


Contrary to the previous two measures, GO excludes zero entries {rom the calcula-
tion of grouping efficiency.

In addition to machining requirements of parts which are given in the machine-
component maltrix, inany other production factors such as production volume andd
processing times of operations affect the performance of a cellular manufacturing
system. None of the previously discussed measures consider these factors. In this
paper. a new grouping mcasure is defincd which is bused on machining requirements
of parts, production volume and processing times of operations.

3. New grouping incasure

The new grouping mcasure called “quality index” (QI) is calculated as the ratio of
the interceliular workload to the total plant’s workload. The intercellular workload
(ICW) is defined as:

KoM N
ICW =" IN X[ Y0 72, v, T,
=1 |7 j=
where
X 1 it machine 7 is assigned to machine cell /
70 otherwise
y I af paii j Is assigned to machiic cell /
P70 otherwise
p 1 if part j has operations on machine 1
W=

0 otherwise

V, — production volume for part j

T; — processing time of part j on machine /

K. M, and N == number of machine cells. muchines. and paris, respectively

The total plant workload (PW} can be calenlated as:

M N
A _
PW =3 Nz,v, 0T,
il =

where

M. N, Z;. V; and T, are as defined before.

The guality index (QI) for a block diagonal rachinc-component mainix (s
calculated as:

ICW

l =1 ————
Q PW

By incoiporating the production volume and processiing times in the caleulation of
grouping measure, QI has the poteniial for significantly tmproving the cvaluation of
block diagonal forms. This is due to the tact thai production vehime and processiiig
time sre Lwo important factors affecting the peyfurinance of the cellular manutiretur-
ing system. As a result, QI is more closely related o the performance of thc cellular
manufacturing systein than all other ziouping measures which solely use the data in
the inachine-component matrix.



4. Comparison of grouping measures

A simulation model is developed for the performance cvaluation of cellular
manufacturing systems. The performance evaluation is the basis for the comparison
of the five different grouping measures defined here. It is nsed to determine which
measure more accurately predicts the performance of a cellular manufacturing system
by evaluating the corresponding machine-component matrix. The efficiency of a
machine-component matrix is calculated using different grouping measures. The
performance of the corresponding cellular manufacturing system is then determined
using performance measures such as average flow time and average in-process
inventories. Finally, based on the relationship between the value of the grouping
measure of the machine-component matrix and the performance of the corresponding
cellular manufacturing system, the effectiveness of each grouping measure is evaluated.

The algorithmic form of the procedure for the evaluation of grouping efficiency
measures is as follows:

Step (1) Choose a machine-component matrix and convert it into a block
diagonal form using one of the existing machine-component grouping
algorithms such as ROC (King and Nakoranchai 1982), DCA (Chan and
Milner 1982), or SCM (Seifoddini and Wolfe [986).

Step (2) Calculate the efficiency of the block diagonal form using grouping
measures including: bond energy (BE), grouping efficiency (GE), group-
ing efficacy (GC), grouping capability index (GCI), and quality index
(Q1).

Step (3) Develop a simvlation model of the cellular manufacturing system
corresponding to the block diagonal form obtained in Step 1.

Step (4) Estimate the average flow time and average in-process inventories for the
cellular manufacturing system using the simulation model developed in
Step 3.

Step (5) Repeat Steps 1-4 for a number of different situations and evaluate the
relationship between each grouping measure and the performance of the
corresponding cellular manufacturing system.

This procedure will be used in the foliowing section to compare the existing grouping
measures.

The simulation model for the performance evaluation of the cellular manufactur-
ing system has the following characteristics:

® The machine-component matrix used to form the cellular manufacturing
syslem is given in Fig. 2.

e The time between orders for parts is exponentially distributed with the mean of
10 hours. The size of each order has a uniform distribution between - 10
parts,

¢ The processing and set-up tines are deterministic (data [rom a rcal shop is
used).

e Set-up times are sequence dependent. Set-up times for parts within a part-
family are half of those for parts from two different part-families. This ratio
decrcases to (-1 when two identical parts visit a machine in row.

e The processing and transportation of parls between machine cells is done in
batches. Within a rmachine cell, parts are transferred to the next machine as
soon as they are processed on the current machine.



M 1 1 | ]
a 2 1 1 1 1
¢ 31 1 | 1
h 4 b1 1 1
i 5 1 ] |
n 6 I 1 |
¢ 7 11 1 1
(a) Initial machine-component matrix,
Part Families
1 2 6 9 3 7 1F 4 5 8 10
M 2 i 1 1 1
a 3 1 1 11
¢ 1 1 1
h 5 111
16 1 1 1
n 4 11 1 1
¢ 7 I 1 1 1

{h) Block diagonal form.

Figare 2. Machine-component matrix used in simulution model.

e The average flow time and in-process inventories are used as the performance
measures for the cellular manufacturing system.

The simulation model is used to estimatce the two performance measures: average
low time and average in-process inventorics. A warm-up period of six months is uscd
to minimize the cffccts of the transient period. A common graphical method known as
rephicaiion/deletion method was used to delermine the length of warm-up period.
Visual examination of the graph shows that system perforimance reaches the steady
state in six months, Therefore a warm-up period equal to six mornths was considered
and ull observations recorded during that period were truncated.

The model is simulated over a period of one year beyond the warm up period. A
method called batching the data is suggested in simulation lexts as a technique for
constructing a poini estimate and confidence interval for the mean. Based on batching
method the data generated during steady state condition are divided into & batches of
size &. In this study the data were divided into 20 batches of size [3 days (equal almost
to onc yeai excluding holidays). 1t is reasonable to divide the observations from a
single long simulation run into 10 to 20 batches (Law and Kclton 1982).

In order Lo minimize the variance of the mean of differences common random
number streams were employed across the simulation models. That is, the samie
stream was vsed to generate the time between orders and size of orders for all
Versions.



5.  Analysis of results

Ta evaluate the relationship between the values of grouping measurcs: BE, GE,
GC, GCI and Ql, and the performance of the cellular manufacturing system, five
different versions of the machine-component chart in Fig. 2 arc used in the simulation
experiment. Variations from one version to another are limited to changes in the
number of exceptional parts and their processing requirements.

in the following sections, each version of the machine-component matrix and the
associated simulation results are presented. In addition, a frequently cited machine-
component matrix in the literature will be used to calculate the efficiency measures
and to estimate (using simulation) the performance of the corresponding cellular
manufacturing system. This provides a common basis for comparing the results of the
study with the existing results.

In version 1 (Fig. 3(«)), there are three machine cells with no exceptional parts. As
expected, in this case, all grouping measures yield 100% efficiency. The values of these
measures and the corresponding simulation results are given in Fig. 3(h). It should be
noted that all grouping measurcs except BE are in the scale of 0-1-0. In order to
present the BE in the same scale, the value of BE for the ideal machine-component
matrix is considered equal to 1-0. 'Then the value of BE for other versions of the
matrix is divided by the value of the ideal matrix. For example, assume the ideal
matrix yields BE equal to 64 and another version of the matrix yields BE equal 59.
Then the adjusted value of BE for the ideal matrix is 64/64 = 1-0, and for the latter
maltrix is 59/64 = 0-92.

Parts

Il 26 9 3 7 11 4 5 8 10
M 2 1 1 1 1
a 3 1 1 11
c 1 I 1 i
h 35 1 1 1
i 6 11 1
n 4 1 1 1 1
e 7 11 1 1
]

{a) Block diagonal form.

Matrix efficiency

BE GE GC GO QI
1 1 1 1 1

Shop performance

Flow time Work-in-progress
35 19

(6) Grouping measures and simulation results.

Figure 3. Version | of the machine-component matrix.



Parts

8 9 3 7 11 4 5 8 10

12
M Z 1 1 1 1
a 31 1 1 1
c 11 1
h 5 11 1
i 6 [
o4 | A T
) [ S |
S

Matrix ellicienc

BE Gl OO GCl Q1
093 097 093 096 099

Shop perlormance
tlow tinie Work-in-progress

38 19

(h) Cirouping measures and simulation results.

Figure 4. Version 2 of the machine-component maltrix.

Version 2 (Fig. 4(a)) is slightly different rom version 1. Part 1, in this version, has
oine operation outside machine cell 1 and becomes an exceptional part. Since this part
has the minimum workload coitent {processing time x volume}, its effect on perfor-
mance of the cellular manufacturing is minimal. This is reflected in simulation resuits
in which the average Now time is miarginally higher thun in version | with no change i
the average in-process inventorics. All grouping measures are lower as presented in
Fig. 4(h).

In version 3 (Fig. 5(«)). pari 8 becomes an exceptional part (by switching one of its
operations frorm miachine 4 to machine 3). This part has the highest workload conient
and the change of its status should significantly change the performuance measures as
indicated by simulation results (Fig. 3(h)). Only one of the grouping measures, QI,
reflects the changes dramuatically. QI decreases from 4-99 in version 2 to (-90 in this
version. BE decreases from 0-93 to 0-90. All other measures are insensilive to changes
introduced in version 3 and remain the same (Fig. 5(h)).

In version 4 (Fig. 6{«)), there arc two exceptional parts (parts | and 5). These are
parts with the lowest workload contents, and as expected have less adveise effect on
the performance of the cellular manufacturing systern than the single exceptional part
in version 3. Tlds is reflected in the value of Qi which increases 1o 0092 from 0-90 iy the
previous case. Other measures show deterioration in grouping efficiency (Fig. 6(5)).
The performance measuics in this version (Fig. 6(b}; show improvement which is
congistent with the increase in QI.



1 26 9 3 7 11 4 5 8 10
M 2 1 1 1 1
a 3 1 1 11 1
c 1 11 1
h 5 11 1
1 6 1 1 1
n 4 1 1 1
¢ 7 11 1
S

(@) Block diagonal form.
Matrix efficiency
BE GE GC GCl Ql

090 097 92 69 099

Shop performance

Flow time Work-in-progress
78 40

(#) Grouping measures and simulation results.

Figure 5. Version 3 of the machine-component matrix.

Finally, in version 3, two excepiional clements were created (Fig. 7(«)) but in this
case the two operations with the largest workload contents are relocated (operations
of part 6 on machine 2 and part 4 on machine 7). It was expected that the heavier
mtercellular workload created by these two new exceptional elements would lead to
further deterioration in shop performance. The resulis of the simulation runs show a
drasiic change in all performance measures (Fig. 7(b)). QI criteria performed accord-
ingly and showed a drop in efficiency of the matrix from 0-96 to 0-78. All other
measures showed no change in efficiency in spite of change in shop performance.

5.1.  Graphical comparison of results

Based on the results obtained by the five versions of machine-component matrix.
the values of efficiency measures versus the shop performences are plotted in Fig. 8.
As this figure illustrates, the mean flow time increases as the efficiency of machine-
component matrix decreases. The graph of QI consistently follows such a relationship
while GE, GC, GCI and BE have a mixed pattern.

5.2, Test of hypothesis
To draw a statistical conclusion on goodness of proposed QI measure a test of
hypothesis was conducted which is defined as follows:

H,: No difference exists, belween mean flow time at different levels of QI.
H,;: No difference exists, between mean work-in-process (WIP) inventory at a
different level of QI.



I 2 6 9 3 7 11 4 5 8 [0

M 2 1 1 1 1

a 3 |

¢ S I

h 5 [

6 11 1 1

n 4 1 1 |
e 7 11 1 |
5

(en) Block diagenal form.

Muatrix efliciency
BE GE GoC Gl Ql
0-84 094 -85 0-92 0-92
Shop perlomance
Flow time Work-in-jirogress
43 19

(/) Grouping measures and simulation results.

Figare 6. Version 4 of the machine-coimponent matrix.

Rejection of Hy, and H,» implies that the porformonee of cellular mianufacturing is

significantly setsitive to the change in efficicnioy of machine-component matiix.

Table | shows the 95% confidence inlervals of the steady state mean flow lime and
WIT inventory for 5 cases under study.

From the tablc, the estimates of the meain flow time (75 and wean WIP
invenlories appear to be sormewhat different from one version to ancther. To sce il
tiis difference is statistically significani o paired-+ test confidence intaival (Dissenn
1994y was used and the resulis are summidirized in Tabies 2 and 3.

From Tabibe 2. the sall liypothesis (H,, 1} concerning ihe difference betweet versioii
I and 2 1n terms ol mean flow timie was accepled st the 5% level of significance. In
other words, these two versions have beein very close i the joby’s mcain dow times. The
efficicney of corresponding muschine-componcnt miatrices in terms of QI were | and
0-99 respectively which explaing the close performaince of the two versions.

The nuli hypothesis wiis rejected in the remaining cases adicating that means flow
times were tot equal between versions 2 and 3, 3 and 4, aad 4 and 5. There is an
cxplanation for this iesult. That s, changes in QI level have s significanit wmpact on
meaii flow time while changes in other efficicney ineasuics did not show the sane
effect and even in some cases did niot show any cifect,

Tabie 3 shows the resulls of the test of hypothests on WIP diiventory. The
inferences ol the results led to acceptance of null hypothesis Hy» concerning the
mean difference between version | and 2 in tenins of WP, When the QI level renrained
unchanged from version [ Lo veision 2, the shop perforimance reacted correetly. That
15, WIP inventory remained winchanged. The noll hypothicsis for mean difterence of
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(h) Grouping measurcs and simulation results,

Figure 7. Version 5 of the machine-component matrix.
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Figure 8. Valves ol grouping measures versus mean flow time.
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versions 3 and 2. 3 and 4, 5 and 4 was rejected, indicating that the changes ia QI level
has siginificani impact on mean WIP inventories in the cellular manufacturirig shops.

Asexpected, the above results indicate thai only QI among the grouping meosures
is sensitive to changes in workload content of parts in a cellular manufacturing
system. Since workload confent is more closely related o the performance of a
cellular manufacturing system, QI is a more effective grouping efficiency meustire
than other measvres discussed in the hiterature. This is confirmed by simmudation results
which are consistent with QI values,

To provide a common basis for the comparison of grouping measurea, a
frequently cited machine component matrix will be used to caleulate different groun-
ing measures and to geanerate e simulation resilts. The final machine-compoient
matrix with |6 machines and 43 partsis given in Fig. 2 {Burbidge 1977). The grouping
measures and simulation results for this machine-componucat mairix and 2 modified
form of it {in the modified form three inachines: 6, 8 and ) have been duplicated) aic
given it Fig. 10. The modificd machine-component matiix is presented in Fig. t1. The
results reinforce the conclusions drawin from the previous simple example and provide
further support Lo the idea of using grouping measures for performaiice evaluation in
cellular manufacturing systems,

47-3 870

Table |.

Means and confidence

Mean difference

Cl, 95%

0-512 +(-531

Matrix Mecan fow Cl Mean Ci
version lime {F;} 95% WIP (W} 95%,
| 87 227 346 132 G085 177
2 29-2 234 349 13-4 9.29.-28-5
3 59 41-8 773 29 186 4]-2
4 36:5 288 441 170 12:0- 221
5 672 33 21-9 44.2

infervals of Now tine and WIP.

Test of hypothesiy

I F 2 Accept H,

Fy Fy 3041175 Reject H,

boi-Ty 231 £ 152 Reject H,

P Fy 307+ 153 Kegeet H,
Tdable 2. Results of test of hypoihesis for mean flow tme,

Mean dilference

Cl, 93%

Test of hypothesis

W, W, 0-167 + 0-232 Acoept Hos
W W, 16:7 4 862 Reject M,
W, W, 3-84 +2.34 Reject H
Wo oW, 198 + 8-81 Keject H

Table 2.

Results of test of hypothesis for mean Wil
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Figure 9. Block diagenal form for 16 machines and 43 parts.

Case GE GC GClI BE ] Flow time  WIP

1 0-73 0-45 0-78 0-80 0-61 21 Hr. 17
2 075 0-46 0-90 0-82 0-86 20Hr. 13

Figure 10, Efficiency and performance measures for Burbidge’s problem.
Case 1. Cellular manufacturing without machine duplication.
Case 2. Cellular manufacturing with machine duplication.
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6. Conclusions

Simulation modelling was used to determine the relationship between values of
grouping measures and the performance of the corresponding cellular manufacturing
system. Five different grouping measures were compared based on the simulation
results. The study shows that grouping measures when properly defined can predict
the performance of the corresponding cellular manufacturing system. Based on the
simulation results, the newly defined grouping measure, QI, is more effective than
other measures because it is more closely related to the performance of the cellular
manufacturing system.
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