5 ;
1-~3* ;?% 0.00 35.00 14 : 4
1-5 92.00 0.00 65% 13 : 1
1-6 24.00 0.00 23-00 . ] ;
2-3 20.00 25.00 0 : : ,
2-4 87.00 50.00 72-00 : : ]
2-5 60.00 90.00 9600 : ] 7
2-6 75.00 0.00 b ) s i
34 0.00 15.00 : - 1 :
3-5 0‘0 Sqoo ‘;0.00 " . 175
-1 6 2 76 00 0.00 \ » 13
&5 2% 65.00 38-% " | :
( ’ c 70. :
5 50.00 g :
vl e | 2 e |2
56 | _ | 2500 |
pair of facilities are shown 1n

Ste 1
P2.1. T . s RFIE for a
3 . using
he weight factors determmed 4 The weight factors
e calculatio

tah
le 6.6. Table 6.7 illustrates 2 sampl

for
QF,, QF, and QF; are 0.59: 0.
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Table 6.6: W
erght factors fi | i
ght factors for qualitative factors determined using AHP

lover2 ; lover3 2over3
0 1: ' 0.67 ! 0.17
0.17 063 | 019
0.17 0.67 , 0.17
| 0.19 0.63 0.17
| 033 0.33 0.33
0_:}3 0.33 0::33
0.59 0.28 0.13
0.50 0.25 0.25
0.33 0.33 0.33
0.25 0.25 0.50
0.33 0.33 0.33
0.26 0.33 0.41
0.33 0.41 020
041 0.33 0.26
’_LJ 0.26 0.33
| R S

AHP

e weight factors using

Table 6.7: Sampl

The weight factor 0.59 belongs to fuzzy subset

Ste
P22 s
Fuzzification of weight factors:
8 and

e 6.5) Gimilarly, 0.2

1'(_"]’_\1 ;”gh . ) .
with a membership value of 0.966 (se€ figur
ship values of 0.844 and

0.13
belong to fuzzy subsets medium and Jow with member

0.
e values of 87, 50 and

Ste
P2.3: Fuzyif:
- Fuzzification of qualitative factors: QF 1 QF, and QF3 hav
ship values for these

uistic variables and member

7St .
€spectively (table 6.5). The ling
.0 and High with 0.5

High Wi

[ with 1

qualityy;
tative factors are Very th 1.0, Med

reg .
Pectively (see figure 6-4) (in case ©
[F-THEN decision

of faciliti€S,

Ste

P24g. .
* When this process i completed for all pairs

med using tables

ruj
€S are dCVeloped. The I’F_THEN fufﬁ‘,s for th

6.4
4, 6.4b, and 6.4c are:
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R )_f!..(l\ 0“{}‘0" (.('l’{“{(“ A'Lh”l“fﬂf‘“” i 12 S\'ﬂ'( n
I . AL 15

!{U]L‘ l i[: ( - S l]d g o ictor 1s rating A
; [.‘ !5 rt 4 &
;) 1 A8 1 ff,\ Ill‘l{h ar L \\'Ligh[ f‘ { i& ‘/{’f'\' [}iqh THEN l ‘S
. [s 1 bl -" '

Medium THEN the rating is ‘O’

-

Rule 2: IF QF '
IF QF- is Medium and its weight factor is

Rule 3: IF OF
3 IF OFs 7k 5 ‘ .
JFs1s High and 1ts weight factor is Low THEN the rating is ‘T’

Slc e
. p 25 I
Sing [hL‘ m
& inimum oper: : » oS c 1
( [N.rdll)l". RLI[L[ IL.\lI][h in rating Of ‘.‘\. with H'ICI'I'leI'Ship

value of ().¢ :
966 (Minimum { 1. 0.9661}). Similarly. Rule 2 results in rating of ‘O’ with
membership value
vip value of 0.844, and Rule 3 results in rating of ‘I with membership

value of (.5.

Sic
P2.6: Tl
1e crisp value for activ ity 2-4 using the Centre of Ared (COA) method is:

6 % 0.966 + 3x0.844 + 4 %05
= 447

0.966 + 0.844 + 05
pair of facilities) and subsequently the

Thi

S pr

process is repeated for all activities (
uzzy closeness ratings

n in table 6.8. These f

close
nes

s rating matrix gcncratcd is show
) in the genetic algorithm.

Will be
e use -
ed to compute the fitness function (objective value

ating matrix

Table 6.8: Fuzzy closeness T
,_.__-————"‘_‘_,_-—-ﬂ'“_.—a—'—‘__———‘__,_.——ﬂ—__d—:—-—‘___a—-—'
!'\C[i;ily »| | 2 3 4 5 6
. A— L
— POl 57 39 | 26
2 [ 3.35 | 447 535 | 3.50
—— 1 - 1 [285]43% 3.02
—'—"Z"'_"-"""_" R 5 - 3.35 4.09
—-—'—""‘"d"‘:"_”""""d i s - 3.67
5 = - ____:____,_,d_-__.,___.:.d—
___Eﬂ,,,;,,;,»,;f~ff»#f~f~*
6.5
. .3
g Algorithm of GA based multl-cnteria (FUGEN) model
Ab
ase developed pased on the
d multi-criteria model (FUGEN) for layout of CMS 18 p
rmulatio which 18 developed in the section

shown in

fo
my|
at
on of multi-criteria mathemancal form
flow chart is

o3 3 The ,
€ algorithm of FUGEN is given bel

f@meﬁo
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‘[L]) ] ] II ) » l » el L (] "'l [n‘(; '”’(I Al ](’](‘l“ lj“)l} M1 ()!
}

crossover (P
‘ ). probability At (
probability of mutation (Pag). wi. number of qualitative facto
¢ rs,

(S) in eac
) in each generation.
Ste
. p I . ]{
-2 Read demand. trans ! |
_transfer batch siz¢ and operation sequence of parts

Ste
“'P 2[ SL‘[ x=]|
ition (the length of chromosome and the

S[c
Randomly generate an initial popult
umber of facilities), set GEN=1

value
of genes should be between one and n

Step 2.3 Set s=1

Slep 3
A 4 o
ompute objective value (IM™), update s=s+1

Ste
P4: |
f s<S, go to step 3. else g0 19 step 3
tive values

cending order of objec

S[e
P53 A
. 1T - . .
range the strings (chromosomCS) in as

S[e
PG: C
. Co ) . —
mpute average objective value (14" ) set s=1

Ste
p7

Compute Roulette values (Rou) of all strings

) between 0 and 0.99

S[e
P8 @
enerate a random number (RN
11.else g0 to step 12

N(Px go to step

Step o.
10, else if R
ulette value

I
. f RN<Py, go to step
e 10, |
: Generate random number (RN) petween minimum and maximum Ro

(R]hln aﬂd Rﬂmx)
RN lies petween the Roulette values

Slep 10,1
' or mutation S

Accept string s f

of Slh ]
and s+1" strings
nd n for mutation.
and RN2) petween 1 @

s=s+1 and go 10

P104.
4: If IMK(Wq accept the string for the new

St
ep 13, else go to step 8
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Sle l 3 » = =
; (JLn < I h = b > e 4 ‘ r

min
(R an l R::_u}
Slﬁ
R R, CCCP[ string § i
: g3 for crossover S i
S¢ S UCh that the RN lies
etween the Roulet
b te values

of 5¢
sand s+/ strings

gle
Step 11.2: Simi
LodIML . sals
larly select one more string for crossover

g[c
Step 11.3: G
e lL‘nC[’u = -
te random number (RN) between | and n-/ for crossover

Ste
D ll ‘1' (-
4 Crossover : ]
; ssover at RN to get children S« and s«
°lep 11.5;
D If off

spring 1s eas 1 )
pring 1s not feasible (repetiion of genes) g0 1O step 11.6. else go to step

11.7
h the

S{e
P11l 6 R
6 Repai _ _
pair strings using concept of ‘replace the foremost reoccurrence wit

fore
. and [M*,2) of strings

S[e
PLLT:

Compute objective values (IM*
eject string Sx!

pdate g=s+l.elseT

S[e
P11.§:
B X —
fIM* <7, accept string Sxi» U
|se reject

update s=s+1 and 80 to step 13. ¢

Ste
P 119
L If IM* o<, accept string S

S[Tin
g s¢2 and go to step 8
n, update s=s+1 and go 1O step

S[e
CIf X .
IM <757, accept the string for the new generalio

13
 €lse go to step 8

Ste
P13
$<S go to step 8, else 80 1€ step 14
GEN=GEN+1,

1: Iszz-' e

=M% go 0 step 15, else

Ste
P 14
: If GEN=GEN™* or IM;:
pute objective values and go o step 2

Ste
p 15 Stol‘e IM*
S

minimum and Jayout

]. :

Ste
P 1g.
. Randomly generate a

St
D 19. o
S:l

C
ompute and store IM
set GEN:l

n initial population.
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Slep 20: S
20: C
ompute objective value (IC), update s=s+1

Step 21:
: If s<8, go to step 20, else go to step 22

S[C 9
P 22 A
<. Arrange the
rrange the string ‘
(rings fChI’O['I'IOSOlﬂCS) mn ;1sccnding order of ObiCCli\'C valu
)| (o

Ste
pP23: C
2 om » AVPTS
pute average objective value (ic): set s=1

Ste
. Co .
mpute Roulette values of all strings

Ste
P25: Gene
enerate a random number (RN) between 0 and 0.99

27, else if RN<Px go 10 step

imum and maximum Ro

78, else go to step 29

Ste
p 26: |
If RN<Py go to step
ulette value

S[e
D2 G
£ CHCT’ 2 g
ate random number (RN) between min

([{.H::] und l{fi'..l\)
S[c
P27.1.
e I\CC > 3 . :
ept string s for mutation such that the RN lies between the Roulette values
&) . -
fsand s+/ strings
d C for mutation.

S[e
p27.7.
23 Clanar:
enerate two random numbers (RNjand RN.) between 1 an

d by RN and RN2

Ste
P273
- . : E
xchange the gencs occupie
n, update g=s+1 and go 10 step

S[e
p27 4
4] L ;
f IC<ie, accept the string for the new generatio

ette value

30, else go to step 23
maximum Roul

Ste
P 28:
Generate random number (RN petween minimurm and

(R™Min and Rmax)
N lies hetween the Roulette values

Ste
P28 1:
- Accept string s for T

Of th
s"and s+1" strings

Ste
P28 4.
4 Crossover at RN

S
(repetition

te
P2g
S
If offspring is not feasible
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- soccurrence with the
e - replace the foremost rcocct
Step 28.6: Repair strings using concept of ‘replace

foremost vacancy’

¥ " ings
Step 28.7: Compute objective values (ICx and 1C:2) of string

= »]se reject string Sx
Step 28.8: If IC. <j¢. accept string sxi. update s=s+1. else reje |
-p 30. else reject string
Step 28.9- If IC,s<ic. accept sString Sx2. update ¢=s+1 and go to step
s | and go to step
Aral date s=s+1 ai
Step 29: IC<iz, accept the string for the new generation. up
30, else go to step 25
]
YD 30:1f 5<5 go to step 25. else go 10 5P 3 17 else GEN=GEN+1,
S[ep 31 max IC\ IC“_,'___._ :ICXS go [O S[ep I
- If GEN=GEN™" or 1= 2
72
[cp <=
Compute objective values and go o Siep

S[c ;
P }2 S[orc I(V‘lmnmmm and |;_]yOU[

S
' 33: Compute and store z

Step 34 S[Op
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Input C. pans and machines therein, GEN™". S, Pu. Px

v

Read [y, By. Sy

MY <IM?

Accept stnng $x= 5.
1Roul.<R.\'<RouI...)

W GEN=GENa
A
Afrange the strings in ascending order of InM"

4 4

Compute A1’

Compute Roulette values of strings w

L 2

Repair sy, & sx»

Accepl string s
(Roul,«<RN<Roul,.1)

Generate RN, and RN; w

(1ton)

Swap genes of
RNI and RN,

Accept chromosome

s=s+|

5=s5+1
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o AW GEN_GEN|
A1e stnn |r
& Ngs 1n ascending order of [C ,

Accept stnng sx= s,
(Roul,<RN<Roul,.1)

Compute 1

e ¥

Co
mput
_______?__Mc values of stnngs

senerate RN (0 to 0.99) :-——-‘J

Crossover at RN to get
Sx1 and sx2

Repair sy & sy

‘l\;ccl" stnng s
oul,<RN<Roul,.,)
i

Generate R N

ome 5x1

SW;],
] N!P genes of RN, and
5:54"]

Y~
" Accept chromoso
ACC =! +1
Cpt chromosome )
S=5+] :
Is s<S?

MLLE]

Is GEN<GEN
or IC,=1C= = ICs"

UGEN mode!

fthe F

6.6 F]Owcharl 0

Figure
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e
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24 Validation

Thi
s model 1s
1s also valid: :
so validate 5 I
ed for the same problems as MUCH model is valid d
- idated. All the

ass““'p[k)ns dare
dre¢ same c¢x
2L ‘,\Cl.'pl [h;.![ [hC initi
a ou & 1S mOdC] as

thes
€ are bej
C1 »
ng ge nerated randomly in GA

\d 6.11) by this model also

Like »
model. the layout designs (tables 6.9. 6.10, ar

o be the best if layout is

shoy
v that
the bes
est s :
solutions (cells formed) in chapter 5 need not t

7b, the best solutions without considering

Considere

" idered. As shown in figures 6.7a and 6.
Out is 3.ce ,

FOrQXam ICL“ solution but 4-cell solution is best when the layout is considered (W1=0)-

ple 4 (table 5.28), as shown in figure 6.7c. the best solution without considering

( when the Jayout is considcred (w=0).

Iay
out 4
S 5-ce
C :
Il solution but 7-cell solution is bes

| could also be used for design of

It
sho
uld
also
be noted that the proposed mode
a input. Hence,

s one during dat

funey;
Cliong|
la :
youts just by specifying the qumber of cells
youts. If the

VIS functional la

th
youts vis-a-

e
Moq
el is
ca ;
pable of evaluating cellular la
a then fuzzy logics can also be used to
e data.

esi
8her has any _ , _r
uncertainty 1n quantitative dat
ed as qualitativ

e data general

data

[I‘e
dt thi
1 .
e done by treating the quantitatty
ed quantitative

Fo
first to get the generat
. and importance:

r doing thi
S ; ; ;
, algorithm is to be run twict

gorithm by

ang g,
Nex, l:ebzsed on this data select the proper fuzz
Sp“'cify. csigner should inpu! this as qua[itative data and Tuf the al
e the weightage for the qua]itative factor (WI:I) 45 unity- The quantitative data

ion 3.1 (inter-cell).

is
gﬁne
l'a[e
d by solving equation 22 (intra-cell) and equat

Manufﬂf“‘

Ppro
ach for Docion of Cellular



Table 6.9a: Layout for 3-cell solution of table 5.26 using FUGEN

Cell | Cell2 Cell 3
Inter cell Objective
Machines 2,3.5,11,14,16,17 4,6,7,13,15 1.8,9,10,12,18,19,20 value
Parts 24,6,7,11,15,19 5.8,13,16 1,3.9.10.12,14,17.18;
20
W, Layout IM! Tayout IM? [ayoul IM° Tayoul Te =
0.0 16 14.3 2 (7154 1 1219 a5 30 K 539
17 112 613 8 10 18 1
15 19 20
0.1 51716 1722 {1576 1817 | 18 20 19 214 g 1107 4382
131 \ \4 13 W 910 8§ |
1 112
02 16 14 3 1135 {1576 533 | 1219 14.08 32 914 30.95
17112 413 810 18 \1
5 19 20
03 S 12 657 57 6 25 1219 861 32 121 19.55
16 14 3 413 %10 18 \
17 19 20
0.4 16 14 3 250 (1376 033 {1219 3.00 \ 3 \ 528 \ 892 \
17102 415 8 10 18 \
R S A il O
0.5 \m 143 212 1576 217 1219 \ -2.64 \3 2 \ 335 \ 12 \
Tu2 413 8 10 18 \
\ 5 \ \ \ 20 19
\ 0.6 \n 517 696 | 1576 6 12109 827 32 142 1351
314106 \ \4\3 \ \310!8 !
2 20 19
0.7 S 1716 M3 1576 483 [ 1219 \ -14 \3 2 \ -0.51 \ 24 49 \
413 %10 18 \
\ \ \ \ 19 20
] 671 11576 1167 | 9181 1983 |32 244 36.19
\ \4 13 \ 19 10 12 \ \ | \ \ \
20 8
223 | 13115 1469 | 10 18 8 2666 | 21 488 29.03
20 9
22797 | 6 13 4 1782 [ 10199 3439 |21 6.87 62.93
157 \ 181 20 \ \ 3 \ \
8 12
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Table 6.9b: Layout for 4-cell solution of table 5.26 using FUGEN
[ [Cell I [ Celi2 [ Celi 3 [ Cell 4
Bﬂdﬂ'm’s /2,3.5,”.14.16.17 / 1.9.10.12,18 IS.IQ.Z’O 4,6,7.13.15 Inter cell Objective
'iI .
Pt | 2467111519 | 1912141720 | 3.10.18 58.13.16 e
W, Tayoul IM' Tayout M~ Tayour NG Tayout IMY avout & " B
0.0 16 14 3 | 2] 91 12 13 20 19 70 7154 Il 32 16 524
I w2 18 10 . 613 41
01 15116 1722 |91 12 |95 [0 56T (1576 1817 (43 |05 Taror
1 .
02 6143 11175 9112 6.90 20 19 157 6 533 121 053 303
: :
03 512 |652 10112 |38 (200 1576 25 a3 781 1892
16 14 3 18 9 8 4 13 12
\7
0.4 6143 | 250 9112 0.80 2008 1.679 1376 -033 |14 507 832
712 18 10 19 415 23
5
05 6143 | 212 9112 225 08 15 76 317 | 4 234 1.37
1712 18 10 “’ 13 =%
5
0.6 1517 -6.96 9112 =33 208 -0.98 157 6 -6 34 -0.39 -13.86
314 16 18 10 19 413 21
07 |56 [ 1143 |9 112 | %3 [o% 23 (1576 | -883 |14 |31z | 2483
5 3
08 116145 |-1671 191 12 1139 | 19 20 389 1576 ; 14 585 | 3641
2 18 10 8 413 .67 |23
09 16 14 5 22 3 91 12 -14.44 19 20 -5.38 13 7 15 = 21 -8.59 -48.36
730 18 10 8 46 14.69 | ¢
1.0 6145 | 2797 9112 -17.82 119 20 -6.87 613 4 % 14 1132 | .60.66
ik 18 10 8 15 7 17.82 |23

Integrated Approach for Design of Cellular Manufacturing Systems




Table 6.9¢c

: Layout for 5-cell solution of table 5.26 using FUGEN

[ [Cell ] [ Cell2 [ Cell3 [ Cell 4 [ Cell 5 B
Machines | 1,9,10,12,18 23,1114 4.6,7,13.15 8,19.20 51617 Inter cell [ Ohece
Parts 1,9,12,14,17,20 | 2,4,11,19 5.8,13.16 3,10,18 6,7,15 |
w, |y Mt [Tayout fym® [ Rayoul o ppg? o f B Mt | Layou ¢ i
0.0 9 11213 14 3 1 7154 |11 20 19 7.0 17 16 54.6 ‘!
18 10 12 6 13 8 S o
0.1 9 112 \9_95 \3 14 \8.80 \ 1576 [1817 |208 5.67 16 17 13.26
( \ 18 10 2 il 413 19 5
02 9 112 \6.9() \14 i \6.5% \ns 76 \5.33 \10 19 \4.34 \ 16 17 38.82
\ \ 18 10 32 413 8 5
0.3 10112 385 14 11 \4.39 \ 1576 \1.5 \20 19 \3.01 \ 16 S 0.57
V \ 18 9 \ \ 39 4 13 8 17 ‘
0.4 9112 | 080 \n 2 \2.19 \ 1376 \-0.33 \20 8 \ 1.679 \ 16 5 9.23 \
Y \ 18 10 \ 14 3 4 15 19 17
05 9112 | 225 |11 14 \-0.01 \ 1576 \-3.17 20 8 \0.35 \ 16 17 211 l
\ \ 18 10 \ \2 3 413 19 5
0.6 9112 |-53 \n 2 \-2.’1\ \ 1576 \-6 \20 8 \-0.93 \ 16 5 -13.45
T \ 18 10 \ 14 3 413 19 17
0.7 9112 |-835 (23 442 1576 |88 (198 241 |16 17 24.86
Y \xsm \ \1\14\ \4;3 \ \20 \ \5
08 19112 1139|113 |-665 [1576 |-11.67 | 1920 389 |16 17 -36.31 l
T e VO il T el F
09 91 12 \-14.44 \3 1 \-3.99 \13 715 | 1469 [ 19 20 538 1165 -47.99 \
1 e P il il R T _
1.0 91 12 178212 14 1132 1613 4 -17.82 19 20 -6.87 16 17 -60.31
T \xsm \ \31\ \ \\57 \ ‘3 \ \5 \
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Table 6.10a: Layout for 3-cell solution of table 5.27 using FUGEN
Cell 1 Cell2 Cell 3
/ / / Inter cell Objective
[ Machines [ 23,5.11,14.16,17 [ 4,6,7.13,15 1,8,9,10,12,18,19.20 value
Parts 2,4,6,7,11,1519 | 5.8,13.16 [ 1.3.9.10.12,14,17,18.19,20
W, B M Loy IM° war) IM* iy { IC ;
0.0 4112 840 1576 38.0 1219 66 | 3 41 1726
16 53 413 19 10 18 2 ‘
17 \ 20 8
0.1 11517 74.88 1576 32.43 12 8 20 56.27 13 3625 150 7
21416 413 110 19 2
3 9 18
02 14112 62.09 1576 26.86 1219 46.54 e 3151 126 3
1653 413 8 10 18 2 \
17 20 19
03 \14\12 \ S1.13 1576 21.29 \12820 \ 36.81 13 \ 2676 1032
1653 413 110 19 2
\7 9 18
0.4 16 143 38.46 1576 1572 1219 27.08 13 \ nm 78 83
171125 413 8 10 18 2
\ \ \ 19 20
0.5 \14112 \ 2922 1576 10.15 12 8 20 17.36 12 17.27 5697
1653 413 110 19 3
\ \7 \ 9 18 \
0.6 16 143 \ 16.69 1576 4.58 12 8 20 7.63 173 1253 3241
17112 413 110 19 2
L T s L
01 11145 7.88 1576 -0.99 101 12 0.44 13 778 12.25
\ \3\617 \ 413 89 18 2
2 20 19
\ 0.8 \nsn \ 437 1576 -6.56 1219 -10.8 13 3.03 12.18
31416 \453 \ \msxa \ o] \ \ \
2 19 20
\ 09 \nsn \ -15.92 \6\34 \ 212,19 \12 19 214 13 171 -36.35
31416 715 108 18 2
2 19 20 \ \ \ \
1.0 11175 2914 | 7134 11934 10 19 9 3429 -62.93
\ \m314 \ \156 \ \18!20 \ \
2 g 12

I
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/ [

Cell |

Table 6.10b: Layout for 4-cell solution of table 5.27 using FUGEN

] Inter cel)

avout

Objective

value

Z

I(\TT )

98.69 \

7499 \

53.69

30.09

9.09

Cell2 / Cell 3 / Cell 4 /
/ Machines / 2,3.5.11,14.16.17 1,9.10,12.18 f 8.19,20 { 4.6,7.13.15
Parts 2467111519 ! 1.9,12,14,17.20 3.10,18 [ 5.8.13,16
W, Layoul M Tayoul IM® Layou IM? Tavour I TV
0.0 14112 890 9112 20 | 2009 20 1576 \ w0
1653 1810 8 413
17 l
0.1 s 7488 (9112 2698 2019 1918 157 6 | 28
21416 1810 8 413 .1
3 ‘w
02 a2 620 | 10112 2195 2019 1637 157 6 |~ 2686
1653 189 8 413
\1
03 14112 S113 10112 1693 2019 13.55 157 6 3129
1653 189 8 413
G
0.4 16143 /A6 | 9112 ol 20 19 1073 157 6 1572
171125 1810 8 413 \
05 A 112 /22 | 9112 6.89 2019 792 1517 6 1015
1653 1810 8 413
7
06 16143 1660 | 9112 186 2019 5.10 157 6 458
12 1810 8 413
5
07 11145 788 9112 316 2019 229 157 6 099
31617 1810 8 413 \
2
0.8 11517 4137 9112 818 2019 -0.53 157 6 -6.56
31416 18 10 8 413
7
09 1517 592 (10112
31416 189
)

10 TS
163 14
ol

10121

189

-13.21 1920
8

-14.3

L

\ -19.34 \ 198
20

-37.36
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Cell 1

Table 6.10c: Layout for 5-cell solution of table

5.27 using FUGEN
/ / / Cell2 / Cell 3 Cell 4 Cell’S [ S
Machines 5 g 20 ) = Inter cell Objective
L / 5.11,13.14.16,17 / 8.19,2 / 4.6.7.15 1.9.10.12.18 53 ( e ||
L Parts 6.7.11.15,19 310,18 5.8.13,16 19.12.14.17.20 ] 53 ] |
l W, [ayout { M7 Layout l M~ Layout —]W | T | T i T prer = ! :
|-
0.0 13 14 11 60 2019 220 15 4 32 S —2:‘———--?* o T T [ 713
lnms 8 76 1810 1 23 | ‘
0.1 1716 5 51.63 \10 19 \ 1918 | 715 \ 2761 (o112 \ %9 |23 69 41 5602 T 148 67 |
6 4 5 -
13 14 11 8 1810 13 | |
02 B a8 200 \ 1637 \15 7 \ 234 012 295 |23 S8 i B[ 12556 |
\7 16 5 3 46 189 )4 l '[ - f
03 S 1617 349 2019 V355 Y715 \ 19 10112 693 133 T W 006 | 10231
W14 13 8 6 4 189 gt l |
0.4 TEEE 2653 | 2019 1073 (64 14.67 9112 1191 Z 3 36 I 3208 79939 1
516 17 3 115 1810 ) 3 \ o \
05 516 17 18.16 \10\9 \ 792 \7 15 | 105a 9112 650 73 335 T T TRE
TS 8 1810 24
0.6 ERE 98 \20\9 \ 5.10 \1 5 1 oo 911 186 53 = T v e
S 16 \7 2 18 10 21 |
0.7 516 17 143 \10\9 \ 229 \\5 4 \ 9112 TR 03 a1 313 993
111413 ] 1810 23
08 716 5 -6.94 2019 053 4 6 ()\ B TR 55 a T LT
\ 13 14 1) ) \‘3 1 \g 10 23
09 1411 S -15.39 \\‘)?.0 \ 347 4 () -6.99 I.Ol 12 132 73 1.9 3 4 815 _}K‘)F’—
\ 1316 ] 8 51 189 51 \
1.0 516 13 2736 \193 \ 697 \ 15 ETER 0121 1931 1323 3 5 KEES) 48
\ 14 11 \7 20 189 53
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Table 6.11a: Layout for 5-cell solution of table 5.30 using FUGEN

[ [ Celll [ Cel2 | Cell 3 [ Cetta | Cell5 {

fM . 1,2,3,10,11,12, (4,13,24.27 {5.7.15.17.18.26fS.‘),l‘J,BU. (6.14.16.25 |
achines 21.22.23 28,29.30 Inter cell :
\ Parts 2,10,11,12,20,23, | 15,19,24,25, 7.14.16,17.27,34, | 1,3.8.9.13, 45.6.1826 |
31,32,33,39.40.41 | 28,35.38 36,37 21,22,29.30 - !
12 23 27 24 18 17 5 20 30 9 25 14 42 | |
Layout |10 2122 4 13 \7 26 15 8 19 29 616 35 |
23 111 \28 \ |

. m™nc | 3eas 1 | i | 160 | 288 | 983
oz 6075.5 B \

Table 6.11b: Layout for 6-cell solution of table 5.30 using FUGEN
\ | Cell | Cel2 | Celld | Celld | Cell5 | Cel6 |

Machines 29,1920, 4.6,14.16, 571517, 322 1324 1,2.10,11.12,
29 30 2527128 18,20 21,23 Inter cell

T?M \\,3,9,\3,2\, \4,5,6.8,\5,18, \7,14,16.17. \23.40 \19,38 2,10,11,12.20, \

22.29,30 24.25,26,28,35 | 27,34 36,37 31,32,33,39.41

29 19 8 27 6 25 18 17 5 3 22 13 24 23 2 1} 12 3
Layout |9 30 20 4 16 14 726 15 10 21 1 465
28 12
\

™MAC | w617 | 794 I U s | 120 | 2530 | 1415 |
oz 6087.5 \
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Table 6.1 1c: Layout for 7-cell solution of table 5.30 using FUGEN

\ | Cell | Cell2 | Cell3 | Cella [ Cell5 Cell6 | Cell7 |
\Machincs\l’?"zz \2,10,11,12, \14.25 \4.6.8,16, \5.7.15,17, \919*’0 \HI \
2123 27,28 18,26 29.30 Inter cell
Parts 10,23,31.\2,11,12,20, 4518 \6,8,15.24, \7,14,16,17 \1391%\ ..... \
32,40 333941 26,28.29.35 | 27,34.36.,37 | 21.22.30
2 3 2310 11 (1425 |6 168 18175 (2029913 2 346
Layout \1 \\2 7% 2 \ 27 4 28 \7 26 15 \30 19 \ \2 75
1
L mnc | i3 1 986 | T8 720 ] e | o1204 |20 [ 18ss
z |\ 6037.4
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Design of Layout for Cellular Manufacturing Systems

6.6 C .
Comparison of Results of MUCH and FUGEN Models

The results (objective value, 1€, integrated material handling cost) of these two models
for the problems solved (w,;=0) are given In figure 6.8. These results show that the
FUGEN model gives better layouts in term of the integrated material handling cost
MUCH model is based on a traditional

Compare -
pared to MUCH model. This is becaus¢ the
provided. The results

heuricr:
ris e i . .. s :
tic, results of which are highly sensiuive to the initial solution

out of 3 machines in a
nes in cell 3 of 4-cell solution

f{)r
the smaller size of problems (lay cell or layout of 3 cells on

shopfl :
Pfloor) are similar, e.g.. see the layoul of 3 machi

(tableg 6.2b and 6.9b).

g 65 - ]
: —
2 55
: i
S 45 3-cell , 4-cell 5-cell |
" MUCH | 585 59.4 87 |
—a— FUGEN 52.9 sp4 | 546 ‘
Figure 6.8a
- B
o o —

l
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74 Dev
clopment of SAFUGA Model for Design of CMS

SAA is used as an outer layer for cell formation

A is a coined term. In this model

edded fuzzy logic and AHP models to treat the

and th
e penetic - :

genetic algorithm, with emb
| the inner layer for the design

Vagu
$S an — . — .
d uncertainty of qualitative factors, 18 used 11
to the specified number of cells

allotted

of |a
Yout e .
of CMS. Initially machines are
(solo). genctic algorithm generates the

rand
omly. F
y. For the generated feasible solution

nputes the integrated objective value. T,

effic;
Cient
intra : :
tra and inter cell layouts and cot
e 1S called objo- Neighbourhood solutions are

usip
g €quati
lll ” . .
ion (1). This objective valu
lls and a machin

e from one cell 1s moved to the

o0 ce

generf
ate o
d by randomly choosing tW
1,2, 3...)are the steps

n steps (step

Other, T
he developed algorithm is given next. The mai
hm. The flowchart

the gonelic algorit

of SA
A
and sub-steps (4.1, 4.2, 4.3...) are Seps of

Of[he
s
AFUGA model is given in figure 7%

:.4.1 Algorithm

t

S‘ep L' Input P, n, Canax> MK AT i T T,

S[:Zj Read operation sequence: Dy and Bx

5 Initialize 1=0

P4 Generate an initial solution for cells (solo)

Step 4.1.1: Set x=1
initial population for layout: set GEN=1

Step 4.1.2: Randomly generate an

Step 4.2: Set s=1

Step 4.3; Compute objective valUe (aM"), updat© s=s+1

Step 4.4; 1If s<S, g0 10 P 43, else 80 1€ step 4 e
rings (chromosomGS) in ascending rder of V)

Step 4.5:  Arrangé the st

values
/276
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Step 4.6 ) ]
- Co > ave i
mpute average objective value (@), SET GEN GEN
M) s =GEN+1. s=1

Step4.7: C
LA ( )
Oﬂl])UlL ROU]C[[C VﬂlUCS (ROU) Ofﬁ” sl[ings

Slep 4.8: M
Q. ( » =¥ o -
ienerate a rllndOIT] nUﬂ]bCr (RN) bCI\VCCﬂ 0 ﬂﬂd O 99

S[:'p 4.9: 3
. . Ir l{,\. > > -
<l N gO (o S[Cp lOLIL if RN(P,\’ go to step 4.11 else gO[
4 S - [ OS[Cp

4.12
mum and maximum

Step 4
10 Generz
- Generate random number (RN) between mini

Roulette value (R™" and R™)
Ste
p4.10.1: G i
. Accept string § for mutation such that the RN lies between the

s of sand g4/ strings

bers (RNjand RN

Roulette value
) between | and n for

Step 4
p 4.10.2: Generate (WO random num

mutation.
pied by RN, and RNz

Ste
p 4.10.3: Exchange the genes 0ccu
pdate s=s+1

he string for the new generation, u

St
ep 4.10.4: If IM*<nr accept !

go to Step 4.8

j betwecl minimum and maximum

and go to step 413 else
St
¢p 4.11: Generat€ random number (RN

Roulette valué (Rmin and R™)
ies between the

St
ep 4.11.1: Accept string for cros

of sand o] strings

Roulette values
or crossover

y select one more string f
n-1 for crossover

| and

Step 4.11.2: Similarl

Step 4.11.3: Genera

Step 4.11.4: Crossover at

Step 4.11.5: If offspring 1S not
go to step 4 117

S .
tep 4.11.6: Repair strings USi"E c°

t vacanCY’
977

with the foremos
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S[Cp4 11.8 ;
1.8 If IMYy <
M%<, goto Step 4.11.9 else go 10 Step 4.11.11

Step4.11.9: X
A1.9: If IM o<, gO 1O Step 4.11.12

Step 4.1
11.10: Acce :

10: Accept string Sxi and go to Step 4.11.14
Sle4 ] — |

NERIE
S I If IM*,2< 3, g0 to Step 4.11.12 else go o Step 4.8
tep4.11.12: X |
2 If IM* x2< IM* x1, g0 10 Step 4.1 |13 else go to Step 4.11.10

Step <
p4.11.13: Accept String Sx2

Step 4
ol 4 U
1.14: Update s=s+1 and go to Step 4. 13
Step 4
12: M < '
If IM <y accept the string for the new generation. update s=s+1 and
go to step 4.13. else £O to step 4.8

Slcp 4 ;
13: 1 s<S go to step 4.8, €Is¢ B to step 4.14

max or IMY1= Mg e o step 415, else

_ =IM"s go t

Step «
ep 4.14: If GEN==GEN
tive values and go to Step 4.5

GEN=GEN+I, compulté objec

Ste
P 4.1 5: Store [Mxmininmm and IEYOUt
go to steP 4.1.2, else go 10 step 4.17

St
ep 4.16: If x<C, x=x+1 and

Ste
p 4.17: Compute and store M
ion, set GEN=1

St
ep 4.18: Randomly &€

Stﬁ‘.p 4.19: Set s=1
St

ep 4.20: Compute objectivé value (10, update s=s+1
S

tep4.21: If s<S, g0 10 step 4.20, else go 10 step 4:24
Step 4.22: Arrange the strings (chromOSOmes) in ascending order of objective

values
Step 4.23: Compute average objective value (7€) se GEN::GENH, s=1
Step 4.24: Compute Roulette values f all strings
a random pumber (RN) petween d0.99
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St
ep 4.25: Generat€
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-Slcp 4 )(-] f E 1
* I i \. l) !! 1() S o .1 )7 se i R P. 0 lo Stl £ )
P -y 0

step 4.29
Slcp 3197 G
ienerale I J
¢ random number (RN) between minimum and maximum

R i %
oulette value (Ru.n., an R::m}
that the RN lies between the

SICp 4
27.1: Acce e
|- Accept string s for mutation such

Roulette v
oulette values of sand g4 ] strings
tween 1 and € for

(RNlund RN,) be

Ste
p 4.27.2: Ge
2: Generale two random numbers

mutation.
ied by RN and RNz

Step 4.2
p 4.27.3: Exchange the genes occup

g for the new update s=s+1 and

generation.

Ste
p 4.27.4: If IC<ic, accept the strin

tep 4.25

go to step 4.30, clse gotOS
mum and maximum

number (RN) petween mini

Slc
Ne.
p 4.28: Generate random

nun ;.lnd I{

m:tx)
s between the

Roulette value (R
at the RN lie

S[c
p 4.28.1: Accepl string S for cross

Roulette values ©

S .
tep 4.28.2: Similarly select one more String fo
Slep 4.28.3: Generalc random number (RN) petween I C-1 for crossover
St
ep 4.28.4; Crossover ! RN
Step 4.28.5: If offspring isn feasib] (r petitio of genes) go to step 4.28.6, else
go to step 4.28.7
t currence
Step 4.28.6: Repair Strings using concept of ‘replace the foremos reoc
with the foremost vacancy’
: o) of string
Step 4.28.7: Compute objective yalues (ICx and IC2)
11
o to SteP 4.28.
Step 4.28.8: If ICu<IC: go to Step 4289 else &
o to SteP 4.28.12
219

S
tep 4.28.9: If [Cx2<7C+ €
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Step 5

Step 6
Step 9

Step g

Step g

Step o

Stepl 1

Ste  10-
ep 4.28.10: Accept string sy and go [0 Step 4.28.14

Sia - . e
tep4.28.11: If IC,2<ic. go 10 Step 4.28.12 else go 10 Step 4.25

Step 4.28.12: If IC.s< ICx1. go to Step 4.28.13 €lse €0 10 Step 4.28.10

S f ) -~
tep 4.28.13: Accept SIring s«

Ste - : :
tep 4.28.14: Update s=s+1 and go to Step 4.30
Step 4.29: If IC<iz, accept the string for the new generation. update s=5+! B s

to step 4.30, else go to S€P 4.25

o to step 4.31

Step 4.30: If s<S go to step 4.25. ¢ls¢ 8
32, else

or 1CH= IC'g% =
and go to step 422

—[C*s go 10 step 4

Sle 4.31' If GE! ___:GENma\

GEN=GEN+1, comput€ objective values

Step 4.32: Store ICminimum and layout
Step 4.33: Compute TC
Set obj,'=TC
step 7

If t>0 go to step 8 else g0 1O
(=t+1 and go 10 step 4.1.1

Generate a ncighbourhood solution:

Compute E = obji’ - Objt-l[

nee”
If E <0 or random no- R petween (2 )=
= 1a
Accept obj/ and sol’ » upda® AT=ATT

| _ colur an
. . = SOlt-
else accept Objll = obji-1+ sol

If AT <ATpp or t < 1T go 0 step 7

1 Step 1 1
..-:5011

to

else set obj', = objcs sol' B
I
If Objl <Obj|-lg accept Objl and SOl !

N
else if Obj] __:Objl-l[ accept obJ and

else accept obj' = 0P h
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4. The solution s
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g jective function with inter-cell
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Tab)
¢ 7.6. Tt
-0. The solu . . . L ; -
tion sets and comparison of the integrated objective function with inter-cell moves for

example 4 (table 5.28)
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e Comparison of Results of SAMUCH and SAFUGA Models
The results of the two models (SAMUCH and SAFUGA) as shown in tables 7.1 to 7.6

inter-cell and intra-cell material handling

i - . . .
Ndicate that the results (objective value, i-€..

n the results of the SAMUCH model as shown

€ost) of the SAFUGA model are better tha

M figure 7.3 (w,=0).

Objective Value

Cgcn
$8

Objective Value

3888

287

Fieure 7.3: Comparisorl
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n chapter 5 (cells formed) and chapter
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{ =4, S
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ling cost) of both, integrated approd
at both the results simultaneously

tab]
8577
1o 7.12
2 for the convenience (O have a look

proach produccs better results (cells and their

Th
CSC ]"1
esults
s indicate that the integrated ap
ira-cell material handling
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lay
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also shown for ¢

. In
thes
S€ [a o
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Sequential Approach

Table 7.7: Comparison of integrated approach (SAMUCH) and sequential approach results for ex

>xample 3 (table

5.25) Dyv/By=1

’ Integrated Approach (SAMUCH) o
( Cells Pans Machines Inter-cell Integrated | Integrated | Inter-cell | Machines | Pans | Cells e
moves objective objective moves | |
function function F
(TC) (TC)
a,=07, a,=0.7,
(!:=l 0 u!=lﬂ | 1
3 1 246711, ” 35011, SN X AT l 3
15,19 14 16,17 1218 17.20 B
58,1316 46,7,13,15 - - 23500, 2467, 3
\ 2 \ \ \ 58.5 58.5 13 14.16.17 11.15.19 \ N
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14,1718 20 | 18,1920 | 15.19.20 13.16,18
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2 191214, 19101218 SO0 9.12 \ 9 \
17,20
3 | 3.10.8 §.19.20 14 394 | 563 17 36 1300 3
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\ 4 \5.8,\3.\6 \4,6.7.\3.15 \ \':f,’:ﬁ \ 58.13.16 \ 1 W
S 1 191214, 19.10,12,18 8.19.20 310,18 1 5
17,20
\ \24 119 \2.3,\1,14 \ \ 16,17 \6.1.15 \ ) \
M \58.\3.\6 \4,6.‘1,\3,15w \42’7’, \sa.ms \ 3 \
17 58.7 56.6 17 1
L 4 \3.\0.13 \3,19,20 \ \n IRE \u.n.w \ 4 \
\ 5 \6715 \51617 \ \;wm \19.12, \ 3 \
o Y 12,18 14,17.20
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Zable 7.8 Comparrson of integrated approach (SAMUCH) and sequential approach results for example 3 (table 5.25) with given D dB
e c kan k

Sequential Approach > S
q pp Integrated Approach (SAMUCH) j
C Cells Pants Machines Inter-cell Integrated Integrated Inter-cell i
moves objective objective moves c

function function |

(TC) (TC) | :
a,=0.7, a,=07, l
a»=1.0 a,=1.0 |

3 1 2467111519 [ 235,11, 12359,
14,16,17

L — e
12491112, | 3 R
14,17.19.20 .

L 2

1128

\ 2 \5‘8‘13.l6 \4,6,7,13.15
3

\

33 175.4 170.8 38
\\.3,9,10.\2, \ 1.8,9,10,12, \

14,17.18,19.20 | 18,19,20

46713,

5678,

"L‘S-"().r] 13,1516 1]
4 \ 246711, 23511, 3467, l A
15,19 14,16,17 11.15.19
9) 510,121
\ 2 \\9.\1,\4‘\7._0 \\9 12.18 M 1773 \ 1773
\ 3 310,18 8.1920 21930

\ 4 58.13.16

310,18

\\
B

\

\

3
\4.6.7,\3,\5 \ SEI3G 2
5 \ 67111519 511,13, 6115
14,1617
\ 2 \3.\0,\3 \a.mao 3
3 \5,8.\3,\6 4,6.1,15 \ 16735 | 5RI3.16 3
53 1809 | 176.6 59
A 19,1214, 19,10,12,18 191218 4
17.20

|
|

\

\

\ | \\ 5
$10.1930 \3.10.14.m \ \\
A
[ S G

19.12,
17,20
\ 23511 \ 24.11.19 \
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Table 7.9: Comparison of integrated approach (SAMUCH) and sequential approach results for example 4 (table 5.28) with given Dy and By
Sequential Approach Integrated Approach (SAMUCH) ]
C Cells | Pans Machines Inter- Integrated Integrated Inter- Machines Parts Cells [ C |
[ l
cell objective objective cell [
moves function function moves
(TC) (TC)
a,=0.7, aq,=0.7,
a,=1.0 a,=1.0 .
s 1 1 21011122023, [1223 310 23 210,1%.12.83.31, I &
313233,39.4041 | D212 2221 2 | 3233.39,40.41 !
- & 111 ;
2 | 15.192425, 27 28 820 | 67741 1 6365.1 | 1073 ps 8.1524252835 | 2 |
28,3538 413 4 12 |
3 1714161727134, | 18175 15 26 7 7.14,16,17,19.27, | =
3631 1213 24 17 18 | 3436,37,38
135
4 138913, 2030 9 29 19 30 | 1,39,13.21, 4
21222930 LR 9 820 22,29,30
5 14561826 25 14 25 14 4,5,6,18.26 5
6 \6 6 16
6 | 1 | 139321, 2919 8 123 10,11,12,31,32, 1 6
22,2930 930 20 12122 33,39,40,41
2 145681518, 216 25 23 12 27 | 2.8.15,19.20, 2
2425262835 en 10 428 | 23242835
18 1232 | 6271.4 | 6077.3 | 1448
3 | 7.14,16,17, 18175 26 17 18 | 7,16,17,27.34, 3
21343631 123 7155 36,37
4 | 2340 3 25 14 4,5,6,18,26 4
6 16
5 | 1938 13 24 29 19 30 | 1.39.13.14, 5
9 8 20 21 22 29,30
6 2,10,11,12 .20, 23 2 11 74 13 253 6
31323339 41 b
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|

|

Table 7.9 (contd.): Comparison of integrated approach (SAMUCH) and sequential approach results for example 4 (table 5.28) with given Dy and By
Sequential Approach Integrated Approach (SAMUCH) o
C Cells | Pans Machines Inter- | Integrated | Integrated | Inter- | Machines T Pans Cells [ ¢
cell objective objecuve cell
moves function function moves
(TO) (TC)
aq,=0.7, a,=0.7,
0,=1.0 @:=1.0 B
1 11 10,23.31, 223 223 10:23,31, | 7
32,40 1 1 32,40
2 12,11,12.20, 123 10 11 23 10 11 2. 11,1220, 2
33,3941 12 21 2 1221 2 33,3941
\ 3 | 4518 14 25 \1539 6386.9 | 6386.9 | 1589 \14 25 45,18 \ 3
4 |68,1524, 61638 6 16 8 6.8,15.24, 4
26282935127 4 28 27 4 28 26,28,29,35
5 1T:041607, \ 18 17 5 18 17 5 7,14,16,17, 5
2134363717 26 15 726 15 27,34,36,37
6 1,39,13, 20 29 9 20299 159,13, 6
21.22.30 30 19 30 19 21,22.30
\ 1 \19,25,38 \13 24 \ \13 24 \ 19,25,38 \ 7 \
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Table 7.10: Comparison of integrated approach (SAFUGA) and sequential approach results for example 3 (table 5.25) Di/By=1

ﬁ Sequential Approach

Integrated Approach (SAFUGA)
C Cells Pants Machines Inter-cell Integrated Integrated Inter-cell | Machines Parts Cells C
moves objective objective moves
function function
(TC) (TC)
,=0.7. a,=0.7,
a,=1.0 a,=1.0
3 | 246711, | 23511, 1.49.10, 191214, 1 3
15.19 14,16,17 12,18 17.20
9) 58,1316 46711315 23511, 2467, ~
\ \ 11 52.9 30.1 13 | sear | nasao -
3 1391012, 1 1891012, 6.78.13. 358.10, 3
14,17,18.20 | 18,1920 15.19.20 13.16.18 \
A 1 2467, 23511, 19101218 | 1912141720 1 4
11,15,19 14,1617
2 19,1214, 19,10,12,18 2351, 2467, 9
1720 14.16.17 11,1519 -
Y 3 \3,\0,\3 \3_\920 \ 14 52.4 524 14 Yzm.w.\s \5.3_13.10 \ 3 J
A 58,1316 461, 8.19.20 3.10,18 4
13,15
5 \ 19,1214, 19,10, 19101218 | 19.12.14.17.20 \ 5
17,20 12,18
Y o \2,4.\\,\9 \2.3.1\.&4J \:.3.\&.14 \1_4,n.m \ 2 \
3 \S,%.\3.16 \4.6,’!,\3.\5 1670305 | 581316 3
17 54.6 54.6 17
ch \3.&0,\3 \8,\9,’20 \ \s.m.zo \3,10.m \ 4 \
X 5 \6,’1.15 \5.16,\7 \ \s.um \6.’.’.l5 \ 5 \
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7.11: Comparison of integrated approach (SAFUGA ) and sequential approach results for example 3 (table 5.25) with given Dy and B,

f

N PO A P r vt PN 0 LA vyt o 2P & i P o AT rrrvor e sosrvrsar s

e rmave.w

Sequential Approach Integrated Approach (SAFUGA)
c Cells | Pants Machincs Inter-cell | Integrated | Integrated | Intercell | Machimes | Parts Cells [ C
moves objective objective moves
function function
(M0 (TO)
\ m=0.7. 0\30 7,
a;=1.0 a,=1 0
3 \; 1 \2»4.6-7'\\.‘5'\9 \2.3.5,!\. 8.19.20 11018 1 3
14,1617 \ |
2 58,1316 46713.\5 123459, | 123001012,
L \ \ 3 172.6 | 1625 36 \ 10111218 \ 14.17.19.20 2
3 139.10.121417, 1 1 89.10.12. 611304, | 5678, 3
18.19.20 18,1920 15.16.17 13.15.16 l
A 1 24671111519 2.3.5.11.14, 23511, 24067, 1 4
16,17 \ 14,1617 11.15.19
2 19.12,1417.20 19,10,12,18 19100218 | 1912,
V2 @ | 1676 | 1642 | @ Lo | 2]
3 310,18 2.19.20 W \ 8.19.20 \ 3.10.18 \ 3 ‘
4 \5.%.\3,\6 4.67.13.15 —\ \46’1 1305 \ S8.13.16 \ 4 \
5 \ \6,7.\\.\5.\9 \S.\\,\3.\4,\6,\7 \ \\3.‘4 16,17 \6.7.15 \ 1 5
2 3,10.18 £.1920 ‘\ \ $.10.19.20 \ 310.14.18 ‘ )
\ 3 \5.8.\3.\6 46715 —\ \4.6.7,15 \ 58.13.16 3
53 . .
A \\.9.\?.,\4.\7.20 \\.9.\0.\2.\8 —\ 171.8 b 9 \ 19.12.18 \ 19,1 4
\ 3 \2’4 \2'3 j \ \ 23511 \ TAA110 3




Zable 7 12: Comparrson of integrated approach (SAFUGA) and sequential approach results for example 4 (table 5.28) with given Dy and By

Sequential Approach

Integrated Approach (SAFUGA)

C Cells [ Pants Machines Inter- Integrated | Integrated Inter- Machmes [ Parts Cells
cell objective objective cell
moves function function moves j
(TC) (TC) '
a,=07, a,=07,
a,=1.0 a=10 - 7. - )
5 |1 21001122023, [1223 23103 21011,12.2331, | |
10 9
31,32,33,39.4041 | 1951 b o 32.33.39, 40,41
81524252835 | 2

2 15.19,24,25, 27 24
28,3538 413

-

n

12
R 27
a2

3 | 7.14,16,17,27,34, \18 75

3 i \820 6075.5 | 6061.3 1073\15524 \7‘.“.16,17.\9.27.
36317 =61

fendi|

|

A1 13 34.36.37. 38
\ 4 \ 138913, 3030 9

718
29 19 30 1.3.9.1321,
21222930 Lk

28

|

1

|

|
|
1

9820 22,2930
\4.5,6,\8.26 25 14

\15 14 \4.5.6.\8.26
6 16 6 16

\ 3
6 \ 1391321\, 2919 8 1223 10,11,12,31 .32,
22‘19‘30 9 30 20 112 21

33,39,40,41

2 45681518, 27 6 25 42827 2.8.15,19.20, 2
2425262835 DAL T 23242835
3\ 1.14.16.17, 817 5 18175 7.16,17.27 .34, 3
21343637 12615 72615 3637
\ A \23.40 \3 i \1232 6087.5 | 5979.3 | 1448 \35 I \4.5.6.\8,26 \ 4 \
5 | 1938 1324 29 19 8 139.13,14, 5
9 30 20 21,22,29.30
6 | 2.10,11,12.20, 232 11 2413 25.38 6
3132333941 - ki
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Table 7.12 (contd.): Comparison of integrated approach (SAFUGA) and sequential

4PPTOach results for example 4 (table 5.28) with given D, and B,
Sequential Approach klntcgrated Approach (SAFUGA)
C Cells | Pans Machines Inter- | Integrated | Integrated | Intgy T P = e Te
cell objecuve | objective cell ’ ) o [~
moves function function MOve '
(TC) (TCY \
(1,=0.7. a,=07,
,=1.0 a,=10 l
T\ L 1102331 1223 223 10,2331, "W'I" 7
32,40 1 | 32,40 \
2 VZALI20, 123 10 1) 23 10 11 | 2,11,1220, | 2
333941 1221 2 12 21 2 33,3941
\ 3 \4,5,13 \\4 25 1589 | 6037.4 | 6037.4 | 13g9 \14 35 \4‘5,18 \ 3 \
A4 63,1524, 6 16 ® 6 16 8 6,8,15,24, 4
26282935127 4 28 27 4 28 26,28,29 35
5 \TMANG AT, 18 17 5 7,14,16,17, 5
27,3436,37\7 26 15 7 26 15 27,34,36,37
6 13913, 2029 9 20 29 9 1,3,9,13, 6
21,2230 30 19 30 19 21,2230
\ 1 \19,25,33 \13 24 \ \13 24 \ 19,2538 \ 7 \
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Approach for Design of Cellular Manufacturing Systems

1.7 Evaluati

— ion of Integrated Approach Using Simulation Model
¢ largest :

_— “I”ELSI application areas for simulation modelling is that of manufacturing

Mccomug ]9: the first uses datng back to at least the early 1960's (Law and

s 1998). A simulation model is a surrogate for actually experimenting with a

e or not cos[-c(fcctivcncss.

Mman
ufact
uri - )
1g system, which 15 often infeasibl

.11
FOHOWi:Ianufacturing issues addressed by imulation
g are some of the issues that simulation is used to addressed in
manufac:un-ng:
") The need for and the quantity of cqunpmcm and p rsonnel
* Number, type and Jayoul of machinés for a parucular objective
* Requirements for transporters, onveyers an other support
equipments (¢ & allets @ J fixtures)
* Location and siz¢ of invcmory puffers
o Evaluation of 8 hPE° in prodve’ volume " |
'(fo‘- ”‘ Cqujpme on an existing
* Evaluation of the effect of ¢ Il@w “
manufacturing sySt™
nts

°
Evaluation of capita! investme

[ ]
Number of shifts

ii)
Pe
rfi
ormance evaluation

°
Throughput analysis

° T )
ime-in-system analyst®

]
Bottleneck analysis
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iii) Evaluati
uation of operational procedures
L ]
Production scheduling

[] .
Inventory policies
e C
on i ! |
trol strategies (€. g for an automated guided vehicle system)

ctof preventive maintenance)

o Raliikill
Reliability analysis (€.8. effe

¢ Quality-c icl
ity-control policies

ed by simulation:

he fo“ .
Oowin
g are some of pcrformu nce mCZlSUI'CS commonly estimat

* Throughput time

*  Work-in-process (WIP)
*  Waiting time

* Queue sizes

®
Lateness

® ‘1: .
Utilization of equipment or Pefsonne]

[
Transfer time

T

2

De

Sinw] velopment of the simulation model
atio

N model for the sequential approac ch sol

Wlyy;
[lon
s
Moge are developed by usiné
ar
gy € developed for the results 8! jven |
ent
g 4-cel
approach as well as integrat ted 2 appro*e (

ilre
the
N a
dvocated in the literaturé on

chs
Syl
(Brooks and Tobias 2000)- T
g adually © ’

0
Stay
by b
Y building a simple model and 1"




llular Manufacturing Systems

Integrare
egrated Approach for Design of Ce

AS ions '
ssumptions made in the simulation

KO\‘.'a] k
1Kk 198(
). Banks et al. l()‘)() l’idd 199(}
] ) )

l”(}d
el & -
Sare as fO”()\.\‘SZ

* 0O
perat
ng time for each part is known

* D
emand a :
nd batch size for each part is known
° \'I |
Machine ty
types ¢ arts
pes and parts t0 be manufactured are placed in PTCdClCFmi“Cd

cells.

°
Eacl
1 part has a fi
‘. 1 v - "
as a fixed routing.
ire simulation run is

for production during the entt

* Raw matenials required
available at the beginning.
* Thes
i e storage capacity of raw materials and finished goods is unlimited.
T
he queue length at any machine 18 unlimited-
orter (this (ransporter is dedicated 10 this cell
en all

°
Eact
]
cell has only one transp
Only) v
an ' ' |
d one transporter is available for inter-cell movements betwe

cells.
[ ]
The
V -
clocity of transporters is fixed
L]
Thera.i .
re is only one operation 4% ime on @ machi™®
L]
P . . i
rocessing times are Kknown d termimsucally. nce operauons ar
co
mputer controlled.
°
D[S H
tance between adjacent stations unity
°
Tra
n -
sporter capacity i unlimited
°
Machi
chines are continuously available for producuo
. ediately
Ra ent an release® mm
W material, tools. ji&% fixtures €€ are P
w
hen required. hortest
. g are S
* The sched used in the s! ulatio” mode
eduling Phl]OSOPhle LPD shortest batch S1Z°
gorl ithm (GC‘A)'
299
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23 :
Results and discussions

me re
sults . :
of the simulation model are shown in tables 7.13 to 731 and figures 7.4 to

1.10 f
j or sequenti: - . .
juential (SEQ) and integrated (ING) approaches. Figure 7.4 shows the
avera
ge transfer u g .
isfer time for the parts in the system. This average transfer time is
arts. As the figure 7.4 shows the

Pl'opo -
rtion; ;

Il to the distance traveled by the p
ime) are better than the sequential

ated - :
approach solutions (average rransfer t
| solution. This

s. same for 4-cel

appl’(_)a i
ch solutions for 3-cell and 5-cell solution
7510 7.10 show

proach. Figures

r the integrated ap
average throughput

Valida
tes the models developed fo
oughput ime:

the
resul
ts of some other pcrformﬂncc measures (thr

e WIP. inter-cell
| and integrate

lir i
Ne, average waiting time Averag (ransporter utilization. and
dver.
age ; : d approaches for
¢ intra-cell transporter utilization) for sequentid PP
Schedyj; there is no clear
However GBS seems a good scheduling

u'end
about the best scheduling philosoth-

ach.

Philg
sophy for the integrated apPr®

Av. Transfer Time
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ansfer time (SPT)

Table 7.13: Tr
—’,,,,,,,ﬂ’—/__”"""ﬂ
[ 4-cel 5-cell
3-cell J—
|
PART SEQ | ING SEQ ING SEd b_l'\f_-—
SEE | SE | 5554286 49.7143
ARTO1 | 53.7143 | 53.7143 57143 | 497143 | > ]
PARTO02 28 a4 36 36 —.__.____'______________._.-
*5—-—-—______d________—-___.——~——“——~"""ﬂ 20 20
ARTO03 20 24 20 20 ________._._-—-—«_._-—-—-—'—""
S __———186.8571 51.4286
PARTG: 677143 |52 | | 55 (794286 | 00821 L —
— ) _______...—-—-—"/ 28 28
SRR —t o[ 79.4286 | 28 i
05 |36 79.4286 | 28 = 429
To6 | 100.14 | 89.1429 jiﬁf__f,/ﬂzfé-f/ 50.4286
8 | e

| RATEE
P [E——
| ARTO7 71.4286 534286 |28 ___| 1
P ] .857
ARTOB | 103.43 | 777143 74

il

P —

P ey 8

ART10 |28 24 23 2 sTias 73,4286 |
! _"-_,-—’"‘—-‘

el BN
P —
J_\fl_?g.zxzae 79.4286
P

ART12™ |44 36

\-h-—-—‘—'——
PART13 |36 36
AT ] 79.4286 2
fﬁf‘l‘j__ 28 =
B 4
ART1s | 67.4286 | 594286 ,l‘fa,es/
AR 20 | 7786 | 28
PARTIE |28 | 92714 /ﬁ o7 reaaes |2
—~ | ' 44 ; 86
ARTTS 36 B v A - 59.42
PART20 594286
20
| ART20 1'79.4286 36 |22 e 1
0.5430

mﬁe—— 53.4570 | 5
— | .
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Table 7.14: Transfer time (LPT)
o - Al P T ]
3-cell | 4-cell 5-cell
T —e———— —'—7—1_____,_-——-——'—__——__‘———-——'—___'—-——-——'__'—_'_‘
PA '
PART | sEQ | NG SEQ ING SEQ ING
PA = | e
;131 537743 537143 [9.7143 197143 [p5.4286 49.7143
PARTO2 44 T TR 5 poaz2e6 P8
P ] _____________._.-_______.__—-—-____.—-—-—"‘
pART03 ?4 50 r’Lzo 20
AR e |
EK__IEM_sz =T7743 [79.4286 wbss.asﬁ 51,4286
e [ |
i RT05 794286 B6 P8 22 ?_8______28
Effjoisg.meg 109.14 H/Lﬂf_@________w'”ag
ﬂﬁa.mas 71,4286 Cﬁ/bsgﬂae
Ty ' r_',/.,_——f—-—%———g'é”‘m 4286
RT09 36 | 71 54.8571 55.42 -
3 e f’iii,-—..—————""—""‘"zs
ART10 ba 55 58 28 ;—2'3—_______/_,
PARTT S5 gor— | e ps714 43,4286
790.4286 [79.4286 52 ,_,_,————‘“ﬂ——-“""""""'f
5\136 44 58.857 1 ,;./-————"g”‘gzg'?ﬁ'zfr
ART13 [ A e o 474286 [ —
PAR ____d/,J,,,f—— T 168.2857 59-
F_I_‘j_fi?.rizss 79,4286 ﬂ, ?fi/,,fé-g’”/
A 28
ART16 |___——117.4286 47.4286 = R,
504086 |57.4286 47. /../—/20
hPTc\Tq"‘f‘—'—___.__.______.___-———/go 20 [ ]
17 ps8 6 20 | _—— P8
PART P S 54286 P
ART18 | —7 74 57.71 //—
S 537143 |28 fz-’///sa.:xzsﬁ P8 -
PARTIS b7 S A 55 4280
\h‘———-—“ //5’0’54/3'0'/ 46.4855
Ay i 36.7714 '
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Table 7.15: Tra

nsfer time (SBS)

- 3cell o 4-cell
CEeel | T
- SEQ | NG seq | NG
37143 Ba7143 [9.7143 49,7143
28 B sl i
4 R6 36
20 o o
61.7143 B2 79.4286 79.4286
36 [ |
_______79.4286 28 P8
'_.__.__.—-—"_'__.—
l?ii__ag.ng a4 44
=1 a286 634286 [8 58
10343 777143 ge71 14857
LGG 54.8571 54.8571
b8 e Py
________24 08 08
w79.4286 52 52
pa 8 Lgs71 16857
36 36 777143 717143
ﬂ_ﬁ?.zzzss 648571 548571
Lza 8 8
57.4286 59.4286 47,4286 47.4286
36 | 50 )
% o8 50
28 53.7143 31114/3/ 57.7143
-
36 52 _4’4’/44
_———'_"__-—-—__’__/_
59 4286 |36 b8 28
____,#///
__ﬂ____///
16,7714
57570 19714 57714

cl X7 i
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wm
;
o)
@

5.4286
554285 PO
o P
1.4286
ZE
’ 7.1429
9.4286
113.71
7.4286
e
3.4286
1.4286
9.7143
9.4286
ﬂf
9.4286
ﬂf
8
e
9.4255
6.4855
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Table 7.16: Transfer time (GCA)

e
‘ 3-cell 4-cell 5-cell
|[PART | sEQ | NG sgq | NG | SEQ | NG
I ,__ﬂ_._______-——_____._—-i___._._
| PARTO1 | 53.71 53.71 797143 | 49.7143 55.43 49.7143
‘ —— i . _____,____-—ﬂ—'___.__-—a-——'-‘__.__-——-——"
' PARTO2 |28 | 44 36 36 55.43 28
: 20 20

!
20

PARTO3 | 20 | 24 20
' __———Tg6.86 | 514286

| |
PARTO4 | 61.71 52 79.4286 E_fo__
: = (28 28 28
I

PARTO5 | 36 79.43 28
L —— | 36 77.1429

L=

e I AL L R
109.14 '851’/7________,_ 5 Er’j?g‘}?éﬁ'é‘
[

et
PARTO? [7143 | 6343 |28 (20 |

il R ey
ARTOB | 10343 | 7771 |
8 | e | 9485

PARTOS |

ART09 | 44 36 s
5| 28

PARTI0 | 28 24 “ ey | 434286
-_P._-_-_-___———-——"—‘______._-—-—'_'_-‘ 45.
| PARTT1 [79.43 7548 |92 ___ |
PART12 | 44 8.857' 70 /"W
FAETE
ART13 | 36
Pre s |
ART14 | 79.43
PART=]
ART15 | 28

PR
ﬂi 67.43
PA ]
-—-—__H.Iw_ 36 a> ,,.7/’7,1’4’3ﬂ 57.7143 R
PART18 | 28 53.71 _’5//
Ko e As | —59.4286
| PART19 136 52 M =
PART20 [79.43 |3

-

e |
verage | 53.457
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Table 7.17: Throughput time

[
, 3-cell
| sea |
L . IN
PARTO1 : ‘ j——n
Eosl 52332 | 595.28
2 |
‘ﬁﬂﬁT—*u | 98_4 1224
PARTOG 06129 | 102325
PAHT04 110057 | 1160
- 05 [1177.87 | 1270.16
RT06 13 e
. 150.05 | 2184.17
RT07 [ 764 68 |
PART
PARTOB 255027 | 2819.95
‘im‘ﬁ-f_osﬁ__ﬁ e
‘ﬁﬁﬁ—f—- 92285 | 1008.13
T11 1840 1256
PAR
-
PA\Q 1840.08 | 1868
987.8
SRR 87 | 758
T14 —1———-————-_______-—-—-""'
S 64563 | 1821.43
] 54579 | 1481.38
ST 599.08 | 1110.18
% 2008 | 13768
SR 8 [1253.48 | 1400
T19 T————-'__—f*"”
S 34442 | 3356.08
20 1108 1044
Ay
erage -1————-—-/
s 419.184 7482.441
lime "PU["4232 4200

—_—

for Design of Cellular Manufa

(SPT)
/,_/’———-"‘
4-cell 5-cell
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h-‘-—-_-_-_‘_

| 3-07‘___"#____,____/-#_________________
| . H__________d_-_ce” 5-cell

PART — | S B
P

HTIE; 1388 I;N_G._-—___EE_.(?_._— ING SEQ ING
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T06 (17945 <5051 | 17905 75517 | 174843
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. Table 7.19: Throughput time (SBS)
e P
i 3-cell 4-cell 5-cell

. I
ART ?

. | SED ING SEQ ING SEQ ING

[ ARTOT [ 899.48 | 710 | —eToeesz [ 10867 |
PR : 19 797.95 797.95 999.52 1028.67

02 4462.9 ;_________________#_________,___’___________,
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| e
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Table 7.20: Throughput time (GCA)

—_—
| 3-cell 4-cell — Bocell |
i I i

: [ -] |
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4074.56 4580.66

W

\_._5_ 21644.48 | 33089.21 7561.53 7561.53
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Table 7.21: Waiting time (SPT)

-
é — 5cell |
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Table 7.22: Waiting time (LPT)
R,
! 4-cell 5-cell
__7)308” __‘_lp_____.d_______———h———————————_"
PART SEQ ING SEQ ING ___S__E_(.),__T_E__—
PARTAOT ™ | __——t757506 | 157014 1648.21
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o Table 7.23: Waiting time (SBS)

, 3-cell 4-cell 5-cell

PAR

5 i | SEQ ING SEQ ING SEQ ING

A i ________,____._-—________._.—-——-—
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,_b_;m_z_ 4402.08 | 4405.69 —3358.05 | 4358.05 305842 | 4287.34
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Table 7.24: Waiting time (GCA)
; 3-cell 4-cell 5-cell
| | o T T
= |
:ET_ SEQ ING SEQ ING SEQ ING
P | e | _——TT7a71 54 |
| PARTO1 | 23244.06 50476.58 | 6300.54 530054 | 6775.38 7371.54
PAR A | ——=150601.96 | 6396.77
 PART02 [ 22315.33 50561.82 | 20601.96 50807.96 | 382775 77
P _____________________——_____.————“_-———'—" 6
ART03 | 4740.81 | 5106.61 29869 | 3986° 704358 | 4549.68
PARTG 39880 | o5 [oo4ie | 89669
AToa—T 3535702 | 20476.86 | 2007402 50574.08 | 5941-
" PARTOS : ' O | ——teaai74 | 69750
PARTO5 __—1gysEz | 791052 gazi.74 | 6975
il 51590.53 | 32991.8 7515. T ] e
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Tm\____'__ﬁ_____;_——__——————""waggg’“ 355051 | 1136041
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Table 7.26: WIP (LPT)

- S
! 3-cell 4-cell 5-cell
| e
| PART seq | e | sea | M seQ | ING
e | | i O
PARTO1 5221 62849 — 5303 | 7.3303 | 73946 7.6539
| 221 | i
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o Table 7.27: WIP (SBS)
| —_— -~—,_,_._—————__________.__——________________
1 3'Ce|| 4.09” S'Ce“
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Table 8.3: Planned order releases for the products

]
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0 | 30—
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I ///—1
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Table 8.5: Group setup time and processing time for parts

Group name Group set | parts name Unit P!'ocessing
up lime time
Al 14
A9 40
Al2 27
Gl L
6 Ald 22
Al7 16
A20 16
______,.__-——__________._-___,,_—- | —
A2 20
Ad 21
A6 24
G2 7 A7 23
All 21
AlS 23
Al9 41
— ///
A3 20
22
A5
A8 24

. ) B
3 —13 | 21

_—’_ég__,/

26 | 2 —

/

s .assmnl
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-
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ple 2: 1 i

1 this example parts are grouped into four families (Gl, G2, G3 and G4)
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Table 8.12: Capacity
| broup name | Week Week?2 Week3 Weekd
g1 | 122113 12211335 12211335 12211335
G2 14075661 14075661 14075661 14075661
G3 467608 467608 467608 467608
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Total Capacity] 30327544 __39_331;_4&,&3172&“; 30327544
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be consumed for producing all

N, = Tot: 2ces 1
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throughput time average throughput time, average

performance measures (transfer time,

waiting time, average wip, inter-cell transporter utilization, and average intra-cell
transporter utilization) for scqucntial and integrated approaches for scheduling
philosophies (SPT. LPT. SBS. and GCA) by simulation model.
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8.5 Conclusions
The re -
eview of hiteratur '
ature shows the various d roaches anning &
s approache: to planning and control of cellular
manufact
uring systems i i '

ing systems but nothing can be said which one 18 the best approach The

Characteristi
eristics . ; '

ics of CMS, such as the cell formation and layout €fc: have to be studied in

nning and control system can be designed. In this

able production pla

detail before a suit
ntrol of CMS are

tion planning and another for the €O
using MRP and GT.

chapte
pter, two models. on¢ for produc

. "

goal chasing al

gorithm. gjmulation model are dev

rent scheduling

Co .
ntrol model 18 based on the
for diffe

mtcgrated upprouch
f these scheduling

compare the scqucnliul ap
T, SBS, GCA)-

ow that none ©

phllosOph]CS (SPT, LP
st batch size scheduling

hilos .

philosophies can be said
See = . C
eems to give fairly Con_c,is[cnt results compurcd to others.
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Chapter 9

Conclusions

e i

Manufacturing 1 '
indu ‘ [
g stries are under intense pressure from the increasingl
singly competitive
he effici i
ciency and productivity of their producti
ion

global market place to 1mprove t
activities. In ad iti i
addition, the manufacturing system should be able to adjust
| st or respond
quickly to changes in the i
product design and demand wi
without major i
mveslmcnt.
ch as job shops and flow lines are not capable of

nanufacturing systems su

Traditional 1
s a result, cellular ma

nufacturing system (CMS), an

satisfying such requirements. A
g alternative

ation of group
m. The design of C
y the machine grou

technology (GT), has emerged as 4 promisin

MS involves three inter-related phases, namely

applic
manufacturing syste
which is o identif

ping and part families, intra-cell

s within cells, and

cell formation
rangement of machine

h determines the ar
cerned with the

ine layout) whict
the

out) which is con
pted by many [
y and sequentia

g, it has been show

layoul (mach
rrangement of cells on

Jayout (cell lay
on strategy ado
phase separatel

(s). In this thesi

esearchers, to address these sub-

lly without evaluating
n that this

problems,

previous phas¢
e efficient to one

S. The

ach phas¢ on the
which may b

the effect of e
sults 1n genel

ating solutions.
to the overall CcM

] approach) re
a good solution

(scquemiu
ses simultaneoy

sly, is better

ar phase but 1
s the three pha

purlicu]
d, which tackle

h develope
gn of CMS.

inte grated approac
l approach for the desi

than the sequentia



Conclusions

In chapter 2, the literature review presented shows that all except few papers discuss only

cell formation/design (part family formation and machine cell formation) as the design of

CMS.

In chapter 3, WO multi-criteria decision models for the justification of CMS are

presen[ed. One 1s analytical hierarchy process and the other is performance viliie

analysis. From the results of both the models, it is evident that the CMS is the best
alternative for implememalion and to maintain competitive advantage. This chapter
demonstrates the usefulness of the multi-attribute decision models for justification of
e

CMS.

Chapter 4 presents (WO models developed for the part family formation. Model 1 is based
on the fuzzy logic and AHP and model 2 is based on fuzzy equivalence and AHP. Both
he models eliminate the scaling problem of different attributes, handles generally vague
- utes in a mathematical rigorous way, and can be integrated

rt design attrib
families. However,

and imprecise pd

with the existing coding systems in the organizations to form the part T
. used to assign the weightages t the attributes for €a¢ relati P

in model 1 AHP 18 | 1o assign e weightages to the different attributes,

. nt importance for the

e models show that differe

cell formation. The literaturc
c

odels deveioped for th f T
. 1ur the [actors
tion mcthods that consider
.|| formall | e
. 11s cell s1Z& capacity of

s d of
review indicates the nee - e -
e O pa f . .
e PrOduction yolum . wilzation e of
operatit sedten™ ng time on parts: mac
: ess! .
aching = to develop methods pased ©
g
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s o1 d

] . | l

constrair
utilization levels individu: i
for individual machines, machine downtime, desirable hi

' machine

utilization, maximum permissi
. ible workload on i
machines and oth
er management

constraints like number of shifts, working days and maintenance philosophy. The del
: mode

also introduces the cost of inter-cell material handling and voids in a practical w b
ay by

accounting for the production volumes of the parts making inter-cell moves and the total

The neural network can be structured on the basis

workload of the machines in the cells.

r bound specified on the number of cells.

s as well as the uppe

of the number of machine
m of product flexibility in a CMS.

The network is also capable of handling the proble
aints like machine duplication and alternate process plans are not

Other cell design constr
y looking at the feasible

included 1n the algorithm but these can be accounted for b
solutions and individual machine utilization as the algorithm is user interactive. The
objective of model | is to form cells with minimization of weighted sum of costs
associated with exccptional elements and voids. Model 2 presents 4 simulated annealing
model for cell formation with an objective O minimize the weighted sum of exceptional
voids. This model considers the alternate process plans for the parts and the

]is versatile as any value of

elements and

binary part—machinc incidence matrix as input. The mode |

dividual exceptional elements and voids can be given. Model 3 18
plans,

0_<_w1_<_1) for in

weights
| is to

also
ize of parls.
als arc

operation :
many causes such as better

minimize the

ring Systems

" Manufactt



Conclusions

technological considerations.

In chapter 6, a mathematic:
pter 6, a mathematical formulation developed for the design of |
esign of layout for CMS, and

wwo models (MUCH a dF
nd FUGEN) developed to solve the mathematical formulati
ulation for

the design of layout of CMS are
presented. Th
e layout of CMS should include the cell
layout on shop floor (cell layout) as W
ell as the machine | insi
ayout inside cells (machine
layout)- To make the layout models practical, both, quantitative and qualitative f
actors are
considered. The multicriteria mathematical formulation, developed a d
, s quadratic
1 facilities (cells/machines) to n locations with an objective

assignment problem t0 assign?
to minimize the material handling (quantitative) and maximize the closeness rating
yout design of CMS, deals with the cell layout as

neously for the la

litative) simulta
tical formulation considers

(qua

well as machinc Jayout problem. The multicriteria mathema
the produclion volume, patch size, and non—conscculivc visits to the same facility. The
MUCH model dcvcloped for design of layout of CMS is 2 multicriteria heuristic based on
es to the locations. The FUGEN model developed for

a pairwise exchange of faciliti
netic al gorithm pbased model with embedded fuzzy logic and AHP
gle point CTOSSOVET,

layout of CMS is @ ge
s and uncertainty of qualitative factors. Sin
he model provides

bilisticaily int
y choices like

erion (0=W 1<1)

fficient solutions: Both the mod
litative crit
1 petween zero and one can b con51dered for the qua
any va ue R
the effects of qualitative
[l/inter cell ObjGC[lVC function (cl and o) 10 evaluate
and intra-c¢ inter-
Jitative factors (<12) can be
[l y pumber of quahmnu. f
and imra-ccll/mtcr-ca - - "
considcrcd. HoweVer: omparts
gives better results than the
cellular moves (

that the inter
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not represent the material he i
rial handling cost truly. The proposed model
els are capable of

evaluati i
ating the cellular layouts vis-a-vis functional layouts

cell formation ¢
rmation and layout design (inter-cell and

presented. In the integrated approach

ll‘lrll_ccll ’1- H H i
¢ 5‘ . 1S shown lhat the

individual cfficient solution '
s for cell formation n
eed n
ot to be the best for the overall
CMS design Multicriter i
’ eria mathematical formulati
ion developed for i
the integrated
approach considers the practical inputs like i
production volume per unit i i
planning horizon,
transfer batch size. opcration sequence, and multiple non-consecutive visits to the sam
e

ualitative factors are considered during the

ctors as well as q

machine. Quantitativc fa
layout phases o make the approach more practical. Two models (SAMUCH and
re prescmed in this chapter. SAMUCH

eloped for the integrated approach a
f simulated annealing algorithm to form

SAFUGA) dev

layer consists ©

model has tWo layers - the outer
a heuristic ulgorithm to find the objective

s of multicriteri

cells and (he inner layer consist
function for the SAA after designing the layout (intcr—ccll and intra-cell) for each solution
d for the integrated approach has three

odel develope

gcnerated by the SAA. SAFUGA m
f simulated annealing algorithm, the middle layer

layers - the outer layer consists ©

consists of a genetic algorithm and the inneéf Jayer consists of 2 combination of fuzzy
model. The innerl layer treals the qualitative factors for the layout tO give
ddle layer layouts the machines

c and AHP
atile and give the

logi
lly rigorous way. The mi

mathematica
5. Both the m

crisp factors in a
nd the outer 1Y€l forms the cell odels are Vers
o organizatiOH a wide range of choices: different weights

o management of th
ifferent weights

Jayouts d
and decision tables

and cells 2
quantimtive and

for the

designer Of th
for

ted

hat the integra
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approach for design of CMS gives better results than the sequential approach in terms of
o

the av i
e average transfer ime. The effect of four scheduling philosophies is also studied in this

chapter on variou
P s performance measurcs (throughput time, average throughput time

qverage waitin [ i
g g time, average WIP, inter-cell transporter utilization, and average intra

cell transporter utilization) for sequential and integrated approaches There is no cl
' o clear

trend about the best scheduling philosophy, however, SBS seems 4 good scheduling

philosophy for the integrated approach.

MS. The characteristics of CMS, such as the

Chapter 8 presents planning and control of C

died in detail before a suitable planning

etc., have 10 be stu

cell formation and layout
system can be designed. In this chapter, two models developed for planning and control
of CMS are prcsenled. One model is the integrated model using MRP and GT for
of CMS. Another model 18 based on the goal chasing algorithm for

produc[ion planning

scheduling.
he conclusions and the main contribulions of the research work 11

Chapter 9 presents t

nulshcil.



