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In this research. we consider the maximization of process cupability as the eriterion in product process desien that is used fo
selecting preferred design factor levels and propose several approaches for single und muluple response performance measure
designs. All of these upproaches assume that the relationship between a process performance measure and a set ol design factors is
represented via an estimate ol a response surface function. In particulur. we develop: (i) criteria for selecting an optimal design,
which we call MCpk and MCpm: (1) mathematical programming formuliations {or maximizing MCph and MCpmi, including
tormulations for maximizing the desirability index (Harmington, 1965) and for maxinmizing the standardized performance criteria
(Barton and Tsui, 1991) as special cases of the formulation for maximizing MCpk: (i) formukitions for considering cost when
maximizing MCpk and MCpmr; (iv) a means for assessing propagation ol error: (v) i robust design method lor assessing design
factor eflects on residual variance: (vi) a means for assessing the optimality of o proposed solution: and (vii) an orginal application

in the screening of printed circuit board panels

1. Introduction

The selection criteria with which the quality of many
products and/or processes is assessed is an important
consideration that greatly alfects management decisions
in world class manufacturing organizations, In product
and process design numerous criteria have been proposed
and studied for assessing the appropriate levels of design
fiactors that influence one or more performance measures.
These approaches broadly include: (1) maximizing process
vield or the joint likelihood that performance measures
are within design specifications (Barton and Tsui. 1991:
Brayton er al.. 1981: Director and Hachtel. 1977; Plante.
1999); (i) maximizing desirability of performance micu-
sures with respect to tolerances and nominal targets
(Castillo er al., 1996; Derringer and Suich. 1980; Har-
rington, 1965); [(iii) minimizing, usually via a Taguchi
(1986) quadrate loss function, the cost associated with a
process (Ames ef al., 1997. Askin and Goldberg, 1988:
Kacker, 1983; Pignatiello, 1993 Plante. 1999): (iv) mini-
mizing the variance ol a process performance measure.
subject to the achievement of a nominal target for the
average responsg, which 1s called a dual response (vari-
ance and mean) approach (Castillo and Montgomery.
1993; Vining and Myers, [990); and (v) various parti-
toning procedures that attempt to partition the design
lactors into those that influence the mean and those that
mfluence the variance (Elsaved and Chen. 1992; Hunter.
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1985 Leon er af.. 1987). In one way or another. all of
these approaches locus directly or indirectly on: (i) min-
imizing the deviation ol a performance meuan from larget:
and (1) mimimizing performance variance.

Over the last two decades. many world class manu-
facturing companies (Automobiles, Consumer Electron-
ws, Chemicals, ete.y have made the transition from relying
on process yield measures, such as composite yield, as an
indicator of process performance o the assessment of
process capability lor monitoring process status as well as
tracking process improvements. In particular. capability
medsures such as Cph and Ppk have received wide ac-
ceptance as the eriterta of choice with which (o assess
process performance (Harry, 1994; Rodriguez. 1992:
Spiring. 1997: Udler and Zaks. 1997). Many organiza-
Llons are striving to assess the process capability of each
ol therr processes and achieve world class levels of at least
.33 Cpk or better. It is well known and experience has
often shown that the achievement ol such levels of ca-
pability results in significantly lower costs. higher quality.
greater productivity, ete.

AS a process performance criterion, the Cphk process
capability index 1s more sensitive o increased process
variance than to the deviation of the process mean [rom
specification limits. Thus, when it becomes necessary 1o
accept a tradeolfl between a lower variance process and
one that 1s more centered on target. the process capability
measure Cph will 1end 1o select optimal process designs
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that are consistently off target. rather than inconsistently
on larget. Such a process environment is more conducive
to the realization of further process improvement possi-
bilities (Taguchi and Clausing, 1990). For example. con-
sider the representation of two processes as shown in

Fig. 1. As depicted in this figure. the expected cost of

process 2 is four times that of process |, but the process
capability. via Cpk. of process 2 is twice that ol process |
(note: the Cpm process capability index would have se-
lected process 1. since Cpmr is essentially inversely related
to the square root of the expected cost function). Al-
though process capability did not select the low cost
process, it did select the preferred process, having the
greatest process potential of Cp = 6, which. il achieved
would result in a true low cost process that is 36 tumes less
costly than process |. Thus. the Cpk process capability
index tends to select those processes that are preferred lor
continuous learning and improvement. That is, the pre-
ferred processes for successful investigation of additional
factors that may significantly affect the mean ol a process
performance measure. Succinctly. to continuously im-
prove Cpk. one must continuously learn about and un-
derstand the effect of design factors on the mean and
variance ol process performance. The successful imple-
mentation of this understanding leads to continuous
improvement ol process performance.

(=176 =05)

Process 2

.51 LISL

-
b

Process |

(H=1lLa=3)

R i —— i -

L
i
]
i
i
i
i

F. 17 20

(it —LSL (USL—p)]
@ 3¢ |

(USL — LSL)

Cost = a + (ji — 0 Cpk = Miﬂ{

Cpmn = s
h-.\fr:r'—' g — 0)°
Process Cost C pk Cpm
I b [.0 1.0
2 36.25 2.0 (.3
2 (Adjusted) ().25 6.0 (.0

Fig. 1. A comparison ol expected cost and process capability
(Cpk, Cpm).
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In this research, we consider the maximization ol pro-
cess capability as the criterion lor selecting preferred de-
sign factor levels in product/process design. The proposed
models assume that relationships between process per-
formance measures and design factors are represented via
an estimate of response surface functions. Via design of
experiments such estimates are obtained via either center
point designs, central composite designs, or Box-Behnken
designs (Box and Behnken. 1960; Montgomery, 1997).

In Section 2 we use process capability and the congepts
of desirability (Harrington, 1965) to develop capability
measures for a process having multiple performance
measures, which we call MCpk and MCpm. Nonlingar
programming formulations are developed and proposed
for determining the design factor levels that maximize
MCpk and MCpm, respectively. We illustrate the for-
mulation for maximizing MCpk via an example adapted
from Young e al. (1991), which considers the impaet of
four design lactors on nine performance measures ifi the
design ol a transistor in VLSI (Very Large Scale Inte-
grated) electronic device design. To illustrate the actessi-
bility ol this technology to a wide range of potential ﬁs{;rs.
the model is formulated in EXCEL and the “SOLVER"™
optimization package is used to obtain an optimal salu-
tion. A briel discussion of the GRG (Generalized
Reduced Gradient) algorithm used in this spreadsheet
add-on is presented by Castillo and Montgomery (1993).

In Section 3 we augment the formulations developed in
Section 2 by accounting lor two possible ways that design
factors affect performance measure variances. The first
way is via the propagation of error (transmitted vafia-
tion) of the design factors. In this case, the design pa-
rameters are produced by processes that have some
inherent variation. For the second way, the variance of
the performance measure residuals (resulting from re-
sponse surface estimation) is modeled as a nonlinear; re-
sponse function of the design factors. ||

In Section 4 we provide an example to demonstrate an
implementation of our proposed procedures. The exdm-
ple considers the impact of seven design lactors on five
performance measures in the screening of printed dréuit
board panels. Finally. in Section 5. we summarize the
research and consider opportunities for further reséarch.

I

[l
2. Formulations for maximizing MCpk and MCplb

The multiple performance product design problem con-
sists of m performance measures that are influenced by a
common set of n design factors. The relationship between
the ith performance measure and the design factors is
expressed as:

i i M i
Y, = an + Z di X+ Z a; X+ Z Z--u;'kh"f'.{w"f-f + &

j=] : =k

i l..8 ni B BE1)
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where.

Y, =

'I.;I =

the ith performance measure;

an error term that is independently distributed
with variance o7 and mean — zero:

a; = coefficients for the linear terms of the ith perfor-
mance measure;

coefficients for the squared and interaction terms
of the fth performance measure.

bt =

The expected value or mean ol the performiance measure
Is designated as p,. such thuat. assuming no variance in the
design lactors:

fl

i i i
= ay + E a; Xy + E e E :E:”f“'\""""‘
=1 = k= 154

The ith performance measure has engineering specifica-
tions limits or tolerances that are designated LS, for the
lower specification limit and US, lor the upper specifica-
ton limit. We propose a system capability index of the

process called MCpk which 1s the geometric mean of

performance measure Cpk’'s. and will be used as the cri-
erion Lo assess multiple response product process de-
signs. We express MCpk as a Tunction of the design
lactors X = (X). Xo. .. X)) as lollows;

(i
LS — LS (US; — i)
MCpk = {H Min P—'”‘ » }.: i .43
f=| .

where

3 k1%

[ |

a; = the standard deviation of the ith error term. a7,

i

Note that when m = 1. this is just the Cpk index.

The fundamental philosophy underpinning the MCph
index has profound implications in quality, That is. if any
one or more performance measures 1s so unsuitable to
thetr respective tasks (Le.. close to zera capability) then

the overall product is deemed unacceptable. regardless of

the capability levels of the remaining performance mea-
sures. Indeed the MCpk measure 1s strongly influenced by
those performance measures possessing small capability.
Further, this eriterion lends itsell very well 10 planning
continuous Improvement strategies, since the individual
performance capabilities illuminate where process prod-
uct design improvement can have the greatest impact.
Additionally. the MCpk  criterion 1s more universally
applicable, since it does not require u target value for each
performance measure.

The general nonlinear programming formulation for
determining the levels of the design factors that maximize
MCphk 1s then.

i
Maximizey: H{]. (4a)
1=

499
subject 1o
[ LS¢)
fh =28 i=Tem, (4b)
3a,
(L1S; — ) __ o
- al > O = Yo i L)
RIey
Cr2 0 = laaas " (dd)
and
LR; < X;<UR;, =120+ M (4e)

Note that (4b) and (4¢) are essentially chance constraints.
where 3C, represents the minimum multiple of standard
deviations that the ith performance measure is [rom
specification limits. Further. LR, and UR; represent lower
and upper range constraints on the jth design parameter.
Such constraints may represent physical limits or may
also represent the experimental range lor X, used in ob-
taming an estimate for Equation (1). Given a solution to
problem (4). the MCph capability measure 1s then ob-
taimed as follows:

(1/m)
iy

mcpk = (] ¢ - (5)
=1

Giiven the relationship of the Cpm process capability
mdex to quality cost (Fig. 1), we also consider an addi-
tonal eriterion. Stumilar to the MCpk index. this criterion
1s the geometne mean ol the performance measure Cpni's.
This i1s called the MCpm capability criterion, which is
expressed as lollows;

R

- Us; - LS,
MCpm = H 0 = o) . (6)

=1 f‘lv/rlﬁl:" = fI‘H‘ - (}r_]-.

where

(), = the target or objective value lor the ith performance
measure.

However, as we mentioned previously. the M Cpm index,
like the Cpmn index, requires targets [or each performance
measure. and 1s thus not as Hexible as the MCpk criterion.

A general nonlinear programming formulation for
maximuzing MOpm can be expressed as.

Maximize,: Hf}mr, (7)
=]
subject (0 {de).
Griven a solution to problem (7). the MCpmi capability
measure 1s then obtuined as follows,

\d L

H Cpm, . ()
=1

In addition. several other system capability measures may
also be developed via an appropriate modification of (4),

MCpm =
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For example, a MCpkm criterion would be developed by
replacing the denominators in (4bh) and (d4c) with

3\/ S T 0,)". The resulting MCpkm criterion would
then be assessed using (5). Such a criterion would account
for off-center processes in a manner similar to MCpk,
but, like MCpm, requires target values for the perfor-
MTANCE MEASUres.

2.1. Special cases of the MCpk formulation

A criterion called the desirability imndex was proposed by
Derringer and Suich (1980) for optimizing multiple per-
formance designs. The formulation in (4) lor MCpk can
be ecasily adapted for the desirability index. This can de
accomplished by replacing the denominators in (4b) and
(d¢) with (O, — LS;) and (US; — O,). respectively. For two-
sided specification limits, the target value. O, 1s usually
the midpoint between the fower and upper limits. For
one-sided limits. a reasonable guess is required as an es-
timate for the target value. For the one-sided limit case.
Derringer and Suich (1980) suggested that a target be
selected such that exceeding the target is judged to pro-
vide no further benefit, Further, especially for one-sided
limits, (4d) i1s modified by 0 < ; < 1. where the upper
limit of one suggests that there i1s no additional 1m-
provement once a target has been reached.

The standardized performance criterion was proposed
by Barton and Tsui (1991) as an approximation to yield,
which is the joint likelthood that the performance mea-
sures are within tolerance. The standardized performance
criterion places emphasis on the performance measure
that has the least capability. This criterion essentially

locuses on the weakest link in the chain or MCpk of

capability. The standardized performance criterion can be
stated as:

SP = Muximiﬂ-:,r{Mininmnu [h*iininmm(({ff—r#).
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The standardized performance criterion can be cuasily
formulated as a special case ol problem (4). This can be
accomplished by replacing each occurrence ol C; in the
constraints ol problem (4) with C. and replace the ob-
jective in (4a) with Maximizey: C. as lollows:

Maximizey: C, (10a)
subject to

{ — J{I-r;] = "
U l;( ) T n. (10b)

A,

(US; — )

D 'E“—ZE-C =T, . . onill [ 10C)

Rlef
C>0 (10d)

and

2.2. Importance considerations

AL times. there may be a requirement to account for an
additional tradeofl among performance measures, otheér
than MCpk or MCpm. Especially when nonconformance
by a perlformance measure or measures incurs substan-
tially larger costs. For example, repair costs could differ
for some performance measures, and still others may re-
quire the complete scrapping or rework of the produet.
Consequently, it may be more important to achieve a
higher capability on one or more measures at the expense
of others. An approach that accounts [or the relative
importance of performance measures has been developed
for the desirability index, and we ofler a similar one here.

Let R, represent the nonconlormance costs (repair/
rework/replacement costs) associated with the ith ptfr-
formance measure, and let By, > 0 represent the smallest
of these costs over all perlformance measures. The miath-
ematical programming formulation in (4) 18 then modified
by replacing (4b) and (4¢) with:

= LSI n I'H,."I-F'l'mul'
[u:, = ) >C i=1....m (1a)
LII.S.F . T (K Ifll1||||||:' .
[{ = ) > G 1= l5.cqm (11b)

Following a solution to problem (4) with revised ¢on-
straints as shown in (11a) and (11b), MCpk can be ob-
tained as follows. |

= v = 1 fin M
ﬁ f:(ﬂ% ) I (1%'.1}

MCpk =

Note that il costs differ for both the upper and I:?u#r
specification limits, then we can replace R, with R;g lin
(11a) and with Ry in (11b). |

2.3. Example: VLSI device design

This example 15 adapted [rom a VLSI device désif

problem considered by Young ef al. (1991). They: §-
cussed an application to a BIMOS NPN transistor. In
particular, a detailed study ol the polyemifter device in an
NPN transistor was presented. This problem consistsiol
four design factors: (i) base dose (X)): (ii) base energy
(X>): (i) well dose (X3): and (iv) well drive time ().
There are nine perfarmance measures: (i) emitter-curent
gain (Y)) with a lower spectfication hmit of 50: [i.i)‘oPl-
lector-base capacitance at zero bias (Y2) with an upper
specification limit ol 4.93; (in) collector-base capacitance
al @ 5 volt bias (¥3) with an upper specification limit of
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1.79; (iv) emitller—base capacitance at zero bias (Yy) with
an upper specification hmit ol 3.61: (v) kneescurrent [ <)
with a lower specification limit of 0.33; (vi) collector-
resistance (Y,) with an upper specification limit ol 730;
(vii) base-resistance (Yy) with an upper specilication himil
of 1220; (viii) peak cutofl” frequency (Y] with a lower
spectfication limit of 4.2: and (1x) propagation delay (¥y)
with an upper $pecification limit of 135, Notice. that each
ol these performance measures has only a one-sided
specification limit. Thus, without targets lor the perfor-
mance measures, we will not use this example to illustrate
the MCpm index. We will, however, be able to demon-
strate the use ol this mdex m Section 4. The estimated
response surlace functions tor each of the performuance
measures are (using coded values lor the design factors).

Emitter-current  gain: g = 68.14 — 248X, — 11.6X; +
9.02X7 + 6.27X5. with variance o; = 6.812.
Collector-base capacitance with a 0 Volt bias: 1, =
4.457 — 010205 + 0,385, with variance rr'__ = ().446.

Collector-base capacitance with a 5 Volt bias: . =
|.548 — 0.0658X; + 0.172X,. with variance @ = 0.154,

Emitter—base capacitance with a 0 Volt bias: j, =
2.649 + 0.298X) — 0.651.\5. with variance a7 = 0.265.
Knee-current: gy = 07813 + (LO66)Y,
0.155.X4. with variance o7 = 0.0784.
Collector-resistance: g, = 4154 — 296\, — |7.1.Y,
224Xy + 11LIXT + 64.2X7. with variance a7 = 41.538.
Base-resistance: ity = 870.3 — 222X — 51X> 4 62.7XT.
with variance o7 = 87.03.

L0302, 4+

Peak-cutofl  frequency: i, =8.878 — [ 35X, - 2. 73X, +
0.714.X; +0.708X5 — 0.572X7. with variance 67 =(0.887.

Propagation delay: jy = 137.39 — 783X + 4,42\, +
1.83X5 + 3.08X7 + 2.95X5. with variance 67, = 13.742.

The VLSI problem was formulated using (4). The so-
lution was X'= (—0.242. —-0.615. — 1. 0.569) with mdivid-
ual capabilities Cpky = (4.363, 0.397, 0,157, 0.409, 0.349,
19,748, 9.328, 2.542. 1.771) and a resulting MCpk ol 1.47.
which. as previously suggested. 15 the same solution, in
terms ol design lactors, that could be obtamed by maxi-
mizing the desirability index with appropriately specified
targets (i.e.. targets that are at least as lar into the tol-
erance regions as the results obtamed via MCpk).

The standardized performance criterion was also for-
mulated using (10). The solution was X = (1. 0,339,
0,352, -0.427) with individual capabiliies Cpk; =
(0.895, 0.286. 0.286. 0.286, 0.286. 9.825. 17.57. 1.39].
2.078) and a resulting MCpk ol 1.13, Clearly, the low
capability of 0.157 resulting from maxinizing MCpk via
(4) has been increased to a Cpk ol 0.286. However. this
wis al the expense of reducing the capabilities of virtually
all the other performance measures.
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Finally, to assess the impact ol different cost implica-
tions among the performance measures. the following
nonconformance costs were used Ry = (0.5, 1.1, 0.25,
0.5, 1,1, 0.25, 0.25). Equations (1a) and (11b} replaced
(4b) and (4¢) 0 the Tormulation of the VLSI problem.
The solution was X = (0288, —0.792, — 1. 0.4) with inch-
vidual  capabilities  Cpky = (3.176.0.385.0.191,0.233,
0.36.17.92.13.15.2.514. 1.999) and a resulting MCpk of
L. 419, Note that when costs are accounted lor, the indi-
vidual capabilities change. but that the direction of
chuange 15 somewhat mconsistent with what would be
expected under the influence of the given relative costs.
For example. the capability ol the first performance
measure went [rom 4.363 to 3,176, having a relative cost
ol 0.5, Whereas the capability of the ninth performance
measure improved lrom 1.771 to 1.999, having a lower
relative cost of 0.25. Further, the maximum MCpk was
reduced from 1.47 1o 1.419,

3. Effect of design parameters on performance
measure variances

In this section we consider how design parameters affect
performance measure variation. We first develop a pro-
cedure lor modeling the effect ol variation i design
parameter processes that s transmitted to performance
measures (Fathi, 1991). Next. we estimate the variance ol
the performance measures via a response surface func-
tion of the design parameters. This 1s similar, in princi-
ple. to the dual response method proposed by Vining
and Myers (1990) for a single performance measure.
Our approach, however. uulizes concepts ol iterative
rewetghted least squares. which is typically used to model
residual vartances for a heteroscedastic system. When we
augment (4) with the eflects of design factors on per-
lormance measure varances. there is no guarantee that a
solution to (4) s optimal. Thus. in this section. we also
describe a procedure for obtaining reasonably good or
capable solutions.

3.1. Propagation of error

We now consider that the design factors may come [rom
processes that have some mherent variation. The trans-
mission ol this vartation to performance is called error
propagation. We assume that the design lactors are
independent with process means g and variance a3 .
j=1.....N. Via propagation ol error the variance ol
a performance measure can be expressed as (equivalent

o Fathi, 199]):
y 3 - 25l 5 ANEIAS
a; = o F og. % B —
[ | ; ‘I (r’-}‘l"f)
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where, using (1)

aY.\ 2 |
. ( ) = | aj + 2aypy, A

n .
E ik Hy

F}}l" k=1
H
1 3 . | = 1
lj. Z a0y, + '4:1‘.!.#-";- : (13b)
kS
and with a corresponding mean of
M ]
= gy E py, E :!4_,-,(1‘:_]-: + ;n}})
=] f=| '
i i
(14)

+ Z Z ikt My, By
k=1 1k

It is clear from (13) and (14) that both the process means
and variances of the design lactors affect not only the
means of the performance measures, but also their vari-
ances.

3.2. ldentification of design factors affecting variance

An examination of the plots of the residuals against each
design factor may reveal that some of the lactors have an
influence on performance measure variances (Montgom-
ery, 1997). Identifying and accounting for such lactors
would clearly help to improve the resulting MCpk of a
process design. In this regard. we propose the lollowing
robust design procedure for accounting for that part of
the variation in the residuals that can be explained by the
design lactors. The fundamental idea is to partition the
error variance o- into explained and unexplained seg-
ments, This proposed procedure, for the ith performance
measure, 1s as l[ollows.

Step 1. Estimate the response surface lunction for the /th
performance measure, retaining only significant
[actors and store the residuals from the final es-
timate.

Consider an ¢stimate ol a response function for
the squared residuals. This provides the mean
square residual or variance ol the ith perfor-
mance measure as a response lunction ol the
design factors. In such cases, however. a better fi
1s often possible by estimating the absolute value
of the residuals. as follows:

il = b+ b+ 3 hyNE 30 ki
=1

Step 2.

=1 k= sk
(15)
or, under propagation ol error
i fl )
le| = by + Z ";}J'HH.‘I., i Z hn’.n'."(ﬁ_'l.', L ““;.)
(16)

) !
4+ Z Z ha'.lH'.”_l';, -”-.\r‘

Plante

where
¢, = Lhe fitted or predicted residual for the #th
performance measure;
hy = response surface estimate of the intercept:

b, = response surface estimate of the main ¢f-
fect coeflicient for the ith performance
measure: and

by, = response surface estimate of the square

and interaction eflfect coefficients [or the
ith performance measure.
Then the estimated variance is:

. R
T b
AR

[ 17)

Clearly. (17) does not often account for or explain
all ol the residual vartance associated with the ith
performance measure. Thus, some portion of the
residual variance remains unexplained. To ac-
count lor this unexplained variance, we recom-
mend determining that fraction ol the residual
variance that is not explained, via the coefhicient
of multiple determination as follows, for N data
observations on the ith performance measure, |

4= Z::H-’f

"T‘: (fy ) =

Step 3.

[18)

where
R> = the coeflicient of multiple determinalion
lor the residual variance:
¢; = the kth squared residual from the re-
sponse surface estimate lor the ith per-
formance measure.

The partition of the original error variance into explained
and unexplained portions. for the /ith performance mea-
sure, 1s then approximated as follows.

(1)

rrf_.f = r:rii;.r_]r-} ol ff,g }'Tf.-
where.

6;, = anapproximate partition of the error variance for
the ith performance measure.

The expression that we use in (19) provides an ellectiye
approximation for partitioning the error variance. Here,
the overriding benefit is that. when optimizing, this pdr-
utioning of the error variance provides at least a rea-
sonable insight with respect to the levels of the design
factors that tend to minimize (19) and thereby increase
MCpk and MCpm. |
Including the propagation ol error (19), the variation
of the ith performance measure can now be expressed as,

si o acer] s AY(X)\ "

ET:'—_HF_:—FZ oy x b ({—#) i=1..., ;.
| o,

20)
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3. 2.0, An example in injection molding

We tested the proposed robust design procedure on a well
known problem from Montgomery (1997). In this prob-
lem there is only one performance measure, which s the
shrinkage (Y) of a plastic part that 1s produced from an
imjection molding operation. There are six design [actors
that were expected to influence shrinkage. These lactors
are: mold temperature (X )0 screw speed (Xs): holding
time (X5): cvdle tume (Xj): gate size (As): and holding
pressure (X5). A 2° * fractional factorial design. with o
single replication was used to gather data for this prob-
lem. Since all of the design lactors are quantitative. we
estimated the following response functions (since there is
confounding among the mieractions. we chose, as did
Montgomery (1997), those two-way interactions which
contained terms that were also among the most signifi-
cant main effects. Of course, such choices are tentative by
nature and would have to be validated by further exper-
imentation, or at least via vahdaton experiments of the
predictions Irom our analysis.),

fo= 273134 6.938uy, + 17.812p,. + 5937y, p1y.,.
with variance. - = 20.73. and partitioned error variance:
a7, =0,020" + (3.25 — 0.25uy, + 18750y, + 04375y,

= 0251y, =0.375py jty, + 0375y iy, + 0750y, 1y 2

Using an upper specification of 10 for shrinkage, the
levels of the design factors that maximized Cpk are
X=(=Il,—1.=1,=1,1,0) . with a resulting Cpk of 0.74%,
and predicting an average shrinkage ol 8.5 with a stan-
dard deviation of 0.668. Comparatively, using residual
graphs and individual F tests Tor variance cllects.
Montgomery (1997) recognized only the holding time
(Xa) as having a significant ¢ffect on residual variance. In
this case. the partitioned error variance would be:

ap = 0.0946° + (3.25 +

o

1.8750,. ).

The optimal settings for the design factors lor this case

are X = (—=1.=1,-1,0.0,0), with a resulting Cpk ol

(0.255, and predicted average shrinkage ol 8.5 with a
standard deviation of 1.962. Thus. at least in this njec-
tion molding problem. our proposed robust design pro-
cedure compares very [avorably with that described in
Montgomery (1997).

3.3. Alternative solutions for maximizing MCpk
and MCpm

When propagation ol error and robust design effects on
performance variance are used in (4) we cannot guarantee
that an optimal solution 1s indeed a global. versus locul.
optimal solution. Consequently, we propose a procedure
for finding a Ygood™ if not optimal solution. A by-
product of this approach 1s that alternative solutions are
olten uncovered. Alternative solutions are those solutions

503

that have the same maximum MCpk or MCpm. but differ
in the recommended means for the design parameters.
Such alternative solutions would provide a decision
maker more flexibility, or at least more choices, in ar-
riving at a decision,

A standard recommendation for ill-behaved optimiza-
Lion functions is 1o mitiate the optimization algorithm or
search procedure with various mitial startimg values for
the design parameters. If the same solution is arrived at
from many dilTerent starting conditions. then it 1s highly
ikely that the solution obtamned s the optimal solution.
The fundamental questions are: how many and which set
ol points should be used as initial starting values? Ser-
endipitously. and unlike many other such problems in
optimization. we already have an excellent set of candi-
date mitial values. We propose that the set of imitial
villues contain the experimental design points that were
origimally used 1o estimate the response lunctions For each
of the performance measures.

4. An application in the screening of printed circuit
board panels

In this section we consider the opumization ol a screen
printing process that applies an etch-resist ink 1o a panel
that s composed of a copper-clad laminate, which is ac-
tually copper foil applied at a thickness of | ounce of
copper per square fool. The etch-resist ink 1s printed on
the panel by passing a squeegee over 4 screen which
contains a lemplate of the desired circuit image.

Alter the circuil image is printed on the copper lami-
nate. the unwanted copper is etched away using a cupric
chloride solution. The purpose ol the etch-resist ink is to
protect the circult copper from the etching process. Aller
the unwanted copper has been removed. the etch-resist
ik has served its purpose and is stripped away using a
solution of caustic soda. The final product 18 an electrical
circuit composed of: (1) copper pads where electronic
components will be attached: and (1) copper lines thal
will connect the electronic components. Figure 2(a and b)
show enlarged tllustrations of a very small part ol an
cich-resist ink primting, including possible defects that can
occur during the screening process.

The size of the image that 1s printed on the panel 1s a
eritical factor, IV the image is either too large or too small,
substantial problems in component assembly are en-
countered. After the copper image is printed and etched,
the board recetves a hole punching operation which
pierces holes in the board lor the assembly of through
hole electronic components. The tooling used to place the
holes in the board is made ol hardened steel, and 1s
Fabricated to place a component hole in the exact center
of a copper pad. If the image size is not nominal (too
lurge or too small). then the hole will not be centered on
the copper pad. This means that there will be less copper
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Fig. 2. {a) Acceptable print and (b} print defects.

on one side of the hole and more copper on the other side.
The side with less copper will not be able to bond as well
to a component lead when the board goes through the
soldering process in component assembly. This condition
also increases the chance of insufficient solder on a solder
joint. These conditions lead to reliability problems in
customer usage ol the final product.

Another major problem created by an image size that 1s
either 1oo large or loo small relates 1o surface mount
components that are placed by automatic component 1n-
sertion (ACH equipment (SMD or Surface Mount Device
machines) during component assembly. This surlace
mount assembly equipment relies on pilot holes. which
have been punched n the board prior to screening. to
locate the board on the machine and provide a two di-
mensional coordinate relerence for component placement.
Il the printed image 1s not nominal, then the location ol a
copper pad with respect to the hole will vary. This will
resull in the placement of a surface mount electronic
componen! that is not cenlered on a copper pad. The re-
sulting lack of copper on one side ol the surface mount
component will result in insufficient solder on that side
and compromise the strength of the solder joint, resulting
in severe reliability problems and a commensurate de-
grading of quality reputation for the product.

4.1. Measuring image size

There are four measurements that measure the overall
image size ol a screen printing. Figure 3 provides an

Plante

Toi

P '3

Left Right

P'S P4

Bottom

Fig. 3. Two-up panel.

tllustration of a panel prior to screening. The dlustrated
panel 1s called a two-up panel. since a cluster ol two
identical circuit images will be simultaneously printed
side-by-side on the same panel. The notches at the top of
the board provide a poke-a-voke (fool prool) mechanism
for distinguishing the top of the panel from the botfom.
This illustration also depicts four pilot holes, labeled P3.
P4. P35 and P6. Also shown are lour dimensions labeled
top. bottom, left. and right, which will be used Lo assess
Image size.

During the screening operation four sets of tick marks
are printed about each pilot hole as shown in Fig. 4 for
pilot hole P3,

Using an X /Y coordinate measurement maching an
operator places the cross hairs. aided by 4 shaded cirdle.
above and centered on a pilot hole. and énters the loga-
tion. via electronic imput. into 4 computer. The operator
then centers the cross hatrs in the printed tick marks, and
again enters the location. The difference between the hole
centered location. which 1s nominal. and the tick mark
centered location provides two important deviation§ for
measuring the deviation of image size from nonunal.
These deviations are the deviation in the ¥ coordingte
and the deviation in the X coordinate, which we denolte as
AYpy and AXpi. respectively for pilot hole P3. Similar

| SHADED CIACLE ARERM
| (mld Yor contaning crame:
hrs ovar feature)

=3 ) t = =4

| PILOT HOLE

L - i

CEBOES HAIH

TICK MAHKS |,

Fig. 4. Cross hair centered over pilot hole P3. When cross hair
s centered over tick marks (from printing), there will bg
positive deviation i the X coordinate.
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measurements are obtamed lor the other pilot holes.
Ustng these deviations. the top. bottom. left and right
deviations ol image size [rom nominal are obtamed as
follows,

,-_L‘.}-ﬁ ﬂ.'.-;l::

bottom deviation = ANy — ANy

(op deviation =

lelt deviation = AYps — AYpy:
right deviaton = AYpy — Adpe.

For a mven dimension, a negative deviation implies that
the tmage size s Lirge with respect o that dimension.
Whereas o posttive deviation implies that the image size 1s
small. The tolerance for each ol these deviations s
+0.015 mm lor each ol the top (Y], bottom (1), lefi
(¥a). and night (¥3) dimensions.

4.2. Design factors thar inflacnce image size

There ure seven design fuctors that influence the four
dimensions ol image size. The first three factors concern
the screen. The screen s in a fixed positron and a panel 1s
placed under it for printing. The height ol the screen
above the panel can be adjusted by four screws. Two
adjustment screws in the front can vary the Front Off
Contact hewght, which is the first design factor with lower
and upper L‘}'.]'}L’I.'l'il‘nt..‘ﬂlill design limits of 2 and 6 mm (X))
Two adjustment serews in the back of the screen are used
to vary the Rear OF Contact hetght. which is the second
design Factor with limits of 2 and 6 mm (X5). The third
design lactor is the height at which the screen peels off
from the panel immediately alter the squecpee passes,
which can be adjusted and is called Peel O with exper-
imental destgn himits of O and 8 mm (X5,

The remaining lTour design luctors are concerned with
the squeegee, The fourth desizn factor s called Skew
When the squeegee traverses across o panel. it can do so
in & manner that 1s perpendicular to the panel. or via
rotation about a vertical axis at the center ol the squee-
gee. shightly skewed to the panel. The experimental design
lmuts Tor this factor are — 1 and | em (Xy). There are two
adjustment screws located on the top and at both ends of
a rail that holds the squeegee. These screws can be used (o
adjust the downward pressure ol the squeegee as it 1m-
pinges on the screen and panel. This lifth design lactor s
called the Squeegee Pressure with limits — 1 turn (gauged)
and + | turn (Xs], The sixth design factor is the angle that
the squeegee makes with respect to the screen and panel.
This factor 1s ¢ulled the Squeegee Angle with limits of 63
and 83" (Xq ). The final and seventh Factor is the speed of
the squeegee abs it travels over the screen and panel. which
15 called the !Squuugcu Speed with Timits of 100 and
400 mm/sec (5.

A 27 7 (resolution 1V) fractional factoral center-point
design with three replications and Four blocks was used 10
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mttially assess the impact of the seven design lactors on
cich of the four performance measures. Each of the 60
printed panels (12 replications ol the center point -~ three
replications of each center point per block) was accorded
an expermmental design number and stored lollowing the
experiment, This was done i the event thal the analysis
showed significant outhers. upon which the correspond-
g panels would be remeasured to assure accuracy in the
duti, Usmyg this approach, 12 panels were remeasured in
this study. Further, the storage ol the panels used in the
experiments also allowed euach panel to be more carelully
examined for each ol the defects depicted in Fig. 1b,
Lising a scale of one 1o 10, with 10 being the highest
quality print, and seven representing a screen printing
having a muumally aceeprable quality (ie., a lower
spectfication fimit of seven with o target of {d). a fifth
performance measure was introduced called Print Quality
| Y<). This performance measure was added to assure that
the optimal settings of the design factors for image size
dicd not result i poor print quality. By simultancously
optimizing for print quality as well as image size. such a
circumstance would be avoided.

toatiad analysis of the data revealed that there were
significant curvature effects for bottom deviation (Ya),
right deviation (Yy), and Print Quality (Ys). Thus. 10 as-
sess curvature effects, 14 face-center experiments with
three replications were conducted. A response surfice
lunction was estimated for each of the performance
measures. Although there was confounding among the
iteractions, we selected. when significant. those imfteruc-
tions associated with the most significant main eflects.
Although this i1s usually o reasonable practice to lollow
(Montgomery. 1997), such assumptions should and have
been vahdated via an implementation ol the experimen-
tal opumal results suggested as a result ol this research,

4.3, The estimated response functions

The estimated response functions for each ol the perfor-

mance measures n the screenimg ol printed circuit board

panels are then,

Top Deviation:

Jyp = 000457 4+ 0,002 25, + 0002 34— 0,001 164,
+0.001 064y + 000101y~ 000083504 gty

+ 0001050 iy + 0000 STy pey.

| ® a 1
With a varnance.
Varpnee:

0.000 005, and partitioned error

r:rf,l = !J.Jrﬂnf {00069 + D.ODO 88y -+ D.ODD 66y
000085y, — 0.000 28y + 00011 (g5, + oy, )
”-””“?l.”i..“'l_- D000 740y, 1y, — Q0004648 14

0000 3200y pty, 7.
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Bottom deviation:

i = 0.001 41 + 0.001 76y,

+ 0.000 95y, + 0.003 794y,
— 0,000 234y + n.uunﬂ?uﬁ-. +”i|?
+0.000 59( 5. + ay.) — 0.00] 21 (43
+0.001 324ty gy, + 0.000 1 ey oy,
— 0.000 3641y gy, -

= n'_’:}_]
+ 0.000 53;1,1_‘.“.&'1

With a variance, o~ = 0.000001. and partitioned error
vitriance:

07 = 0.254a7 + (0.0005 — 0.000 2641y, — 0.000 234y,
+0L000 29y + 0.000 281y, — 0.000 28104 gt
—0.000 29ty pty, + 0.000 1 Ty, gty + 0.0003 g0y gy )2,

Left deviation:

ty = 0.01193 = 0.00207y, + 0.001 79y, + 0.004 19y,
— 0.001 594y, — 0.003 78( ey, +
— 000203y pry. + 0.004 1 Tpy gy

With a variance. a7 = 0,000036, and partitioned error
variance:

65, = 0.26307 4 (0.001 22 + 0.000 685y, — 0.001 1Sy,
+ 0.000 6311, + 0.002 5441, + 0.002 H?”tii
£ 0001 583
— 0,001 98y, 1tv.)"

+ o%,)
-3 .;-;i.h} = ll.ll{'lllq-frﬂ_\;:“_y_.

Right deviation:
iy = 0.00901 + 0.000 73py, + 0.001 170y, — 0.000 1441y,
+ 0002440, + 0.002 144y, + 0.000 36
— 0.000 64(y, + ay,) — 0.00066(u3, + a7, )
£ 0.000 74y + 07, )+ 0.000ddyty sy
— 0,000 34y pey, — 0.000 4 ey iy,
— Q000 33pey gy, + 0001 S3py sy, -

With a variance. a7, = 0.000001, and partitioned error

VATTANCE:

apy = 0.257a7, 4 (0.00064 + 0.0001 1, +0.00007 41
—0.00032(p3, + ay, ) — 0.00027(p45.
+ (. [}[Hl"H:,u + r'\ }=10. Ut}!}-l{;r\ Tr:r' )

0.000 081y g1,

+ Ty, )

+0.0004] {.HT.-. far ) =
£ 0.000 11y gty, -+ 0.0001 2y gy 4+ 0.000 130y 1y, )
Quality of print;
s = 9.669 — 0.25u, —0.2964t, + 13281y,
+0.287u,. +n.343“,h-, -~ 1.888(uy. + o3,

| 'J"!"JJ”

e —

ay, ) — 0.00207uy py,

P?ﬂ#l [e

- lfﬁi‘ifﬂ_{-_
— 0.638(3. + a3 ) + 0.802uy. 1y,
— 04270 1y, + 0448y 1y

)+ |.3f13{_,uf‘.h = .-;i,“].

- I A 56#3” I”J.'-r

J
T Ty,

With a variance, a7, = 1.26, and partitioned error vari-

dNCC,
ars = 0.209¢" + (0.8199 + 0.183 1y, — 0.1106,.
v — 0.225450, — 041 12(uy,

- 0.4274( 3.

+ 017251 +o74)

F o)+ 0710143, + 0%, )

+ 11545083, + o) — 0.5307(u + 7%,
- {I.ﬁﬁi]ﬁ{;ti-_ -+ "",:a'-.--l — 013190y py.,

+ 0335 ey ey, — 013850y puy. 3

The screening of printed circuit board panels problem
was formulated using (4) for maximizing MCpk and (7)
for maximizing MCpm. To iMustrate the fexibilny of {4)
we investigate several interesting aspects ol the screening
problem. In particular, problems were formulated I'ujf:LiiJ
the constant variance case: (i) the robust design casej (1)
the propagation of error case; (iv) a combination of fo-
bust design and propagation ol error cases; (v) maximize
the minimum capability case: (vi) increased cost for print
quality case: and (vii) minimum capability case. Ta fa-
cilitate discussion. we shall refer to these cases as C1, q:
C3. C4, C5. C6, and C7. respectively. These formulations
were entered into EXCEL and “SOLVER™ was used o
obtain solutions. using the experimental design poinfs as
mitial values. For cach case. Table | contains a com-
parative listing of the resulting maximum MCpk and
MCpm values. along with the corresponding individual
Cpk's and Cpm's leading to these maximum values: To
further facilitate our consideration of each case, the re-
sults in Table 1 are graphically summarized in Fig. 5(a
and b), The results for the MCpk criterion are sumina-
rized in Fig. 5a. The individual performance mmﬁu}t
Cpk’s are depicted in Fig. 5b. respectively, lor top cleih-
ation. bottom deviation, left deviation, right deviation.
and print quality. The graphs in Fig. 5(a and b) have b{.én
constructed such that the cases are sorted according iu
descending values of MCpk (Fig. Sa), A discussion of the
results for cach case follows:

Cl:oconstant varianoee

For the constant variance case, the maximum MCpk gLs
2.004 (this solution would also be optimal for the desir-
ability index), When maximizing MCpnt the maxinjum
vitllue 1s 1.295 (the MCpk Tor this solution 1s 1.888).

As shown in Fig. 5a. this case achieved the third
smallest MCpk. The smallest Cpk is 0.833 for the [lafl
deviation. and the Cpk for print quality is 1.4435. [ndea:i
for all ol the cases (C1 through C7), the Cpk for the left
deviation s alwavs the smallest relative to the other
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Table 1. The maximum (MCpk, MCpm) and correspondimg (Cph's. Cpmr’s) Tor each case considered in the screening ol printed

circuil boards study

MCpm

Case Cph M pk Cpmi
Top  Borrom  Left Right Prim Top  Bortewn  Lefr Right Print
Case | constant variange [LU3Y 5000 0833 2743 (445 2004 2065 4988 (L8337 (Y64 (439 1245
Case 2: robust 1.1L::-'.ign 3371 7.552 0 0781 5313 3166 3198 2352 9444 0832 0766 0961 1.694
Case 3: propagation ol error 1.7700 3,773 0561 2053 0889 1469 1876 3619 0603 0893 0282 1.007
Case 4 robust destgn and 3047 4732 0527 1508 0791 1840 2421 4182 0.633  OKRKE 0352 1.]130
propagation ol error

Case 5: maxmin 2658 5142 1311 3014 1311 2344

Case 6: cost 3414 76008 0780 4459 3282 3 IRY

Case 7: Cpk =2 | 2605 K625 1000 4688 2291 2996

deviation measures. Essentially this occurs since the
variance for this performance measure (a7, = 0.000036)
1s more than seven times that ol either the top
[.-rfI = 0.000005). bottom l:ﬂ"ll._ = 0.000001),  or rght

(67, = 0.000001) deviations.
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Fig. 5. (a) The MCpk and (b) the Cpk values lTor each
case considered in the screening of the printed circuit board
study.

C' 2 robust desien

In this case. we mvestigate the overall [evel ol improve-
ment in process capability when design lactor effects on
performance variance are accounted for. For the robust
design case, the maximum MCpk improved substantially
to 3. 198, This optimal solution was arrived al seven times
out of a possible 31 inital starting pomts for the
“SOLVER™ algorithm  (Starting  points:  one center
point + 16 factorial pomts + 14 face-center poimnts). As
shown in Fig. Sa. the use ol robust design achieved the
greatest MOpk.

Some of the performance measures are substantally
affected by robust design, For example. as shown in
Fig. Sb, the Cpk Tor print quality has improved sub-
stantially from 1.445 to 3.166. However, the Cpk for the
left deviation was reduced by robust design. from 0.833 Lo
0.781. Further. when robust design ellects are accounted
for. all of the remaining Cpk measures improved relative
1o the constant varince case.

C 3. propagation of error

In this case we exanune the impact ol transmitted varia-
tion on overall system capability, This case highhghts
those performance measures that are sensitive 10 propa-
gation of error. For this case. the maximum MCpk 18
reduced to 1,469 (Irom 3198 in C2). The maximum
MCpmis also reduced to 1.007. As shown in Fig. 5a. this
cuse achieves the lowest capability, indicating substantial
sensitivity to lack of control of the design factors. The lel
deviation remains the lowest in capability, with a sub-
stantial reduction in Cpk rom 0.833 (Tor C1) 10 0.561. In
addition. the Cpk of print quality has been greatly reduced
from 1.445 1o 0.889. Essentially. as shown in Fig. 3b,
the Cpk’s for the top. bottom. and right deviations were
the lowest and the Cph's for left deviation and prin
quality were close to the lowest when propagation ol error
or luck of precise control in the design lactors is present.

C4: robust design with propagation of error case

In this case. we study the impact ol robust design in the
presence of transmitted variation and compare the results
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to those of case 3. This permits us to ussess the extent of
improvements in capability that can be attained when
robust design is utilized.

For this case. the mtroduction ol robust design im-
proved MCpk from 1.469 (o 1.840. Although the intro-
duction ol robust design has reduced the influence of
error  propagation on  process capability, this case
achieves the second lowest MCpk (Fig. 5a). As shown in
Fig. 5b. the Cpk’s for top. bottom, and right deviation did
improve. However, the Cph’s lor left deviation and print
quality actually decreased. This further emphasizes the
importance ol precise control ol the design factors.

C5: standardized performance measure (robust design )

[n this case, we buld on Case 2 (robust design) by
maximizing the minimum Cpk. which is the standardized
performance measure of Barton and Tsui (1991). Equa-
tion (10) 1s used to maximize the minimum Cph. As
shown in Fig. Sb, this case achieves the largest Cpk lor the
left deviation. However, as shown in Fig. 5(a and b). this
was accomplished by a substantial reduction in the Cph's
of print quality (from 3,166 to 1.311), top deviation ({rom
3.371 to 2.658). and right deviation (from 7.5352 (0 5.412).
resulting in a substantial reduction in MCpk (Irom 3.198
to 2.334). Thus, given the relatively low capability of
print quality. maximizing the minimum Cpk does not
provide a satisfuctory approach for optimizing this screen
printing process.

Co. adjusting nonconformance costs (robust design )

[n this case. we build on case 2 for robust design by
increasing the nonconformance cost of print quality rel-
ative to the deviavon performance measures. We incor-
porate these costs using Equations (1la) and (11b) from
Section 2.2, We consider the case where the cost of
nonconforming print gquality is twice the nonconformance
costs of each of the deviation measures. Further. this case
achieved the second largest MCpk ol 3.189. The Cpk of
print quality was improved (rom 3.166 1o 3.282. How-
ever. this was accomplished by slightly lowering the Cpk's
for both the lelt and nght deviation performance mea-
SUTres.

C'7: lower bound on each Cpk of one (robust design )

In this case. we also build on case 2 for robust design by
placing a lower bound ol one on the Cpk of each per-
formance measure. In case 5 we were able to achieve a
lower bound on each Cpk of 1.311. However. this was
at the expense ol greatly reducing the capability of
print quahty from 3.166 to 1.311. Consequently. we wish
lo determiune if it 15 possible to obtain at least a Cpk of
.00 without drastically reducing the capability of print
quality. To accomplish this we place a lower bound of
one on the capability of each performance measure. This
lower bound can be mvoked by modifving (4d) with
C; > 1.

I
P)';_{'H#ft’

As shown in Table 1 and Fig. 3(a and b). the resu]lillhg
capabilities are Cpk = (2.605. 8.628. 1.000. 4.688. 2.291)
with an MCpk = 2.996. Thus, we can achieve a C;nrk ol
one lor lelt deviation and retain at least a Cpk of 2.29] on
the remaining performance measures. Further, the impdct
on MCpk is small since it has been only slightly reduced
from 3.198 to 2,996, which 1s the third largest capability
achieved in this study.

5. Summary

Several 1ssues have been addressed and several methods
have been proposed for considering maximization of
process capability as the criterion {or assessing and Se-
lecting product and process designs. For both single and
multiple performance measure designs, the MCpk crite-
rion and the MCpm criterion have been introduced and
developed. The similarity to and advantages of the MCpk
criterion with respect to the desirability index (Derringer
and Suich, 1980; Harrington, 1965) has been demﬂ'p-
strated. Nonlinear mathematical programming formula-
tions have been developed Tor determining the dmﬁsiin
factor values that maximize MCpk and MCpm. 1t was
shown that the lormulation for maximizing MCpk may
also be used to maximize the desirability index. Furthér,
the standardized performance measure ol Barton and
Tsui (1991) was shown to be a special case of the far-
mulation for maximizing MCpk.

A method for including propagation of error, or the
influence of design lactor variance on the variance ol a
performance measure. when maximizing MCphk ;mflul
MCpm has also been developed. In addition to the
propagation ol error. a method has been proposed [br
identifyving design factors that influence residual variance,
aka robust design. and lor assessing the extent of su¢h
influence via the use of a response surface design. A
straightforward means for detecting alternative solutions
and assessing the optimality of solutions has also I:Pe?'n
proposed and developed. Tmplementations of the fox-
mulations for maximizing MCpk and MCpm have la'egn
demonstrated vsing two examples. To demonstrate the
accessibility of the proposed methods to a broad range of
users. each ol these examples was entered into EXC
and "SOLVER™ has been used to obtain solutions. The
first example is in product design and considers a VLSI
electronic device design. The second example is in progess
design and is an original and new example in tlie
screening ol printed circuit hoard panels.

Overall. 1t has been shown that maximizing prml-:e;s-s
capability provides an effective and useful criterion fgr
optimizing product and process designs. Building upon
this research. there are a number of interesting topics far
further research in this area, For instance, it would be
useful Lo investigate alternative means for accounting far
cost tradeofls, other than those developed in Section 2.
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Another potential area for additional rescarch would be
to constder multiple performance measure  prablems
where the error terms are correlated. such as i multistage
serial production systems. Additionally. the method lor
assessing the influence ol design lactors on residual
variance, although effective, warrants further mvestiga-
Hon into other potentially useful mechanisms for paru-
tioning the restdual vartance imto that portion explaned
by the design factors. and that portion left unexplamed,
Finally. it would be usetul to investigate the use ol other
capability criteria as alternatives to MCph. For example.
using Cpkm to develop an MCphm criterion would be
interesting, since Cphm accounts lor oli-centered pro-
cesses g manner simlar to that of Cpk.
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