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Abstract The Taguchi method is an efficient approach for
optimizing a single quality response. In practice, however,
most products/processes have more than one quality response
of main interest. Recently, the multi-response problem in the
Taguchi method has gained a considerable research attention.
This research, therefore, proposes an efficient approach for
solving the multi-response problem in the Taguchi method
utilizing benevolent formulation in data envelopment anal-
ysis (DEA). Each experiment in Taguchi’s orthogonal array
(OA) is treated as a decision making unit (DMU) with mul-
tiple responses set inputs and/or outputs. Each DMU is eval-
uated by benevolent formulation. The ordinal value of the
DUM’s efficiency is then used to decide the optimal factor
levels for multi-response problem. Three frequently-inves-
tigated case studies are adopted to illustrate the proposed
approach. The computational results showed that the pro-
posed approach provides the largest total anticipated impr-
ovement among principal component analysis (PCA), DEA
based ranking approach (DEAR) and other techniques in
literature. In conclusion, the proposed approach may
provide a great assistant to practitioners for solving the multi-
response problem in manufacturing applications on the Tagu-
chi method.
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Introduction

Failure to select the best condition of process factors is a
costly mistake in today’s highly competitive markets. The
overall goal of robust design is to find settings of the control-
lable factors so that the response is least sensitive to variations
in the noise variables, while still yielding an acceptable mean
level of the response. Taguchi (1991) method is a widely
used approach for robust design, which utilizes an orthogonal
array (OA) to obtain dependable information about the design
parameter with minimum time and resources, and adopts sig-
nal-to-noise (S/N) ratio to interpret experimental data and
optimize performance. Nevertheless, this method is found
only efficient for determining the optimal setting of control-
lable factor levels which optimize a single response problem;
such as, flank wear (Tsao and Hocheng 2002), thickness of
solder paste (Li et al. 2008) and casting porosity (Anastasiou
2002).

Today’s sharp market competition has forced most indus-
tries to produce products with more than one response. To
solve the multi-response problem, the Taguchi method adopts
atrade-off between quality loss and productivity by engineer-
ing judgment (Phadke 1989). But, this approach may pro-
vide contradictory optimal factor levels for multi-response
problem and increases uncertainty in decision-making pro-
cess. Shiau (1990) assigned a weight for each response then
employed the sum of the weighted responses. Tong et al.
(1997) used the S/N ratio for the sum of the weighted nor-
malized quality losses. However, it still remains difficult to
decide a weight for each quality response in real applica-
tions. Reddy et al. (1997) adopted regression techniques-
based approaches to optimize the multi-response
problem. Unfortunately, regression approaches increase the
complexity of computational process and thus require statis-
tical skills. Further, Antony (2000) utilized principal

@ Springer



506

J Intell Manuf (2011) 22:505-521

component analysis (PCA) to transform the multi-responses
in few uncorrelated ones. The principal components were
then used to find the optimal factor levels for multi-responses.
But, PCA is based on some rigid assumption that the error
terms are multivariate normally distributed random variable,
which may limit its application in real applications. Further-
more, Yu et al. (2004) proposed a strategy called fuzzy neu-
ral-Taguchi network with genetic algorithm, Jeyapaul et al.
(2006) deployed genetic algorithm, and Al-Refaie et al. (2008)
employed grey analysis for optimizing the multi-response
problem in the Taguchi method. In reality, the soft comput-
ing techniques genetic algorithm and neural networks, and
grey analysis are still not be completely understood by many
practitioners.

Data envelopment analysis (DEA) proposed by Charnes
et al. (1978) is a fractional mathematical programming tech-
nique for evaluating the relative efficiency of homogeneous
decision making units (DMUs) with multiple inputs and mul-
tiple outputs. DEA combines various inputs and various
outputs for a DMU into one performance measure, called
relative efficiency. DEA techniques can be divided into two
categories. The techniques in the first category incorporate
a priori information provided by a decision maker or expert,
whereas the techniques in the other category do not incor-
porate a priori information (Angulo-Meza and Lins 2002).
The first category includes direct weight restrictions (Dyson
and Thanassoulis 1988), the cone ratio model (Charnes et al.
1990), and value efficiency analysis Halme et al. 2000). How-
ever, there are disadvantages in these methods concerning
subjectivity. First, the priori information can be wrong or
biased. Second, there may be a lack of consensus among
the experts or decision-makers, which may adversely affect
the study. In contrast, the techniques in the second cate-
gory do not rely on priori information, provide reliable con-
clusions, and consequently, improve the decision making
process. Among the techniques in the second category is
benevolent formulation in cross-evaluation. Unlike the tra-
ditional DEA techniques, benevolent formulation increases
discrimination among efficient DMUs and allows for DMU’s
peer-evaluation instead of self-evaluation. To utilize these
advantages and reduce the uncertainty in the decision mak-
ing process, this research employs benevolent formulation
for solving the multi-response in the Taguchi method. Each
experiment of Taguchi’s array is treated as a DMU with multi-
responses set as inputs and/or outputs. Benevolent formula-
tion is then used to evaluate performance for each DMU and
decide optimal factor levels for multi-responses. The remain-
der of this paper is organized as follows. DEA is introduced
in “Data envelopment analysis”. The proposed approach is
presented in “The proposed approach”. The application of
the proposed approach is illustrated in “Application of the
proposed approach”. Conclusions are finally summarized in
the last section.
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Data envelopment analysis

Data envelopment analysis has been widely used for evalu-
ating performance for a set of DMUs with multiple inputs
and multiple outputs at organizational level, such as banks,
hospitals, and universities (Charnes et al. 1994). The widely-
used DEA technique is the CCR model, which is developed
by Charnes et al. (1978).

The CCR model

The CCR model displayed in “Appendix A” measures the
relative efficiency of each DMU once by comparing it to a
group of the other DMUs that have the same set of inputs
and outputs. Let DMU,, denotes a DMU to be evaluated.
Then, DMU;, is identified as CCR-efficient if its relative effi-
ciency, E,, equals one. Otherwise, it is identified as ineffi-
cient. However, the CCR model fails to discriminate among
efficient DMUE s, since the relative efficiency scores may be
equal to one for more than one DMU. On the other hand,
Khouja (1995) adopted two phases approach in the selection
of advanced manufacturing technology (robots) from a list
of feasible technologies. In the first phase, the robot efficien-
cies are identified by the CCR model then evaluated by a
multi-attribute decision-making model in the second phase.
Liao (2005) used neural networks to predict the responses
for all factor level combinations. The CCR model is then
employed to decided optimal factor settings. However, Baker
and Talluri (1997) investigated the robot selection problem in
Khouja’s study and showed that CCR model has an intrinsic
problem that provides misleading efficiency scores through
identifying a DMU with an unrealistic weighing scheme to
be efficient. In addition, it may result in multiple optimal
solutions. To avoid the above shortcoming of CCR model,
this research utilizes the benevolent formulation in cross-
evaluation to measure and compare performance of a set of
DMUs.

Benevolent formulation in cross-evaluation

The cross-evaluation technique, initially introduced by Sex-
ton et al. (1986), uses DEA in a peer-evaluation instead of a
self-evaluation calculated by CCR model. A self-evaluation
is to measure DMU, s efficiency is calculated using its own
input and output weights. Whereas, a peer-evaluation means
that DMU,, is evaluated according to the optimal weighting
scheme of other DMUs. The mean of these efficiencies is the
cross-evaluation. However, multiple optimal solutions can
exist, which cause the cross-efficiencies to vary. This prob-
lem is solved by introducing a secondary objective function
using benevolent formulation. The main idea of benevolent
formulation is to obtain a weighing scheme of DMU, that
would be optimal in CCR model, but have, as a secondary
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objective, maximization of the cross-efficiencies of the other
DMUs (Angulo-Meza and Lins 2002). This technique can
be expressed by two models I and II shown in “Appendix
B”. By either model, once the optimal u,, and v;, values,
or u), and v?‘o respectively, are obtained, the cross-efficien-
cies of DMU, can be calculated. Let E,;denotes the cross-
efficiency of DMU; calculated according to the optimal
weights of DMU,. The E,; is calculated as:

N m
Eoj = D ufoyri/ D Vipxij J # 0. (1

r=1 i=1

Once the E,; values are calculated, a matrix called the “cross-
efficiencies matrix” is constructed. Let e; be the mean of
cross-efficiencies for DMU; estimated as:

ej = > Eo/(n —

0#j

) j=1...n )

The e; values are then used for comparing performance of n
DMUs. Unlike the CCR model, the benevolent formulation
increases discrimination among efficient DMUs by allowing
efficiency takes a value greater than one. Benevolent formu-
lation models are employed for solving the multi-response
problem in the Taguchi method as described in the following
section.

The proposed approach

Products have quality responses that describe their perfor-
mance relative to customer requirements or expectations.
Generally, a process/product quality characteristic (QCH) or
response is divided into three main types: the smaller-the-
better (STB), the nominal-the-best (NTB), and the larger-
the-better (LTB) responses. The STB response has an ideal
target of zero, such as electromagnetic radiations from tele-
communications equipment and leakage current in integrated
circuits. The NTB characteristic has a specific user-defined
target value, such as the output voltage supply of televi-
sion. Finally, the LTB response has an ideal state or tar-
get of infinity, such as the mechanical strength of a wire
per unit cross-section area. In practice, the multi-responses
of a product/process are not necessarily belonging to the
same response type. In this research, it is assumed that the
responses are uncorrelated. In these regards, the proposed
approach for solving the multi-response problem in the Tagu-
chi method is outlined in the following steps:

Step 1  Assume n experiments are conducted utilizing Tagu-
chi’s OA. Treat each experiment as a DMU. As men-
tioned earlier, the relative efficiency is defined as the
sum of weighted outputs divided by the sum of the
weighted inputs. Typically, higher efficiency indi-

Step 2

Step 3

Step 4

cates better performance, which can be achieved if
the sum of the weighted outputs increases and/or the
sum of the weighted inputs decreases. To enhance
the relative efficiency of each DMU and achieve the
desired target of each quality response, set the input
and output of each DMU as follows:

(1) If all responses are STB type, then set all
responses as inputs, whereas set a unit (one)
as the output. Conversely, if all responses are
LTB type, set all responses as outputs, while
set a unit (one) as the input for all DMUs.
In other words, the efficiency is improved by
decreasing the denominator in the former case,
or increasing the numerator in latter case.

(i) If all responses are NTB type, then calculate
the quality loss, L, for DMU; as follows
(Tong et al. 1997):

Lj=c@s3/y) j=1....n 3)

where c is the quality loss coefficient, while y
and s; are the average and standard deviation
of response replicates for of DMU, respec-
tively. Since the objective is to minimize the
quality loss, set the L; values as inputs and
one as the output for all DMUs.

If responses are a mix of the three types, set
STB type response and L ; values of the NTB
type response as inputs, whereas set LTB type
response(s) as the output for all DMUs.

(iii)

Evaluate the relative efficiency, E,, of each DMU
by solving the input-oriented CCR model.
Estimate the optimal input and output weights, u",
and v;"o, by solving Model I for each DMU,,. Then,
calculate the cross-efficiency, E,;, scores for each
DMU using Eq. (1). Construct the cross-efficien-
cies matrix. Then obtain the average, €;, of cross-
efficiencies using Eq. (2).

In order to optimize performance, and avoid the bias
produced by large e values in selecting optimal lev-
els, decide the ordinal value of e;; the ordinal value
is torank the e ; values such that the smalleste ; value
receives an ordinal value of one, whereas the larg-
est e; value takes an ordinal value of n. Let AOV ¢,
be the average of the ordinal values for level [ of
factor f. Calculate the AOV ; value for each factor
level. Typically, higher AOV y; implies better per-
formance. Therefore, the optimal factor level, [*, is
identified as the level that maximizes the value of
AQV y;. Mathematically,

"=

[l ‘mlax {AOVfl} ] vVf @
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If a tie occurs in selecting the optimal level for a ) 1 E

factor, choose the factor level that provides the larg- S/Nratio = —10log;o K Z y_2

est anticipated improvement as the optimal level for k=1-k

that factor for LTB type response  (7)
Step 5 Repeat steps 3 and 4 to evaluate the performance of ) )

each DMU using model I1 instead of Model I. where K is the number of response replicates. The
Step 6 Estimate the anticipated improvement in each f and o are response mean and standard deviation,

response due to setting factors at optimal levels.
Then, compare the anticipated improvement by the
proposed approach for each response with the antici-
pated improvements gained by adopting other
approaches in previous studies. If the response have
different quality loss coefficients, then calculate the
reduction of quality loss in each response. Other-
wise, calculate the S/N ratio for each response
using

K
1
S/Nratio = —101og,, (? > y;?)
k=1

for STB type response  (5)

2
S/Nratio = 101og;, M_2 for NTB type response
o

respectively. Obtain the average S/N ratio for each
factor level.

The following section provides several examples on the appli-
cation of the proposed approach.

Application of the proposed approach

Three frequently investigated case studies are selected to
illustrate the proposed approach. In the below case studies,
the quality loss coefficients for the multiple responses are
set equal. Thus, the S/N ratio will be used to estimate the
anticipated improvement in each response.

Optimizing polysilicon deposition process

Phadke (1989) conducted the Taguchi method to improve the

(6)  quality of polysilicon process for three responses; the surface

Table 1 Experimental data of polysilicon process

DMU; Control factor® Inputs Output Standard efficiency (E,)

e A B C D E F e Quality loss Surface Deposition
of thickness defects (x2;) rate (y1;)
(x15)

DMU;, 1 1 1 1 1 1 1 1 0.00030 0.67 14.5 1.00000
DMU, 1 1 2 2 2 2 2 2 0.00027 36.22 36.6 0.38025
DMU3 1 1 3 3 3 3 3 3 0.00025 135.78 414 0.22037
DMU4 1 2 1 1 2 2 3 3 0.00006 17.00 36.1 1.00000
DMUs 1 2 2 2 3 3 1 1 0.00719 1,087.78 73.0 0.02626
DMUg 1 2 3 3 1 1 2 2 0.00051 839.89 49.5 0.09788
DMU, 1 3 1 2 1 3 2 3 0.00726 776.33 76.6 0.03359
DMUg 1 3 2 3 2 1 3 1 0.00520 2,065.33 105.4 0.03032
DMUq 1 3 3 1 3 2 1 2 0.00087 2,200 115.0 0.13343
DMUo 2 1 1 3 3 2 2 1 0.00206 0.89 24.8 1.00000
DMUy; 2 1 2 1 1 3 3 2 0.00013 1.00 20.0 1.00000
DMU |, 2 1 3 2 2 1 1 3 0.00016 246.56 39.0 0.25200
DMU 3 2 2 1 2 3 1 3 2 0.00062 150.11 53.1 0.16001
DMU 4 2 2 2 3 1 2 1 3 0.00005 44.44 45.7 1.00000
DMU;s 2 2 3 1 2 3 2 1 0.00018 1,359.44 54.8 0.30722
DMU 6 2 3 1 3 2 3 1 2 0.00065 14.33 76.8 0.67157
DMU 2 3 2 1 3 1 2 3 0.00629 2,201.22 105.3 0.02609
DMU g 2 3 3 2 1 2 3 1 0.01438 3,333.33 91.4 0.01227

2 ¢ Indicates empty column
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Table 2 The S/N ratio averages for polysilicon process

Response (dB) Level? Factor Optimal factor Overall average
levels using (dB)
A B C D E F Taguchi method

Thickness 1 35.12 31.61 34.39 31.68 30.52 27.04 A1B3CiD2EsF3 31.52
2 3491 30.70 27.86 34.70 32.87 33.67
3 24.52 32.24 32.30 28.16 31.16 33.85

Surface defects 1 —24.23 —27.55 -39.03 -39.20 —51.53 —45.56 A1B1C1D1ExFa —45.36
2 —50.11 —47.44 —55.99 —46.85 —40.54 —41.58
3 —61.76 —61.10 —41.07 —50.04 —44.03 —48.95

Deposition rate 1 28.76 32.03 32.80 32.21 34.06 33.81 A3B3CyD3E3F3 34.12
2 34.13 34.78 35.29 34.53 33.99 34.10
3 39.46 35.54 34.25 35.61 34.30 34.44

4 Optimal levels using Taguchi method for each response are identified by bold type

Table 3 The optimal DMU weights using benevolent formulation for polysilicon process

DMU; Model 1 Model 11
) Optimal input weights Optimal 8 Optimal input weights Optimal output
output weight weight
vl v ut; v v ui;

DMU; 0.0327186  21.6778700 0.0000000 0.0004485 0.0327186  21.6778700  0.0000000  0.0004485
DMU, 0.0016940  21.6637800 0.0000000 0.0000608 0.0016940  21.6637800  0.0000000  0.0000608
DMU; 0.0028646 0.0000000 0.0000696 0.0000503 0.0028646 0.0000000  0.0000696  0.0000503
DMU4 0.0005598  21.5656700 0.0000000 0.0000358 0.0005598  21.5656700  0.0000000  0.0000358
DMUs 0.0017380  25.4842000 0.0000000 0.0000659 0.0017380  25.4842000  0.0000000  0.0000659
DMUg 0.0082819 0.0000000 0.0000732 0.0001215 0.0082819 0.0000000  0.0000732  0.0001215
DMU, 0.0024378  25.5297400 0.0000000 0.0000813 0.0024378  25.5297400  0.0000000  0.0000813
DMUg 0.0025150 0.0000000 0.0000804 0.0000477 0.0025150 0.0000000  0.0000804  0.0000477
DMUyg 0.0147606 0.0000000 0.0000812 0.0002074 0.0147606 0.0000000  0.0000812  0.0002074
DMU;p 0.1956822  22.5377500 0.0000000 0.0018721 0.1956822  22.5377500  0.0000000  0.0018721
DMU;; 0.0053359  21.5982700 0.0000000 0.0001404 0.0053359  21.5982700  0.0000000  0.0001404
DMU;,  0.0075734 0.0000000 0.0000701 0.0001117 0.0075734 0.0000000  0.0000701  0.0001117
DMU;3  0.0007723  21.8292900 0.0000000 0.0000408 0.0007723  21.8292900  0.0000000  0.0000408
DMU;4  0.0041721 0.0000000 0.0000691 0.0000672 0.0041721 0.0000000  0.0000691  0.0000672
DMU;5  0.0434181 0.0000000 0.0000760 0.0005795 0.0434181 0.0000000  0.0000760  0.0005795
DMU;s 0.0045817  21.8436000 0.0000000 0.0001242 0.0045817  21.8436000  0.0000000  0.0001242
DMU;;  0.0022387 0.0000000 0.0000812 0.0000443 0.0022387 0.0000000  0.0000812  0.0000443
DMU;s 0.0011926  31.2012500 0.0000000 0.0000602 0.0011926  31.2012500  0.0000000  0.0000602

defects (STB), thickness (NTB, target is 3,600 A) and depo-
sition rate (LTB) are the main responses. Six process factors
were investigated simultaneously including: (A) deposition
temperature, (B) deposition pressure, (C) nitrogen flow, (D)
silane flow, (E) settling time, and (F) cleaning method, uti-
lizing L1g (2! x 37) array shown in Table 1. The Taguchi
method utilizes the S/N ratio to decide the optimal factor lev-
els for each response. Typically, in this method higher S/N
ratio indicates better performance. Using the appropriate for-
mula from Eqgs. (5) to (7) for each type response, the average

S/N ratio for each factor level is calculated and displayed in
Table 2.

From Table 2, the optimal factor levels for thickness, sur-
face defects, and deposition rate are identified as A1B3C;D;
EyF3, A1B1C1D1EyF,, and A3B3CyD3E3F3, respectively.
Obviously, there exists a conflict among these combinations
about the optimal factor levels for optimizing the three
responses concurrently. To optimize the three responses con-
currently by the proposed approach, the following steps were
conducted:
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:,3 ~§ Step1 The L 1821 x 37) array contains 18 experiments.
% g 3839 Each experiment is treated as a DMU as shown in
£ & T8 T8 the first column of Table 1. The quality loss of thick-
ness, calculated using Eq. (3), and surface defects are
) set the inputs. However, the deposition rate is set as
i“g § 59|15 2 2 v the output for all DMUs.
2258 | = & i z Step 2 The standard efficiency, E,(0 = 1, ..., 18)is cal-
culated by solving the CCR model for each DMU
2 %ﬂ and also displayed in the last column of Table 1. Note
= £s SRR that all the E,, values lie between zero and one, while
e e the E, value for each of DMU;, DMUy, DMUjj,
. DMU 1, and DMUy4 is equal to one. Thus, these
i v DMUs are identified as CCR-efficient. This shows
< B g g the weakness of the CCR model in discriminating
é gog %‘°§ R efficient DMUs.
S Step 3 Model I is adopted to evaluate the v}, v3;, and u;
g values for each DMU ;. The results are shown in the
% & columns entitled by “Model I’ in Table 3.
g § g B For illustration, the values of v}, v3;, and u7, for
g 15 E,E N EE R DMU; of 21.6778700, 0.0, and 0.0004485, respec-
215282 <8 TR tively, are obtained by solving model I as shown
below
- D r
e [sa)
§ § § S E Max uii. Zylj
j=2
g 18 18
EE — Ull'zx1/+v21'2x21
AEa T8 2 18
subject to z vil.inj =1
3 E‘JA o i=1 j=2
Szg (24X :
s R Uylj — Zvilxij =é
i=1
- g3 j=2 ..., 18
1BEEE I EEE 2
&Ela 2sSER (% gl & M11y11—zvi1xz'1=0
E : L3 uir, vi, v21 = 0
o | © = =
E ié g é _L; 233 To avoid infeasiblle sF)lution, the right hand side of
ElE | > 1 é‘ g3 a the second constraint is set equal or less than a scalar
§ © Im&E= ' g 8, which is very close to zero as shown in the sec-
2 _ = ond column of Table 3. Similarly, the v{;, v3;, and
E | e 2 v oo =~ E uj; are calculated for the other 17 DMUs. The E,;
E g E . g § % § and e; values are then calculated for each of the 18
= = ' .g DMUs. Table 4 displays the corresponding cross-
£l _ 2 v B efficiencies matrix.
é’ % % g .§~ For example, in Table 4 the cross-efficiency, E 1, of
w | 2 é © 2 é DMU; evaluated using the optimal weighing scheme
= § 3 u§ é E of DMU, of 0.1356 is calculated as follows. In
gl E3acg Table 1, the inputs of DMU] are calculated 0.00030
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and 0.67, respectively, while the output is estimated
14.5. In Table 3, using model I of benevolent formu-
lation, the calculated v}, v3,, and u}, for DMU, are
21.6637800 and 0.0, and 0.0000608, respectively.
Substituting these values in Eq. (1) gives

E> 1 = (0.0000608 x 14.5)/(21.6637800
x 0.0003 + 0.0 x 0.67) = 0.1356

In a similar manner, the E,; values of DMU; are
evaluated using the optimal weights of DMU3 to
DMU 3g. Using Eq. (2), the mean cross-efficiency of
DMUjy, ey, is then

18
e = Z Eo1/(18 — 1) = 21.0133

0o=2

The e; values for DMU; to DMU g are computed
similarly. Contrary to the CCR model, the E,; val-
ues for some DMUSs, as shown in Table 4, are greater
than one; for example, the values of E3 ; and E¢ 1 are
equalto 15.641 and 35.9422, respectively. Moreover,
the DMUs identified as CCR-efficient by CCR model
have unequal e ; values and thus no more equally effi-
cient using benevolent formulation. This shows that
the efficiency of benevolent formulation in increas-
ing the discrimination among efficient DMUs.

The ordinal values for all e; values are listed in the
last row of Table 4, where the smallest e; value
takes an ordinal value of one, whereas the largest
¢; value has an ordinal value of 18. Utilizing the
ordinal values, the AOV ¢; values are calculated for
all factor levels and depicted in Fig. 1. For illustra-
tion, the AOV 41, the efficiency of level 1 for factor
A, is calculated as the average of the ordinal val-
ues for DMU;, DMU,, DMU3;, DMU;y, DMU{;,
and DMUjj,, then divided by six; numerically, the
AOV 41 (=13.5) is obtained from (17+10+9+ 18+
16+11)/6. The AOV f; values for the other factor
levels are obtained similarly. In Fig. 1, the factor
level that maximizes the level efficiency is identified
as the optimal level for that factor. Based on this, the
A1B|C1D3E,F; is the combination of factor levels
that optimizes the three responses concurrently.
Solving model II for each DMU, the v};, v3;, and uj;
are calculated and also listed in the columns entitled
“Model II” in Table 3. For illustration, the v}, v3;,
and u7, values for DMU; are obtained by solving
the below model

Step 4

Step 5

18
Max uqg. Zyli
j=2

@ Springer

2 18
subject to Z Vi1. z xij | =1
i=1 j=2

2
Uiyl — E vi1Xij < 6
i=1

j=2...,18

2
unyn — Y vitxii = 0
i=1

uir, vi1,v21 = 0

It is noted that both models provide the same v},
vy;, and uj; values for all DMUs. As a result, the
cross-efficiency matrix corresponding to model II is
similar to that in Table 4. Consequently, the A|B1C;
D,E»F; is the combination of factor levels for opti-
mizing the three responses concurrently using Model
II. At this point, it is concluded that either model I or
model II can be used for solving the multi-response
problem in the Taguchi method.

The effectiveness of proposed approach for opti-
mizing polysilicon process is checked as follows.
The average S/N ratio each factor level is calculated
for all factor levels and displayed in Table 2. Then,
the anticipated improvement in each response due
to setting factors at A;B1C1D;EsF; is calculated
and listed in Table 5. In addition, the anticipated
improvements gained by other approaches in previ-
ous studies, including the sum of the weighted nor-
malized quality losses (Tong et al. 1997), PCA (Su
and Tong 1997), and DEAR (Liao and Chen 2002),
are also displayed in Table 5.

Step 6

In Table 5, it is observed that the largest anticipated
improvements in thickness (=14.84 dB) and surface defects
(= 63.72 dB) correspond to the proposed approach. How-
ever, the largest anticipated improvement in deposition rate
(= —2.53 dB) corresponds to the sum of the weighted of nor-
malized quality losses. Nevertheless, among all techniques,
the proposed approach provides the largest total anticipated
improvement (= 69.22 dB). As a result, the proposed app-
roach is superior to engineering judgment, the sum of the
weighted normalized quality losses, PCA, and DEAR for
solving the multiple responses problem in the Taguchi method
for the polysilicon process.

Optimizing gear hobbing operation

Jeyapaul et al. (2006) conducted genetic algorithm to opti-
mize four STB type responses of gear hobbing operation
involving: left profile (LP) error, right profile (RP) error,
left helix (LH) error, and right helix (RH) error. Six
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Fig. 1 Optimal factor levels for 16 1
polycilicon process
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Table 6 Experimental data of gear hobbing operation

DMU;  Control factor Inputs Output CCR-effi-

A BC D E F Empty LP error (x;;) RPerror (x2;) LHerror (x3;) RH error (x4;) O15) ciency (Eo)

DMU; 1 1 1 1 1 1 1 1 72.53 73.97 47.37 42.90 1 0.996769
DMU, 1 1 2 2 2 2 2 2 75.67 74.23 32.43 39.10 1 1.000000
DMU; 1 1 3 3 3 3 33 74.20 73.10 51.93 51.10 1 0.995628
DMU; 1 2 1 1 2 2 3 3 74.80 77.03 61.27 55.03 1 0.960339
DMUs 1 2 2 2 3 3 1 1 75.37 75.93 82.97 59.80 1 0.965977
DMUs 1 2 33 1 1 2 2 71.83 73.93 35.83 42.30 1 1.000000
DMU; 1 3 1 21 3 2 3 75.10 71.97 54.47 60.07 1 1.000000
DMUg 1 3 2 3 2 1 3 1 77.03 74.80 56.17 44.90 1 0.972930
DMUg; 1 3 31 3 21 2 77.63 72.27 57.87 59.83 1 0.995866
DMU;, 2 1 1 3 3 2 2 1 73.67 76.80 42.33 47.10 1 0.975113
DMU;; 2 1 2 1 1 3 3 2 74.23 79.03 48.83 34.20 1 0.969096
DMU;, 2 1 32 2 11 3 71.97 75.37 42.03 30.77 1 1.000000
DMU;; 2 2 1 2 3 1 3 2 75.10 74.53 34.17 34.73 1 1.000000
DMUy 2 2 2 3 1 21 3 76.50 74.50 40.33 37.83 1 0.992851
DMU;s 2 2 31 2 3 2 1 72.83 74.77 42.33 40.37 1 0.991241
DMU; 2 3 1 3 2 3 1 2 75.63 78.73 45.17 35.27 1 0.952392
DMU;; 2 3 2 1 3 1 2 3 75.40 77.07 42.93 39.27 1 0.963499
DMU;3 2 3 32 1 2 3 1 75.90 72.00 50.90 47.40 1 1.000000

controllable factors were investigated including: (A) direc-
tion of hobbing, (B) number of passes, (C) source of hob,
(D) feed, (E) speed, and (F) job run out. The L1g(2' x 37)
array was used for providing the layout of experimental work.
The proposed approach was implemented for solving multi-
response problem for gear hobbing operation and described
as follows. Each experiment is treated as a DMU with the
LP error, RP error, LH error, and RH, are set as the inputs,
whereas one is set as the output for all DMUs as shown in
Table 6. By solving the CCR model for each DMU, the E,
values are obtained and also displayed in Table 6. Based on
the weighing scheme of the CCR model, the E, value is

equal to one for DMU,, DMUg, DMU7, DMU;,, DMUj3,
and DMUg, and thus these DMUs are considered
equally CCR-efficient DMUs. Here also, the CCR
model fails to discriminate among these efficient
DMUs.

Benevolent formulation models are individually applied
to measure performance for each of the 18 DMUs. The opti-
mal input and output weights of each DMU are displayed
in Table 7. It is found that both models provide the same
weighing scheme for each DMU.

Utilizing the E, values listed in Table 6 and the opti-
mal input and outputs weights displayed in Table 7, the
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Table 7 The optimal weighing scheme by benevolent formulation for gear hobbing operation

DMU;; ) Optimal input weights Optimal input weight
i vy v3; v3; 0y
DMU; 0.00138003 0.00000000 0.00078366 0.00000000 0.00000000 0.05778020
DMU, 0.00302429 0.00078758 0.00000000 0.00000000 0.00000000 0.05959582
DMU3 0.02677772 0.00000000 0.00000000 0.00000000 0.00133179 0.06775685
DMU4 0.03268316 0.00000000 0.00000000 0.00123753 0.00000000 0.07281632
DMUs 0.06068102 0.00000000 0.00000000 0.00127168 0.00000000 0.10192170
DMUe 0.00153593 0.00000000 0.00078364 0.00000000 0.00000000 0.05793433
DMU, 0.03949319 0.00000000 0.00000000 0.00000000 0.00134789 0.08096779
DMUg 0.02732483 0.00000000 0.00000000 0.00122977 0.00000000 0.06720628
DMUq 0.03882377 0.00000000 0.00000000 0.00000000 0.00134746 0.08028495
DMUjo 0.02008005 0.00000000 0.00000000 0.00000000 0.00132473 0.06084204
DMUy; 0.00363307 0.00000000 0.00078678 0.00000000 0.00000000 0.06025777
DMU |, 0.00266738 0.00000000 0.00078452 0.00000000 0.00000000 0.05912949
DMU 3 0.00257422 0.00078722 0.00000000 0.00000000 0.00000000 0.05912036
DMU 4 0.00324940 0.00078809 0.00000000 0.00000000 0.00000000 0.05985793
DMU;s 0.00168210 0.00000000 0.00078415 0.00000000 0.00000000 0.05811765
DMU ¢ 0.00236911 0.00000000 0.00078660 0.00000000 0.00000000 0.05898046
DMU 7 0.00179647 0.00000000 0.00078557 0.00000000 0.00000000 0.05833399
DMU g 0.02203904 0.00000000 0.00000000 0.00000000 0.00132526 0.06281723

cross-efficiencies matrix for gear hobbing operation is con-
structed and shown in Table 8 for both benevolent formula-
tion models.

In order to identify the optimal combination of factor lev-
els, the AOV 7, values are calculated and plotted in Fig. 2. In
this figure, it is noted that the combination of optimal fac-
tor levels can be either AoB1CD>E>F, or A,B1C|D3E>F>,
since the optimal level for factor D can be either Dy or
D3. In other words, a tie occurs in selecting the level of
factor D.

To decide whether to adopt A;B1C1D2ExF> or Ao B Ci D3
E;F>, the anticipated improvement in each response is cal-
culated at A,B;CDyE»F> and A;B;C;D3E»F>. The antic-
ipated improvement gained by genetic approach (Jeyapaul
et al. 2006) is also displayed in Table 9.

From Table 9, two main conclusions are obtained. First,
the total anticipated improvement (= 11.2506 dB), due to set-
ting factor levels at A, B1C1D3E)F,, are slightly larger than
total anticipated improvement (= 10.6588 dB) due to setting
factor levels at A,B1C1D,E>F;. Asaresult, AyB;C{D3E>F»
is the optimal combination of factor levels. Secondly, set-
ting factor levels at either combination provides much larger
total anticipated improvement than genetic algorithm
(= 4.1498 dB). Consequently, the proposed approach is con-
cluded more effective than genetic algorithm for solving
multi-response problem in the Taguchi method for the gear
hobbing operation.

@ Springer

Optimizing hard disk drive

This case study was performed by the Industrial Technology
Research Institute in Taiwan to improve the quality of hard
disk drive. The 50% pulse width (PW), peak shift (PS), over
write (OW), and high-frequency amplitude (HFA) were the
four responses of main interest. The PW and PS are STB type
responses, whereas OW and HFA are LTB type responses.
Five controllable process factors were investigated, involv-
ing: (A) disk writability, (B) magnetization width, (C) gap
length, (D) coercivity of media, and (E) rotational speed.
The Lig (2! x 37) array was utilized to investigate these
factors simultaneously. It was noticed that the OW has nega-
tive values with the desired target zero; however the response
should be nonnegative (Phadke 1989). Since maximizing a
quality response is equivalent to minimizing the negative of
that response, the OW is multiplied by minus one and treated
as STB type response. Let OW’ equals —1 x OW. For this
case study, consequently, three STB type responses and one
LTB type response will be optimized concurrently as shown
in Table 10.

The proposed approach is applied to optimize the four
responses of hard disk drive as follows. Each experiment
is treated as a DMU with the PW, PS, and OW’ are set
as the inputs, whereas the HFA is set as the output for all
DMUs. The E, values are calculated by solving the CCR
model for each DMU and also shown in Table 10. It is noted
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Fig. 2 Optimal factor levels for

gear hobbing operation
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Table 9 Summary of anticipated improvement for gear hobbing operation
Response Initial Optimal condition (2) Anticipated improvement (2)—(1)
(dB) condition (1)

Genetic algorithm  Proposed approach Genetic algorithm  Proposed approach

(Jeyapaul et al. (Jeyapaul et al.

2006) A;B1C1DExFy  ApBCiD3EpF,  2006) AyB1C1DyExFy  ApBCiD3ExFr
LPerror —37.8581 —37.4917 —37.3728 —37.1800 0.3664 0.4853 0.6781
RP error —37.4952 —37.4045 —37.7724 —37.4984 0.0907 —0.2772 —0.0032
LH error —36.6009 —34.4082 —31.9040 —31.4320 2.1927 4.6968 5.1688
RH error —35.7397 —34.2396 —29.9858 —30.3328 1.5001 5.7539 5.4069
Total anticipated improvement (dB) 4.1498 10.6588 11.2506
Table 10 Experimental data of hard disk drive
DMU;; Control factors Input Output CCR-efficiency (E,)

A B C D E Empty PW (x1;) PS (x2;) OW’ (x3 i) HFA (y1;)

DMU;, 1 1 1 1 1 1 1 1 64.75 11.45 31.15 272.15 0.60996
DMU, 1 1 2 2 2 2 2 2 65.10 12.30 34.05 326.80 0.68183
DMUj3 1 1 3 3 3 3 3 3 66.30 14.15 35.75 367.75 0.66695
DMUy 1 2 1 1 2 2 3 3 55.55 10.00 32.50 311.75 0.80002
DMUs 1 2 2 2 3 3 1 1 57.00 10.70 35.55 350.65 0.84098
DMUg 1 2 3 3 1 1 2 2 88.40 18.45 39.20 223.90 0.31422
DMU; 1 3 1 2 1 3 2 3 64.85 10.95 30.60 273.60 0.64121
DMUjg 1 3 2 3 2 1 3 1 65.20 11.40 34.55 320.35 0.72113
DMUg 1 3 3 1 3 2 1 2 66.25 14.90 45.10 297.75 0.51859
DMUjo 2 1 1 3 3 2 2 1 48.60 11.40 18.95 422.40 1.00000
DMUj; 2 1 2 1 1 3 3 2 75.95 17.10 33.10 277.30 0.42697
DMU, 2 1 3 2 2 1 1 3 75.70 17.75 34.45 329.60 0.50097
DMU 3 2 2 1 2 3 1 3 2 48.60 10.80 24.05 420.85 1.00000
DMU 4 2 2 2 3 1 2 1 3 76.00 15.55 29.30 296.65 0.50461
DMU;s 2 2 3 1 2 3 2 1 75.70 18.60 38.65 258.65 0.39312
DMU 6 2 3 1 3 2 3 1 2 55.55 12.50 18.80 360.95 0.86134
DMU 7 2 3 2 1 3 1 2 3 57.00 12.75 35.10 360.10 0.72924
DMU g 2 3 3 2 1 2 3 1 88.35 20.35 37.75 257.60 0.33589
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Table 11 The optimal weighing scheme by benevolent formulation for gear hobbing operation

DMU;; ) Optimal input weights Optimal output weights
vl vy v3; i
DMU; 0.01123747 0.00088488 0.00000000 0.00000000 0.00012842
DMU, 0.01994025 0.00000000 0.00000000 0.00180326 0.00012811
DMU3 0.01526047 0.00000000 0.00000000 0.00180881 0.00011728
DMU4 0.02927371 0.00000000 0.00000000 0.00179824 0.00014998
DMUs 0.03085495 0.00000000 0.00000000 0.00180816 0.00015417
DMUe 0.00343709 0.00090379 0.00000000 0.00000000 0.00011212
DMU, 0.01380309 0.00088496 0.00000000 0.00000000 0.00013450
DMUg 0.02509146 0.00000000 0.00000000 0.00180489 0.00014037
DMUq 0.02618165 0.00000000 0.00000000 0.00183993 0.00014453
DMUo 0.00232861 0.00000000 0.00417188 0.00000000 0.00011259
DMUy; 0.00119998 0.00000000 0.00427350 0.00000000 0.00011252
DMU, 0.00237426 0.00000000 0.00428541 0.00000000 0.00011562
DMU 3 0.00000000 0.00000000 0.00416147 0.00000000 0.00010679
DMU 4 0.00536898 0.00089377 0.00000000 0.00000000 0.00011555
DMU;s 0.00472010 0.00000000 0.00430108 0.00000000 0.00012159
DMU ¢ 0.00734913 0.00000000 0.00419112 0.00000000 0.00012502
DMU 7 0.02000846 0.00000000 0.00000000 0.00180669 0.00012842
DMU g 0.00159118 0.00000000 0.00433369 0.00000000 0.00011499

that DMU ¢ and DMU 3 are the only CCR-efficient DMUs.
Utilizing the E, values, benevolent formulation models are
solved separately to estimate the optimal input and output
weights of each of the 18 DMUs as shown in Table 11 for both
models.

Since both models provide the same weighing scheme for
each DMU, the cross-efficiencies matrix for hard disk drive
shown in Table 12 corresponds to both models. As a result,
both models provide the same combination of optimal factor
levels for multi-responses.

Utilizing the ordinal values in Table 12, the AOV ¢, val-
ues are calculated for each factor level and depicted in Fig. 3.
Obviously, the combination of optimal factor levels is iden-
tified as A, B1C1D3E3. The anticipated improvement in each
response due to setting factor levels at A,B1CD3E3 is calcu-
lated and compared with the anticipated improvement using
PCA (Su and Tong 1997) and DEAR (Liao and Chen 2002)
in Table 13.

In Table 13, the total anticipated improvement gained
by the proposed approach is 10.681 dB. Whereas, the
total anticipated improvement using PCA and DEAR are
2.61 and 3.35 dB, respectively. Obviously, the proposed
approach outperforms PCA and DEAR in solving the multi-
response problem in the Taguchi method for hard disk
drive.

Conclusions

This research proposes an approach for solving the multi-
response problem in the Taguchi method utilizing benevo-
lent formulation in DEA. Three case studies are provided
for illustration. From the computational results of three case
studies, the following advantages of the proposed approach
are noted regarding:

e [Efficiency: The proposed approach is found the most effi-
cient in solving the multi-response problem in the Taguchi
method, as it provides the largest anticipated improve-
ment for all the three cases.

e Prioriinformation: In contrast to the Taguchi method and
weighted S/N ratios method, the proposed approach does
not require any priori information about response weights
or importance.

e Discrimination: Opposite to CCR-model, the benevolent
technique increases discrimination among efficient
DMUs.

e Assumption: The proposed approach is not based on rigid
assumptions, whereas PCA does.

e Simplicity: Contrary to GA, neural networks, grey anal-
ysis, and regression method, the proposed approach can
be easily understood and implemented by practitioners.
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Fig. 3 Optimal factor levels for 16
hard disk drive
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Table 13 Summary of anticipated improvement for hard disk drive

B3 Gt G G Db Db Dy E Ey E3
Factor level

Response (dB)  Initial Optimal condition (2) Anticipated improvement (2)—(1)
condition (1)

PCA (Suand  DEAR (Liao and  Proposed PCA (Su and DEAR (Liao and  Proposed

Tong 1997) Chen 2002) approach Tong 1997) Chen 2002) approach
PW —36.28 —33.74 —33.74 —33.734 2.54 2.54 2.543
PS —21.48 —19.37 —19.17 —21.045 2.11 2.31 0.435
ow 31.512 27.71 28.97 —25.669 —3.80 —2.54 5.219
HFA 50.47 52.23 51.51 52.949 1.76 1.04 2.484
Total anticipated improvement (dB) 2.61 3.35 10.681
2 Initial condition is multiplied by minus one, and thus initial condition is —31.51

The above advantages may make the proposed approach m

be used for solving the multi-response problem for a wide subject to (Z uryr J) (Z Vi X; j) <1
range of applications in manufacturing on the Taguchi method. = i=1
In conclusion, benevolent formulation is not only efficient in J=
comparison among DMUs at organizational level, but also up,u, ..., ug >0
effective for solving the multi-response problem in manufac- V1,02, oy U > 0

turing at operational level. Future research will be conducted
to solve the multi-response problem in the Taguchi method
with correlated multiple responses in the Taguchi method
utilizing DEA techniques.

Appendix A: CCR-model

Assuming there are n DMUs each with m inputs and s outputs
to be evaluated. Let the DMU to be individually evaluated
on any trial be designated as DMU,,, where o ranges from
one to n. The relative efficiency, E,, of DMU, with inputs
of xio i = 1, ..., m)andoutputsof y,, r = 1, ..., s)
is evaluated by CCR model as follows:

s m
E, = Max60 = (Z uryro)/(z Uixio)
r=1 i=1

where u, and v; are the virtual weights for the rth output
and ith input, respectively, and 6 is a scalar. The objective
function is the ratio of the sum of the weighted outputs rel-
ative to the sum of the weighted inputs. The first constraint
ensures that £; lies between zero and one for all the n DMUs.
Obviously, the CCR model is nonlinear, which can be trans-
formed into a linear model by setting the sum of the weighted
inputs equal to one. The resulting model is called the “input-
oriented” CCR model, which is expressed as follows:

N

E, = Max0 = Zu,ym
r=1
m

subject to Zvix,-o =1

i=1

S m
Zuryrj < Zvixij Jj=1

r=1 i=1
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Ui, up, ..., ug >0

v

V1, V2, ..., Uy

Appendix B: Benevolent formulation models
Model I

This model is expressed as:

s m
Max Z um.Zyrj — Z vig.Zx,-j
r=1 j#o i=1 j#o
m
subject to Z Vio. Z xij | =1,
i=1 j#o

N

m
ZurOYrj - Zvioxij <0,Vj #o

r=1 i=1

s m
E UroYro — Eo. E VioXio = 0,

r=1 i=1
Uro, Uio 2 07 Vr7 Vl

In the this model, the decision variables are u,, and v;,.
For DMU,, the objective function would presumably seek to
maximize the other DMU’s cross-efficiencies when measur-
ing them by applying its own best weights. The first
constraints is used to transform the objective function into
linear function by setting the sum of other (n — 1) DMUs
inputs and outputs weighted by DMU,’s input and output
weights, respectively, equal to one. The second constraint
guarantees that the relative efficiency scores for all DMUs;
expect DMU,, are less than one. The third constraint keeps
the relative efficiency of DMU, calculated by CCR-Model
equal to E,. The last constraint is to obtain positive optimal
values for the decision variables v;, and u;,,.

Model 1T

In Model II, the objective function is to maximize the sum
of the weighted outputs, while the constraints are similar to
Model 1. Mathematically,

N

Max Z ura.Zy,j
r=1 j#o
m

subject to z Vio. Zx,-j =1
i=1 j#o

s m
E UroYrj — E VioXij <0,

r=1 i=1

Vj #o

@ Springer

s m
E UroYro — Eo. E VioXip = 0

r=1 i=1

Uro, Vi = 0

Similar to Model I, the decision variables are u,, and v;,.
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