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A Desirability Function Approach to the Robust Design
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Abstract

We often have multiple quality characterisfics o develop, improve and optimize indusirial
processes ond products. If is not easy to find opfimal contrel factor setting when there are
multiple quality characteristics, since there will be conflict among the selected levels of the
control factors for each individuol quality characteristic. In this paper we propose a desirability
function approach and devise a scheme which gives o systemotic way of salving mutiple quality
characteristic problems. A numerical example is provided.

1. Introduction

Parameter design, also called robust design, is one of
the three design phases wherein the best nominal values
of the product or process parameters are determined
{Taguchi(1978)). The basic steps of parameter design for
ilentifying optimal seitings of design parameters are as
follows: (1) idem.ify controfiable facters and noise factors,
{2) construct the design and noise matrices, (3) conduct
the parameter design experiment and evaluate the signal-
to-noise(S/N} ratio for each test run of the design matrix,
(4} determine new setrings of the design parameters using
the SN ratio values, and (5) conduct confirmation
experiments (Kackar(1983)).

An assumption implicitly employed in the standard

procedure described above is that there exists only one
performance or quality characteristic whose mean and
variance are simultaneously considered by the S/N ratio
in steps (3} and {4). This assumption is not always
justified. A commeon problem in product or process design
is the selection of optimal factor levels which essentially
involves simultaneous consideration of multiple conflicting
guality characteristics. For example, to assemble a
connector to a nylon tube in automotive engine Compo-
nents, we have two quality characteristics invloved,
mamely, assembly effort and pull-off force(Byme and
Taguchi{1987)). Generally, the customers’ perception of
the quality of a product is determined by multiple
performance characteristics {Hauser and Clausing(1988}).

Till now the levels for the conirol factors have been
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selected in an ad-hoc manner. And there is only one
systematic approach based on loss functions in determin-
ing the optimal levels of the control factors, Tong(1991)
derives a weighted loss function by extending Taguchi's
loss function into multiple dimensions assuming that the
quality characteristics are not correlated. Pignatiello(1993)
develops a more general Joss function which considers
correlation among characterstics, Recently, Lee(1996)
investigates the loss functions suggested by Tong and
Pignaticllo and proposes a pew loss function. In these
work, the optimal setting is determined by minimizing the
expected loss, This approach is attractive in the sense that
it reduces a complicated muitiple characteristic problem
to a simple univariate optimization problem. However, the
responses are expressed in terms of expected loss which
inzludes the confroversial cost parameter in the loss
function formula. Another difficulty of this approach is
that high costs are required to estimate the covariance
structure.

The purpose of this paper is to extend Taguchi’s
parameter design inte the muitiple quality characteristic
case using the desirability function approach and to
develop a single aggregate measure of the performance
of the multiple quality characteristics based on fuzzy
mlticriteria optimization method{Yager(1977), Zimmer-
mamn(1976), Zimmermann(1978}). The approach proposed
in this paper can easily be understood and applied by
practitioners. A brief review on the desirability function
approach is given in Section 2. In Section 3, using the
desirability function approach, a robust design procedure
for multiple quality characterisiics is proposed. An
example from a surface mount technology Is provided in
Section 4. Section 5 discusses two different types of
dimensionality reduction strategies. Finally, summary and

concluding remarks are made in Section 6.
2. Desirability Function Approach

Suppose a designed experiment is performed and the

value of m quality characteristics y = {y, ¥, ..., y,) 15

observed at a set of process or design parameters x =
(%, X, .., x,). A general multiple response problem can
then be defined as

yj = f}(xlv Koy veny Xp,_] = ]s 2\ wory Ty

where f = (f, f,, .., f,) represents the functional
relationship between the process or design parameters and
responses. The exact form of f is usually unknown, but
can be estimated using model building techniques such as
regression or response surface methodology.

One popuiar appreach to dealing with multiple charac-
teristics has been the use of a dimensionality reduction
strategy, which converts a multiple characteristic problem
into one with a single aggregate characteristic and solves
it using conventional techniques for 2 single characteristic
problem.

The early work by Harrington (1965) has been extended
and applied by a number of authors in conjunction with
classical response surface methodology. The desirability
function approach first ransforms estimated response on
each quality characteristic j (§'j) to a scale-free value d,
called desirability. d, is a value between 0 and I and
increases as the desirability of the corresponding response
increases. The individual desirabilities (d,'s) are combined
into an overall desirability value D. Then the objective is
10 find the optima} solution x* which maximizes the vaiue
of D, ie, the parameter setting which achieves the
optimal compromise ameng muliiple quality characieris-
tics. Harrington suggests various types of transformations.
As a transformation from individual d's to the overall
desirability D, Harrington suggests the use of the

geometric mean of ds, ie.,
D= (dd;..d,)"™, (0

and treats it as though it were a measure of a single

quality characteristic.



Detringer and Suich(1980) modify Hamington's ap-
prcach by employing a different transformation scheme
from §; w0 d;. For a larger-the-better{LTB} type quality
characteristic, they consider the transformation given by

& min
0, Yj = )'j )
s,__ygnin r .
de| | o iy O &)
] _ymm | ) iERES B
‘= 5oy
L 1, )"j 2 Y_?mv

where ym® and y™= denote the minimum acceptable
value and the highest value of )‘!j, respectively. The value
of 1, specified by the user, would indicate the degree of
strngency of the characteristic. A larger value of r is used
te make the desirability curve steeper if it is very desirable
for §; to be close 1o y=. Eq. {2) can be easily modified
for the smaller-the-better(STB) or nominal-the-best{NTB)
type quality characteristics, Once D is constructed using
inclividual d;’s as in (1), they employ an existing univariate
search technique to maximize D over the process
parameter (x) domain. Later, Deminger(1994) modifies the
overall desirability function D. The new form of D is still
based on the concept of a (weighted) geometric mean;

D= [dd..ap | EY, 3

where w’s are relative weights among m quality
characteristics, j = 1, 2, ..., m. If all w's are set o 1,
{3} is reduced to (1).

Harrington{1965) argues that the individual d, can and
should be self-weighting, which is manifested by the
larger (or smaller) valve of t for more {or less) important
quality characteristic in (2). On the other hand, Derringer
{1994} uses a different approach by incorporating the
weights directly in the functional form of D, as given in
(3). This would reduce the cognitive burden required on
users by separating the weights from the shape of
desirability functions. However, the value of D given in
(3) still does not allow a clear inierpretation, except the
principle that a higher value of D is preferred. As an
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example, if the overall desirability D at x, (D{x,)) is higher
than D a1 x, (D(x, )), then x, is considered a better design
point than x,, but it is generally impossible to assign a
physical meaning to the desirability values D(x,) and D
{x,} as well as the difference D{x)) - DXx,).

3. Robust Design for Multiple Charac-
teristics Using Desirability Function
Approach

A robust design procedure for multiple characteristics
is proposed in this Section. Suppose there are m quality
characteristics, n centrol factor level combinations, and g
noise level combinations for each of the n control factor
level combinations. y,(i=1, 2, -, m; j=1, 2, «, m; k=1,
2, -, q) denotes the response value of the j-th quality
characteristic obtained at the i-th factor level combination
and the k-th noise level combination. For example, the
matrix of the response values for the first facior level
combination can be described as

Yo ¥ o )"“q
¥ Ym0 )’l;.q @
Y Y " Vimg

where the row denotes the quality characteristic and the
column denotes the noise level. From this matrix we can
calculate a matrix of individual desirabilities using

desirability functions as

d d d“q
de d._gq (5)
Aoy s iy

To calculate an individual desirability d, we use 2
Jinear transformation of y,. We can see that d; is more
meaningful than y,, since it incoporats the boundary
conditions of each quality characteristic as shown in the
Egs.(6)-(8). For the LTB case, the individual desirability
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is given by
B 0, yijk = Yp‘li.ﬁ,
doo= l‘lﬁ_y.l_ y:mn< - { yma (6)
itk yj Ymm yxjk S
L L Yigk 2 e
and for the STB case,
— 0, yijk = yj]_'l'lﬂ‘
dye| K gy gl by i ™
k ] .
L Yijk = )’Jmin
When the guality characteristic is the NTB type, d is
given by
[0, Yik 2 Y]{M o Yiik = Y}m,
/e
4yt T TR (8)
Vi ¥ .
_IJ_J_; T ¥i ik ) ymm'
T mm yk o]

- J

In Eq8), T, is the target value of the j-th quality
characteristic. Desirability functions for the three types of
quality characteristics are depicted in Figure 1.

From the k-th columa of the matrix in (5) we can
calculate the overall desirability of the k-th noise level
for the first factor level combination as

lk_lS]Sm l d‘]k 9

where w, is the relalive importance of the j-th
characteristic ~satisfying Zw m. Depending on the
design situation, we can {lse another type of the overall
desirability measure, which is discussed later in Section
5. For the first factor level combination we can have a

rew vector with overall desirabilities as

Dy, Do - . . D) (10

Similarly we can have row vectors like (10) for the
other contro} factor level combinations. A matrix of the
overal! desirabilities can then be given by

DII Du o qu
Dy Dy - D

p=| (11)
Dul Dnz an

From the mairix D we can have a performance measure
for each facior level combination. In this paper, the
classical S/N ratic is used as the performance measure.
However, any other kind of performance messure can be
employed as appropriate without additional effort or
complication, (For a discussion on the proper use of
Taguchi’s S/N ratio and other performance statistics, see
Nair(1992)).

Since each overall desirability values are bounded by
0 < D, < 1, we adopt an $/N ratic as given by Eq.
(12} which is a modification of the $/N ratio used for
fraction defective (Phadke(1989), Taguchi{1987));

g [1-Dy)°
R

In Eq.(12), when D, = 0, we can replace 0 by a very
small value like 10, which makes the SN, to have a very
low value. Then the procedure of analyzing multiple
characteristics data is as follows.

Step 1 Calculate individual desirability d; from the
multiple characteristics data y,, i=1, 2, .., n,
1,2, 0 m, k=1, 2, g

Step 2 For the i-th control factor level combination and
k-th noise level combination, obtain the overall
desirability D, as follows:

Dik=,g}12m[di\;i|’

=1, 2, .. 0, k=1, 2, ., q
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{a) Larger-the-better case

¥ 3'rjmax ¥igk

{b) Smaller-the-better case

¥ T; ¥ Yo

{c) Nominal~-the-best case

Figure 1. Desirability Functions
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where w; is the relative importarice of the j-
th characteristic, and w's are scaled so that
m
j§| w,=m.

Step 3 Calculate S/N ratios using Eq.(12).

Step 4 Estimate the effect of each control factor on the
S/N ratio. Identify important control factors on
the /N ratio, and determine the optimal levels
of the factors.

Step 5 Conduct confinmation experimems and plan
future actions.

In Step 2, the relative importance values of multiple
characteristics can be assessed by simply assigning
weights directly or by using an eigenvector method which
is widely used weight elicitation method among practition-
ers (Yager(1977)).

4. An Example

A double-sided surface mount technology(SMT} for
zlectronic assembly operation was studied by Peace(1993),
Solder paste is screencd onto the pads on the top side of
he circuit board for placement of components. Glue is
applied to the bottom side for attaching electronic
components. Prior 1o entering the infrared reflow stage,
solder paste screening on the top side is checked by
weighing the assemblies and measuring solder paste
height. A pull force fest is also performed on the bottom
side of the circuit board to check glue adhesion. Three
quality characteristics are considered: solder paste weight
(y,), solder paste height (v}, and glue torque (y;). y, and
y, are NTB ftype with target values 42 and 10,
respectively. y, is LTB type. Minimum acceptable values
and highest values of each characteristics are assumed to
be

yin 17, YR - 67,
L i W L )

yor o= 10, YR o= 20,

L,(2") orthogonal array is used for the control factors.
This array is crossed with a 22 factorial design for two
noise factors. The full experimental design and the
observed values of the quality characteristics are repro-
duced in Table 1.

Using Egs.(6) and (8), individual desirabilities are
computed and given in Table 2. Overall desirabilities and
S/N ratios are also computed and given in the last two
columns of Table 2. To compute the overall desirabilities,
the relative importances of the quality characteristics are
assumed 10 be equal, that is w, =w, =w, = 1. Later in
this section, we will present the results of sensitivily
analysis in terms of the relative importances of the
characteristics.

The comtrol factor effects on the S/N ratio are
summarized in Table 3 and the half-normal probability
plot of these effects are shown in Figure 2. From the
figure, we can see that factors A, C, and D have
significant effect on the S/N ratio, while the effects of
the other factors are only negligible. Optimal design
setting is ACD,.

We see that the optimal design setting is A,C,D., when
w, =w;, =w, = 1. To see the influence of the relative
importance of the three quality characieristics, i. e., solder
paste weight, solder paste height, and glue torque, we
investigate the effects of different values of w), w,, and
w, on the optimal design setting. Since glue torque is
supposed 10 be more important than the other two
charateristics, we perform sensitivity analysis using the

fellowing values of w,, w,, and w,:

woiw,iw=1:1:¢@

Wit W, W= 3

which are equivalent to
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Table 1. Double-Sided SMT Assembly Experiment{Peace(1993))

e ! Solder Paste Weight' | Solder Paste Height' Glue Torque’
zxperimental M- M, M, m M M
Run#
A|B|AXB|C|D|E!F |N"F N | No | N | N | Ny | N, | N, [N N | N | NS
i 111 1 111 (1|1 |41513.42|3.953.80(11.00{10.62{ 8.85|11.00;15.90[12.85|11.60(13.55
2 101 1 22| 2|2 |413:446|4.13|3.33| 9.23| 9.561 9.23] 7.73{15.33113.66(13.50|10.70
3 112 2 11| 2|2 |31533.12|2.97|202|11.28(11.58] 9.13{ 9.78{15.02{13.28|10.74|10.38
4 1|2 2 212112991229 |263|2064(11.15/10.80{11.15111.15:16.55(13.60(|14.7¢(14.20
5 211 2 11212 |4221452|487|4.07 (11.97(11.92{12.27110.77{19.35(18.70 |20.80|18.00
6 2|1 2 20121t (5741673 |653|6.38| 890| 955, 7.05] 9.20118.48|20.11|17.46|19.41
7 212 1 12|21 |472]570|535|535|13.19(13.84|13.49|13.48{20,85|22.58|22.38|21.88
8 212 1 211 |1 | 23271357 |4.07|312| 5.72| 5.67] 3.87] 452112,82(13.27|11.92|11.57
* quality characteristics
** noise factors
Half Normal plot
99 —
> 97 -
:-_-g 95
[v:] L1}
4 90 —
8
R g
£ "
70—
| —
2 60— "A
=
©
T 40 —
20—
| ]
0~
{ I I | [
0.00 24 59 49.18 73.78 88.37
Effect

Figure 2. Holf-Normal Probability Plot
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Table 2. Double-Sided SMT Assembly Experiment:
individual Besirabilities, Overall Desirahilities
ond 5/N Ratios

Noise

level Weight Height Torque! D, SN,

Level

0.980 0.800 0.590 | 0.590
0688 0876 0295 [ 0.295
0.770  0.160 | 0.160
0.840 0800 0.355 | 0.355

-10.918

oWy
=

0972 0.848 0533 [ 0.533
0896 0912 0.366 | 0.366
0.846 0.350 | 0.350
0652 0.546 0.070 | 0.070

P
=
9
(L~

03580 0744 0502 | 0.502
0568 0684 0.320 | 0.329
0826 0.074 | 0.074
0128 0956 0.039 | 0.039

0516 0770 0.855 | 0.516
0236 0840 0350 | 0.236
0770 0470 | 0.372
0376 0770 0420 | 0.376

0992 0606 0835 | 0.606
0.872 0616 0.870 | 0.618
0.546 10548 |
0.948 0846 0.800 | 0.800

0384 0780 0848 | 0.384
0 0910 1 0
0.410 0.746 | 0.068
0128 0.840 0841 | 0128

-24.083

o B -
=
n
[]
[+

-7.524

B L) R —
o
&
=1
X

2.825

L PO -
o
]
L
[o+]

-95.229

o
o
o
2

17.871

0.362
0.232

0792 0.362
0400 0.232
0540 0.302 0.302
0540  0.302 0.302

-8.164

L Ry —
[ T R

0628 0144 0292 | 0.144
0748 0.134 0327 | 0.134
\ 0848 0 0192] 0

-88.239

L Ry =

| 0.568 0 0157 H
* Noise lgvel ;: 1aMN,, 2=MN,, 3=M.N., 4=M,N,

for & = 1.1, 1.2, . . ., 40. ACD, continues to be
optimal until ¢ = 1.8. When ¢ » 138, the factor A
becomes insignificant and the optimal setting is CD,.

Table 3. Factor Effects on the S/N Ratio

Level | A B |AxB[ C D E F

1 |-15.100-30.298-34.048|-10.336/-57.118|-28.4641-30.703
2 |-49.952)-34.754\-31.004)-54.716 -7.933)-36.588-24.343

Effect |-34.852| -4.456| 3.044-44.380| 49.185 -8,1245; -3.634

5. Discussion

In Section 3, we employ I, as a measure of the overall
desirability. We see that D, is the minimum value of the
individual desirabilities of the q the noise level combina-
tions at the i-th factor level combination. For the
evaluation of the overall desirability, we can also employ
another type of measure which is based on the weighied
mean of the individual desirabilities (Keeney and Raiffa
{(1976)):

m
Vir Wiy 1= 12 n kel 2 g (13)

Here again, w, is the relative importance of the j-th
quality characteristic satisfying ij: m.

D, is a nencompensatory OVJC=1‘;1]1 desirzbility measure
in the sense that a low desirability value in one quality
characteristic cannot be offset by a high desirability in
some other characteristic. However, V, is a compensatory
measure meaning that it allows desirability tradeoffs
among charateristics. The choice between two measures
depends on the specific design situation. In general, D,
is useful in the early design stage where it is crucial 10
screen out low-performing design poimts. ¥, is a good
choice in a situation where a poor performance in one
quality characteristic can be compensated by other
characteristics with high performance. V, would be
preferred in later design stage or for the improvement of
current manufacturing process where the quality of the
product or process is perceived by its totality as an holistic
system rather than by the performance of each individual

characteristic.



6. Summary and Concluding Remarks

A common problem in product or process design is to
determine the optimal parameter setting when there exist
multple quality characteristics, which may be conflicting
with each other. Most of the work on parameter design
so far, however, has been concerned with the single
quality characteristic case. This paper extends Taguchi’s
parameter design into the multiple quality characteristic
case using the desirability function approach. We perform
a linear transformation of the original quality characteristic
value to obtain an individual desirability. The individual
desirability is more meaningful than the original charac-
teristic valve, since it incoporates the boundary conditions
of each quality characteristic. An example from a double-
sided surface mount technology(SMT) for electronic
assembly operation is also included.

The experimentat and computational procedure of our
approach is virtually unaffected by the number of quality
characteristics considered. Moreover, ow approach can
casily accommaodate any combination of larger-the-better,

stialler-the-better, or nominal-the-best type characteristics.
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