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ABSTRACT

Mà[y produ.is ar€ row roulin€ty <tesign€d {ilh ihe aid oI côhp{rer models_
Gjven the inpùis-.lesignâbie engineering paranerers atrd pa.amerers .epre-
6enitnE hanùfÀciurirg pro.e$ condiijons_the nodel geDeraies the prodùct,s
quality chârâcie.isri.s. Thc qnalily improveù,cnr lrobtem is io choosc ttre
designalle engitr€eling parmer€rô sù(h that rhe qùÀlily chôra.r€risli.s â.e
uni{ornly good ir ihe lresen.è ôf variabil;iy jn pro.e$ing condiiions. This
àrticle sùrnmalizes re.enl vork io devclop ân eficietrr, sysreû,aiic app.oach to
qua.lity improvemenr viè sùch coûprrer modeis. Usirg rclarivetJ f€w rùns of
ihe comptrtârionally exlensiv€ cohrlrer mô.lel, oùr apl.onclL buit.ls npprôxi-
maiing {rnciions 10 }€ used d!ing producr d€ùg{ opiimizârion. We contlasr
several approxirnation srraie8i€s. We a.lso discuss how to .hoose â loss ro opii
mrze wnen there à.e ùuliiplej co{îicrinB qùalily chdacter;stic6. 

^ppticarionsin the design of ele.ironjc ci.cùirs are giver.
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X1. INTRODUCTION

Tasrchi's meihods for implovin8 Products md Prôce$es (T4ùchi aÂd wu

1979i Tagù.hi 1986) hàv€ dealed cônside!&bl' intêrest it th€ stat;licâ'l de-

sign of experimenis as aPplied to enginêetitrg desi8n. His pdôIneier dêsigtr

methodology sear.hes for levels of edy to control engineelin8 Parameles thai

make the p&ducl oi P.ocè$ Peiform well in the Pres€nce o{ Eriabilitv lion

unconhollable (or expensive to cont.ol) factors Thus' qùalitv ;s imProved bv

d€sigùjng quality tnlo" the Product or Pro.ess, rathe! ihan bv onlin€ jnsPec_

tion. Taguchi'd obje.iive of frndins such lobùst ensine€ins desisns has been

widely âccêpted, yêt L;s staiistica.l tech ques for reaching this goàl hav€ not

won such universâl ecclÈin.

This .riicle is conc€rned wiih techniqùes for Paran€te. desi8n viÀ com

ptrter experihents Maay produèts are now routinelv desiSned with ihe aid o{

compùier Eodels. These nodels o. "codes" comPlement or sometimes largelv

replace physical experinents, so reducingihe cost ofèxperimotaiion and' peÈ

haps mor€ imporiôniln sP€eding ùP product develoPmeni The design o{ €lèc

ironic circùits is one imPoiiânt areô where comPùlcr nodels dê in widespread

ùse. Finiie elemeni ànalysis of mcchaÀi.al coûpon€nts is anoiher indeàsinglv

.ommon alplicôtion ôreÀ

Alihough comPùier simùlùtion is iavariablv less ex!€nsive ihan phvsicâ]

experjùentalion! ihese .odes can be .onrPûialionallv denandin8 Taguchi's

Ùossing of inner ônd ouiêr arravs in PârâmetÙ des;gn tvPicailv reqdres a

lôrge e{pelimental plan. (We shall refer to cxPerimental plu m rather thd ex

peirnental desiens to aloid conflsion {ith ihe €nsineeljûB desisn Procedure )

In his exanple of designing a lvheatsione brid8e cilcùii !ià ô malhemalicâl

lunclion (Tasuchi 1986, ChaPtcr 0), crossnrg two 36 n cxPeriûreniaL plôns

leads to 1296 runs O{ coùrse, tle mâlhetaiical nodcl used is trivial, and I

.rn hâs ririualll ze.o.o(i bùt this jtst raises thc qleslion, "Whv noi sinr

ply pL{B llc uliimaie ôbicclive tunclion into à nÙncricô1oPliÛize'?" A nr'Îe

realislicJ lho{gh siill modesr, .ir(uit silNlaiior lrotJlem Ù^i8l'i iake s'!dal

minùtes on a wolkstaiiot lor o.e rùn of ihe simulèlori i296 ft!s Àl 2 
'ninules
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QUÀLITt Tl1PROVEIIENT VIA COM}UTER EXPIRIMINTS

per ru eqùa.k 43 hours of comp{ring tihe. Finire_elemenr code6 a.e ùsually
mrch mô.e èxpetrsive. Sonewhât snaller c.ossed d.Ày plâns ar€ no doubr
possible, but rhe c.osins of a.rays âlmosr ensurês thâr à feirly lâr8e, possibly
prohibitiv€, numb€! o{ luns will bê reqùi!€d.

Eveû tlorSh 6oae itrpùi p.iamerêr6 4ay rep.esetrr lâcroft thàr vâry raq
dohly in mônùfacruring, comput€. models of rhis rype ee ryp;.a y ctere.min
isiic. Rùnning rhe code ag.in wfth rle 6ame inpùrs will plodùc. rh€ sàhe
oùtpuis- civer thê sbs€ncê oI randon error, it is nor obviors that oeth-
ods for plannitrE and ùâ.iyzing physical experimenrs are rele\"ùi ro compùre.
expdm€trts. Noneih€tess, ih€ disi;ncr;on is ofreD ignored.

This ùricte sùmmaiizeô recedt work by $ md co-worler6 on pôrÀmere.
design via compùrer èxpêdmenrôr Bernsrdo, Sacks, Wètch, Liu, and Naza!€t
(r989)i Buck, SÀck6, Welch, Liu, ènd Nua.er (1989); Welch, yu, Kans, snd
Sâcls (1990); ônd yr, Kds, Sacks, ûd Welch (r9s9). The merhods we use
réquirê relàtiv€ly fev rhs of rhe simùterion côde. Ttey can atso incorporare
experimen.â.i plannirs and ualy6is 6rratesi€s develop;d ,p_in.*y ro. a"
têrministic .onpùier experinênrs (Sôcks, Welch, Mirchelt, ônd Wynn, 1989).
The conno! then€is thar we app.oxioarè the rebhonships b€iween rhequal-
ily chdactêrislics (.onpùrer_nod€l oùrputs) of inre!€sr and th€ co.le,s inpùt
p3rûeters. In cilcuifd€sign applicarions, the oùrprh highr b€ rhe cir.ritk
bandwidlh ud sâir. Typicat inputs in.luale designâbre rransjsror dihensions
dnd aaioùs parôneaeB to r€pEs€ni pro.essing vâDaiion. In mùufa.ruringJ
inô p.ocesçya.iÀrion parameters are rândom, bur thèy can b. mÀnipùl.ied ar
*ill dùring thc sihûlation dperjment. Thus, at u,is slag€ rhè disrjDction be
tween côntrollable ànd lnconrrolablê inpni6 is igno.ed. A silgte plar for borh
rlles of inplis tJpically reduces the unbcr of ruûs retârire ro crô6sed arsy
approaches. Then, we lir âpproximatilg functions to rhe.lara ùon ihe exper
imeal. These approxilhaijons pre.licr each oùipùr as a rùn(1ion of all irpùi
pa.m.tes. TLey âci Às .oùputârionallJ .heàp sùr.ogâres ror rhe simrtatjon
cod€ durirB engine€ring dèsign ôprinri2arior.

\1'c lôve d€rcloped rhese techniquês lârgery ,n respôns€ io elecrdcâ.i
cngirecring applicaliors like rhose desc.iled rhrorghoùi this arri.lt, but rle
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ai --oach s€ems to be quit€ general. [We shoùld a'lso nention thÀt vaiors qual_

iiy iûplovemeût meihods }ave beer developed in ihe €lectrical'engin€€rin6

lit€râturci ôee Biâyton, Hùcht€I, ônd Susiovanni'Vinceniel[ (1981) Ior in'

Altcr {ornulating lhe lroblen nore riso!ôuslv ir S€ciion 2, we vill sive a

Iuller account o{ ou. âPProach in Seciiotr 3 Nfodelitg the conPÙicr code in

order io repl&.e ii by an aPproxirâiing fùn.iion is ceniial io this apProachi

in Section 4 w€ contran Èome modeling stratcgiès Section 5 discù$es exPeri

mental plênning ofth€ runs used {or nodel fltting Section0 deals withvaiots

posible obj€ciive {ùncrions al ihe cngineerin8 design orrtimization sta8e Itr

parii.ulai, ther€ are practicà.] dim.tlties in m;limi'zing sqùared eiror loss (or

nuinizing Taguchi's signal io-noise ratios) wh€n ihere are mulliPl€, conflicl

irs qùality cha!ôcterisii.s. FinalIY, Seciion ? niakes sorne cÔn'luding conr

2. FORMULATION OF THE PÀRAMETER DDSIGN

PITOBLEM

Let u,. ..,9q denoie the q ciiica.l qùaliiv ch.racterisiics Prodùced bv the sim_

daior. Dâch 9r ;s a flnctiot of d itl !i Paramet€F, the d_dinensiotal ve'ior

r  = ( , r , . . . , . r ) ,  â l l  other iûPùls to ih€ s imulâtor beiûs f ixed In snnulâ

tion, an itpui pàrÀmeier mav be varied io represeni 
'ont'olla6lc 

(desisnable)

àdjùsinent and/or ùnco'lrorldàl. (.andon) variâlion Ib disiinsù;h th€ cot

trollable and {nconirôllable comlonenis, we Ùtitc zj - 'j 
+ uj A !àr'meie!

wiih no conlroltablc arljustmeni has alixed 
'r, 

which car beignored Sn lôrlv'

iI ther€ is no .êndom vdi&tion, iher zj = 0.

Irteally, we tould be able io sPecifv ô lo$ f{nclion l(u' 
'3,) 

ihât ùea'

sures ihe ecotomic lo$ àtiach.d to a prodtci with clara(ierislics vl' 'vq'

For f rxed values of  c = ( .1, . , .d) ,  w. can deine ar exPected los v i lh rcsPe' i

io ihe dis inbùi ion /  o{  u = ( , ' .  -  ' , i ) :

This

'l
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This exp€cted loss is tho miniûized as a lùncrion of c. For exàhple, if rherê
is a single qua.liiy .hôracr€risric y with targef ?, sqùâ.ed,cr.or loss leâds 1o
ninini,ation of /[e(c + ù) r),l(u) àu.

There À.e obvioùs prôcrica.l difrcdtics in specifyins rh€ loss funciion
l(91,..., !q) dnd th€ distribution t(r), and âny nêihod wi have {o fac€ lÈese
issùes. Once ihe expecled toss is specified, ihe probl€n o{ hininizitrg Z'G)
in (l) ; one of nùm€ricâl opiimizaiion becôus. u,. _., ye de deierm,nrsiic
functions. They are commonty dolurions ro difer€Dria.l equÀrioft and a.e usù-
a.lly !€ry expensive to solve. plùssin8 r(c) inro an oprimizeris litely ro requi.e
a prohibiiive nùnber of fùnction eaharions. Or app.oach, at leæi forhaly,
tak6 the aboae fomilarion, bur optimizes ihrôtrsh inexpens,ve predi.rors of
!À(.) .

3. A SYSTEM FOR QUALITY IMPROVEMENT

Be.trardo €i al. (1989), Bùck er ar. (1e89), w€lch ef a.1. (1990), ând yù er
el. (1989) dis.ùss€d strat€Eies Io. ôpriûizaiion of elecrroni c,cncuir desisns vi.
compùter experimenls. There æe sone difelencês amonssr thes€ neihods,
whi.h will be elÀborÀt€d or in Secrions 4 and 6, bùr rh€re is an ùnde.lying
.ommon theme. Bæed on a s€qr€nce of €xpe.imenrô w h .etarively I€w luns
ofthe sioulsior, we bùild compùràtionaly .h€ap approximaring hodel3 o{rhe
relàtionships beiweer inputs and otripùts. Thes€ modcls replace re simdaro.
ror ihe optimizatjon problem outtined âbove in Seciion 2. As we shâll see,
the optimizôtion mÀy Àlso be âpproached in â less {ormal way, via graphical
techniqùes. The E€neric strategy involves seveù sreps.

1 Postùlate a model fo! edch ouipùt sr(,) a6 â fùn.iion of.ll inpurs,.
As wiu be dcscribed in S€ction 4J possibitirics iÂclùde potynomiat ap-
proxiûationô and hodels treâiing eâch oùrpul âs rhe reâlizarion of â
stochastic proces.

2. Plàn ân initiÀl èxpeinent of n s.is o{ 
' 

v€cros, ard run ihè ,imu}aio.
at ihesc irpni ve.toi6 to Aeûerate rhe q\ality-chôractêriÊtic o{tpùts.
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IJILCH ANLJ SACKS

U3e ihe dèiô to fft the ûrod€ls (€.9., to €si;maie ihe unhnown .oeffi.ienG

in polynoûial nodels), ârd bùild àpploximdi;rg fùnctjons, itr(r). 1'h6c

wili be used io predict eÀ(r) ùt ùew z vecioN. Before proc€€dirs fr.

ther, the âd€qùacy oI th€ !.edi.tors shoùld be ass€sed and, if necessâry,

improv€d. For €xmp1e, in Yù et al- (1989) ihe pEdiction ôf à CMOS

compd.tor.ircuiik gai! was iûpror€d by separâtely modeling ihe gajns

at ihe.i.ctrit'ô iwo slages and then .onbinins t}e iwo gains.

Plof the predicted srrfôces- using ihe tuethods des.ribed in secrion 4 ii

is possible lo detoneose !tr(r) into nain €lTe.ts, lro,faclor interôciiors,

ànd so on. Particùlally whên lhere ee conflictilg objectives, vir!âlizâ,

r ion ôt  rhe input ou'pui  
' " ln, ionJ. ips 

can help ,o c.rrLl : .h r ,adp.of fs

Even if mod€l .sêsment indicat€d thàt tlrê pr€dicto$ are of low 6ccù-

racy, the plois ùrÀy sùggesl prô'nising subrcsions of ihc r spâcc lo. rbe

Esijmaie the expeciedJos tutr.tiôn and per{ornà teatdiire optimizô

tion. We simply rcplace ytrG + z) in ihe expecled lo$ (l) by ihe !rc,

dictor riÈ(r), where x : . + a. This Bives aD esliniaied expecied los,

i("). M""i. Cu.lo i. 
" "hâiBirforward 

wây ro compnte rhe itrr€B'ât in

ihe i(.) anâ]o8 o{ (1); ihis is usùalry comrrtùiiora y fcasibtc becôûse

,À(.) is cheâp to cdnpùie. Denote tlLe resùltins "oltina.l" . by .'.

If nece$ary, reduc€ th€ size of tl,e inpùi s!àc€. If Siep 3 jndicat€d that

the prÈdicior is noi âcc!!ôle eaorgh yei, reduce the size of the ? re6ioû

tô a p!ônùitrg 6lbregioa bâsêd on the llots ir Sièp 4 and ihe tentôtive

ôptiFizôtion in Step 5, ônd reiurn 10 Siep 2 io colleci new dâta ol ihe

subrègion. Otherwisc conijnue to Step 7.

Condùci a rcnlirmaiiotr ex!'e!;meni to elalùâte.' found in Step 5. À

single Monie Callo inieg.âtior n,i8hi b€ carried oui io evôhaie the ex,

pected lo$ ,(c') {siûs (1) by rùnning th€ .ômpute. code. Âlternàtively,

as described in Yu ei a.1. (1S89), a snall comluier expe.inent.orld be

IX
&
,
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condrcted, ffxing . À1 .. and only varyins ù. Again, this .eqùi.es rcls
lively {cw simllaror rum. Fixing c makes rhe spa(e o{ . : .. + u smàller,
ud tle predicrot ,. is lik€ty to be hore accurare. t hG p.edictoi .an
rhen be {sed in ( 1 ) {o esrimÀie the exp€cled toss. If rh€ confi.haiion ex,
perimen{ demonsrrôt€s rhaù.. is ùnsâtis{arory, rh€n w€ hav€ tô E1ùrn
to an earti€r 6t€p. This mighr involve r€drcing rhe. sp&€ ôD.l .oltectjng
mor€ dôta, âs ourlined in Srep 6.

Wiihin this comhon franework, diff€retrt .làs€s of predirrore ,!(r) ald
varioù. objective {ur.rions cÀn be 3ubstitùred in à ûodùlar wây. T.he lollowiùg
seciions elôbo.âtê o! ihfse ali€malives.

4. PREDICTION

Brildir8 pr€di.iors ba,ed on fitling polynonial (€.s., seco!,t ôr.ie4 nodels
by least squôr€s js we known and compùrarionaly 6hâighlloùa.{i, ar ieâsl
*hen th€ dimensjon d of the . spac€ i6 nodesr. If rhe oùipùr frnclion 9r (. ) is
sinple, whichjs mosl liketyro occrr when ih€ c rànges a.e shsl], iher âccùràte
p.edi.tions can.esùh. Fo. exanpie, û:lch er al. (1990) modeled th€ skcw o{
a clock-driver cilcuil s a frnclion of six transisior v;dihs .nd ffve level, of
nanù{a.trrins noise. A nodel w L liDeàr and qrad.aric i€rms for ihe widlhs,
a five level {rùa.ljiarive factor foi ihe mârrfâcludng no6e, and some lwojactor
inleiaciions led to a hjghly ôccr.ôie t.edictor.

There are ô !ûûbei o{ philosophical dnd pra.hcal objeciions ro least
sq{are6 fitting of poiynomiats, howevq. The u6uât statjstical à$ùmprions
implicit in fftting s r€gression hodèl by l€æi sqlaiôs and makins irf€rences
ar€ inappropriate. A dêie.minisijc oùipùr deviat€s ûoh rhe r€gEssion model
accordirg to iyslendrtc eror and ror the whi.e-nose cror usùally assuhe.l.
It€lal€d 10 ùhis is rte faci rhâl ihe l€èsrsqùares predlcro! need noi interpoiare
lie observed va.hes oI an oùtprr, {hich âre }nown exactly. Lær, and perhaps
mosi importet, wê have ollen found thâr polyromiats âre nor nexibl€ enôugh
to model .ompl€x inpurortpûr re.ldrionôhips. In u exanple desqibed betow,
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a secon<l-oriler polynomial has 2 io 3 times the !'ediciion etror ofthe âPp'oâcn

Moil€ling ànd Preiticlion of det€Îùinisiic o{ipÙts from 
'ompùier 'odes 

was

discussed in Sacks, Schille!, and welch (1989) ônd it Sacks' Welch' Miichell'

dd Wyntr (19Sg) These nethods have some advàntases relative io lorv

nonisl nodels ffiteil bv l€asi sqùdes- The resùlring lredictors a!€ flexible'

thêy int€tpolàte th€ ilaia' uil in a nurnber oi aPllicôtions thev have led 10

moie eccÛale prcdiciions On ih€ (egativ€ side' ffttirg ihes€ nodels is conPù

tÀiionally more exPensive ihan leasi 6qùdes, though comPsiationa'llv efficiêni

âlSoriihns ùe being d€veloPed bv ùs dd othet ieams

This frEmework tr€a{s 
'n 

outPut of inteEsl' e(')' as à realizaiion ftom a

slochastic PDcess or ràndom fÙnction on u:

Y(.): lt + z(.)- (2)

The ùnkûôwn consrani p can be replaced bv a regresion nod€l (e g 
'low-ordd

polynomi.l) iD 
', 

bui we hôve found h applicalions iiai ihiÉ usuallv ollets

liitle ôdvdtsge. Th€ randon procds Z(2) is asumed io have nean zdo ind

d'  R(ù, ! ) (3)

betwæn Z(ù) and Z(") al two aecior valùed inputs o and 
' 

H€re' d'is the

process vàriânc€ and R(ù,2) b ttre comelaiior fnnction The idês is that a

ileterminisiicouiput, thoù8h Èctuallv gen€râted q{ite differ€ntlvi nâv r€seùbl€

a sanple path o{ a (suitablv choset) stochâsiic Proce$ Z(z)

The cotr€lation À(ù,r) shoùtd refleci the cliracieristics of the coflPùrer

coil€ ouipùi: .corr€lation fùnction with som€ ddBiiveswould be approPriate

{or a smooihly Erying o{iput' lor ilstarce' The circuit simulaiiôn examples

in Be;na'do et at (1e89) ând Blck et al (198e) €mploved

R(ù,r)  = r j=,exP( ,r lur -  r ,  a) '

where d; à 0 ô!d 0 < Pj < 2 This fèmilv i6 a Produci of siôtionàrt one_

dimènsionâl .o elatiols. The case 21 = = pà:2 giv€s s Process with

I
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infinitely difle.en{iable paihs (n€an square ænse) and is ùsefùl when ih€,e

Mdimum likclihood estimôiiono{ihe ùn}nown ?àrameteh in ihis ùoil€l_

É in (2),  a,  in (3),  and ,1j . . . ,  rd ârd A,. . . ,2,r  in (4) wàs oui t ined by sacks,
Welch, Mitchell, and Wynn (1989).

This ûodel leads io ôbesi lin€arunbias€d predicror (BLUp) which explôjis
the coÙelaliôns betwc€! the observed va.lues of I in ihe experimenlal ptan ârd
the (ràndon) y(.) ar M ùnrried 

". 
Accofdins lo tte coûelârion fùnciion (4),

y(c) will hôve ihe làrseôl corrêlâlions w;1h ihose ouipùrs âr poinis close to c
in the experimentnl plan. Thus, ihe prediclor, vhich is a lincar cor,birarior
of the obs€.v€d oùtpri6, te'nds to ô$jgn grearer veight ro neôrby obser%riotrs
than those fÀr àway. It irrN oùr rhe BLUP h a geaeratized leâsl sqx.res
fit of p (or the resre$ion-type llenA) ir nodel (2), plus .r inr€rpolâtion o{
the lesiduals. Again, the formal derivaiion ard computarional detàik can be
foùnd in Sdcks, Welcl, Milchell, and Wynn (tSsg). 

-
In quality iûprôrem€ni applications, the vecior o{ inlnrs, 

"r 
is often high

dimensional- For iNtàncej ihe voltase sldfi€r exôrtrpl€ in Bùck er a.t. (1939)

6aarl€d oui wiih 23 inprt pârntnelers. Exp€ri cnEine€dng âdvic€ enabled a
redtrciiôn to 14 fôciors, bùi, in g€nerâ.t, il i5 imporraût io redùce dlm€nsiotr
and id€ntify active faciors on ihe bà* o{ data. Wclch, Buck, Sôcks, Wynn,
Miich€ll, .nd Môrlis (1989) des.dbed such a scr€enirs atsoriihh based on
th€ 3iochastic process nodel (2). In iwo examptes, l4-dimensionÀl ôrd 20-

dinensiorrl iipùt vecios wer€ reduced to rhe imporrart {a.ioru, sDd ron-

lin€ar atrd inierâclion eff€cis w€re dis.overed, wfthjùst 30 75 runs of th€ code.
Moreove., ihe sane data led to a usefut prcdiclor wirhoùr turrher rùn6, ôn
importani consid€ration if ih€ code ; cohpùiâriorâlty conplex.

A r€cent alplicatior in which we hav€ been involved illusrrÀies rhè âdvan
t.ges of this pr€dictor relative to fiiting potynomials by teasr squ.res. Th€re

ar€ ôt leæt 10 ouipuls of varying degr€es o{ inier€sl in the êxample. We

conc€nt.aie heie on oûe outpri, a iime delay. This d€lay should noi exceed

6.? rs (nanosconds), ùith snaller delays beins even b€trer. There are tl



irpuis, coBpriBiry @io$ device dimensions, côpacitanæs, dd so on. Ap-

plyin8 À modiffed ve.sion of the msinum likelihood alsodthn in Wel.h ei al.

(1S89) to fii th€ ôiochætic proce$ nod€l (2) indicat€s thai .6, ca, md zr de

W€ môy asôêss ih€ àc.ùràcy ofthe r€suliing h€st lin€ar unbiased pr€dictor

by .ross validaiiôn. Let z(r) derote the z vecto! for run i of rh€ experiment,

and let i-r(c{r)) be the prêdictor of y('(i)) bæed on all rhe data e'c.pr ih€

obselv.tion s(,(r)). Then we cm defrne an enpi.ical rooi meatr 6qtrÀred e.ror

(ERMSE) at the 75 ob6er%tioru by

.  l :  \ - t r  _r , t ) l  , r r , t ) r t , ! "
\75"-  -  "  )

For the iime-d€lay oùtpùr the ERMSE is .bort 0.047 ns, rêlâtive io â dàia

.ange of about 5.1 io 10.7 ns. '

This predictor nay be compàred with. polyromiâ.] frttêd by leâsl sqùàres-

With 75 .uns i1 is not possible io fii ô fùll second-ordc-r model, so w€ iriiially

fft a ffrst-order model and apply backwârd elinirÀrion until , > 2 for âll t

stÀl ist ics.  This ident iÂes.3, .4, . r ,  csj  c, ,  ôrd r11. A second order nodel  in

thes€ inprts,Iollow€d by turthe. ba.kwÀrd elinination,leads to a model with

14 têrns. Iis DRMSE {ron (5) is 0.12 ns, 2 to 3 tim€s ihat o{ lhe p.€dictor

bæed on th€ stochôsiic-procês nodd (2). Thê ERMSE {ron rhe rcgression

model is too large to permit it, use in opiimizôtior with èny conÊd€nce. In faci,

ihe regressioq nodel erroneously piêdicts ihat lhe "opiinal" d6i8n (Ioùnd

u6ing the rtochætic-process predictor) would violat€ thc.onstraint of 6.7 ns

on th€ deliy time by r nonr.ivial mÀrdn.

To gain inrighi iûlo the relaiionships belween the impo.tÀlt inpuk and

ihe .espolses wè like tô vistÀlize the fitled hodel. Speciffcally, we:

1 Decompose eæh response Iunctioû y(.) into ar ovelall Àve.âEe, nain

€ff€cts, ùd twcfôcto. irte.a.tions.

Estimat€ thésè ef.cts by replacins thê rnlnown s(.) by i(.).

Plot the etliEated.fi€ris.

T

tIr

PI,

di :

pl,

2.

3.
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This decomposition was susgested by Sacks, Welch, M chelt,and Wynn (1989)
aDd exploired sraphicauy by W.lch €r d. (1989). Thus, rhe esrimared overal
sverase of rhe response y(z) is

t"- l i lùni-,at*

the estimÀted main êffecr of inpùr fâcior .r (âverased over ihe other facrorô)

u,\,,) I !(,)n^-,à,^ - io.
ônd th€ esiiûated inlersction efect of .i ùd z, is th€ lurciion

rr \ r . . t ; t  -  lv t r t rh, . rdrn i , t t , \  r l t r )  k.

We do Dol consider ltish€. 
-a- 

;"r.-"r;* U-."se or ôbvious ditËcutries ir
plolt:ns. With product (orrelarior fùn.rions like (4) ihe il,tesrâiiôn is just a
prodù.| of or€-dinensiona.l inlegrals.

We illùslrâte ihese visùalizôtion i€chriqùes !sirg rhê tih€-detây €xanple
diôc$sed êôrlier in ihis seciion à!d rhe stochasric process model (2). Fisu& 1
shows the €st inatêd màin ej i€cts oI  zr , . . . ,  u r ,  c6,  ,?,  ,s,  aùd ,r , ,  1 l ,e faciob
identiÂed ês h.ving sone efe.r_ IÂ ih€se plols rhê eslinaiê.1 ovcralt m€an, Ê0,
has be€n àdd€d ir. It is appâr€rt that ,r, ,s, and .rr \ave the most irporianr
hain effects; the renâining {âciors produce a btur of smà. €fle.tr. Conrorr
plois of ihe estihated iniera.tions, Êrj('r,,j), for a1l pairs r; and r; from

{.1 , 
' 
14, .s, r?, .s, 

'r, } rhow that the estimeied inieraciion efiecr ôf 
'3 

Ànd
.r, i6 importÀnl. Th; esrim.red inte.À.iior has conioùE as tdge Às +0.2j all
other interâ.iions ar€ appàretrtly unimporlâqt. As in physical exrerimenrs,

wh€n a lwojacror iûteracriôn is d€rccied ii ; ùseful ro look ai rhejoinl efeci
of the two facioF ihe sun oI the two main ef€.is ènd {he inlerâcrion. It is
€siimated h€.e by itrte8rating {h€ pred;cror {.irh respecr ro a.ll fàcro.s excepr
.s ùd zn. Figur€ 2 6hows the contoù plot. Witt tictrres like ihes€ for â.
ihporlant ouiputs, the eng;nee. can sæ rIe inpùroutpur r€laiiorships anil
idenli{y àny trâd€-ofis betw€etr conflicring objecrives.
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5. PLÀNNING OF EXPERIMENTS

So Iàr we have avoided the issù€ of how io choos€ thê exP€rinêntal plân (St€p 2

in Sêciion 3). It th€ âbsence o{ r'ndon elror' criieriâ like 
' 

oplina'litv (e s '

Si. John dd D'àPe. 19?5) de inâpPropriàre Welch et at' (1990) oPtinized

the experiûental plan using an integiated med sqùàred error ciitêion bascd

or systematic ilePdttr'e fiom àn asumeil Polvoomiôl nod€l Sacks' Schiuer'

snd Welch (1989) uæd a similar criteiion but based on the predictor from ihe
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stochàslic-p!ôcess nod€l (2) 1âlh€r rhôn ô polynômiâl firi.d hy leasr sqùa.ês.

Many qualiiy imprcv€merr .ompurer €xp€rimenrs ar€ loo l&8e for oplimal
plànniag of êxpe.imenls in a .easonâble àmouni of .omputirg rime, however.
The exanlle in Bùcl €r al. (1089) his 14 dinensioûs ànd ?b.uns ât rhe Âr6i

stage. FindjnB an optnnal dcsi8n requ;es optimizdtion ove. 14 x ?5 = 1050
coordiratès, en expensive underiôking.

We now tJpically lse Latin hypercùbc €xpe.iùenrat plans (McKay,

Conover, and Becknan 19?9), wnich havc sone atirâciive p.ope.ties for.om
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pute. exprrim€nts. Fi!6t, thêy de simple to gcne.Àt€, evcr for màny inpar

variabtes. Secondly, they.ov€r the expdmental resioû fàirly ùri{ornly. Work

Soins back to Boi snd Dripe. (1959) on filiir8 polynomials srssests that

ùni{o.m coverôge is desi.able when syslematic e.ro. is inportant_ Sinilarly,

optimal exp#ûeats lor ih€ predictor fron the sioch*tic-p.oce$. nodel (2)

t€nd to infrltràtô thc entire spee, at leâsi for low-dinensional r whcrc sù.h

plans côù be computed. Thirdly, if only â I€w fâclor6 tùrr oùt ro he impor-

tanl, th€ €xper;meniôl plan projecied down onto tlrese fâcro6 is still â Latin

hypercube, ud so is still lairly uniforn.

The qùêstion of sample sir€ is atso difrcùli- Ongoing work is iqvestigaiiûg

the relationshjp betweoi the nùmbe. of rùns, dimeûsion of ., atrd preiljction

accùr.cy. Al p.€s€trl, io keep down th€ .omlùralional cosi [.om rùnnin8 ihe

simùlâto. &nd Irom ffttins the coirelâtion partun€iers in rtre nodel (2), we

typi.ally lake 50 100 rùns fo. eàch ex!€rimenl ir ihe scquenriat siraregr. Fo.

a high dinensional r âpnce, ô lini expe.inenl oI this size wilt oficn ..sulr ;n

inaccùrate prediciion and a nor definiiivc optilnizÀtion ir Step'b of Se.tion 3.

we ihen lely or the seqù€nrial rcdùction ofthe êxperiinental reSior (st.cp 6) ro

ihprove accùla.y as the rcgion sh.inks, ihe r€slonse .elàlionship will ùs!ê1ly

be.oûre leis complex ànd e6;er tD predi.t.

g. OPTIMIZ,dTION CRITERIA

We now .onsider sonc alrernatives for the lôss (l) ând irs esii'nôte oprimized

in Ste! 5 of Se.lion 3.

6.1.  Quàdrat ic loss

Ta8ùchi (1986, Chapter 2) advoc.ied njninizins the nicân squr.ed deviarion

of a qualily characi€rislic from iis târgê!. Witl a sjùgle cLàrarie.isii. of inicÈ

esi ,  i l ,e loss {ùnct ion in Step 5 ofour s l !â lcgy in S€ci ion 3 is easy ro;mplemcrt :

s€e the €xaDitles in Wclch ei al. (1990) and Belnado et a.1. (1989).

Rèconciling quôdrâtic losses f.om several qualily chùr..terisrics is noi n,

snnple, howcver. The objeclire fùn.iior ;s inèdiably problen s!ecili., nôi in

itsell

I
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it sell undesi..blc, but specifyins rhe rrôde_ofls raises ot vious p,acrica.t difiiclt

In the desigtr of d voliase shifrer ci.cui{, Bù.k et at_ (1989) .onsi<lercd
ônd built predicto.s Ior foùr .hdscrerhticÉ_b.ndwidth, gain, votiage shiftj
and (indi.ectly) lilpl. which we derore by 9r, x/d, ev, ônd eÀ. tsar{lwi{lih
and gain ôE lârger the berle. cha.Àcteristics, i!è voliôge shift has à rargel
oI 5 V, ànd .ipple is sDa er rhe befte.. For â 6iven noninâl desisn c (thc
conrrollabl€ componeûi of.), rhey conprlcd iûsG) Ànd ,cG). (Th*e de
roughly eqùivôl€ni 10 the means,jth.edp€cl io rhe disrribniion of z, the
unconi.ollable compoû€nr of ,.) They itso €siimared the variâncês of rhe
bandwidfh and thê sain s:rolnd their nohitrs] valùes:

tBIa 
. l  vs("  ùt  .  is t" t .? l tLtdù

,ct)  
J ! . ("  I  u\  y. t - t ' l t , tdù.

Similaly, ihe var;âb;ljty o{ rle volrage sh;fl. arôun.l the taigel o{ b V was

" i t )  J l t t  .  ù)  sFl th\Jt .

Then, by nràxjmizing

tEk)+rcG) 3s(c)- .c(c)

3y(.)  < 0.1

,À(c) < 0 01,

w,lh r€spêct to ., they ôltempred ro môke the avcrnge b.n.tvidrh and gâjn
làrge while p€naliznrg variability of ihese qlantilies an.l conholling voltage
shift ôrd tipplê. 'lhough rhis cDmbires ihe ourpuls in ôr ad Àr. wây, op-
timizaiion led to àn en8itreêritrg design vilh .ons;lenfly good orrpùrs, ihe

r$,""di'i&&n
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6.2.  Yield

The yield is defrned ôs the proportion of Prodrct sâtisfvnr8 constrainls on

lhe q!aliiy chôracteisiics, ùsua.lly simPle lo{e1 âtd/or !!per boùnds on ea'h

cheaclerisiic. Thùs, yield maximi2àtion provides a mùchmo.e straiEhllorwârd

way o{ deâ.ling wit h several .esponses. On t\e negaiive side, ii does noi rc{attl

€duction in vaiabiliiy once ihe conslrairts ar€ net.

Nldimiziûs ihe yield is equimleni io m;;tizins ihc cxpecred loss (1) ir

we def ine the toss as l (e, , ,yq) . "  r  i f  a i  lcasi  one oùi lu i  do.s no1 sat is{v i is

conslr.ini, and 0 othe.wis€. Thus' yield md.imizàtion is eâsv io ilnplement

witlin our fraù€work: see Y,r et a1 (1989) for lwô êxamlres

Esrimaiitrg ihe yleld by substiiulins iÈ(.) {or str('), ih€ âPProêch ts}en bv

Yù el â.t. (1989), cât someiimes lead to substantial emor even ir ihe lredictoÉ

are faùly good. Consider a single rcsporse ?( ' ) 
: e(c + , ) that is sêlisrâct o rv

i{ il exreeds the bound Ù ànd ihc marginal yield wiih r€slect io lhis oull'tt

If r(z) is close to à, ihen even a small error ni i(2) can lÈd to Prediclirs

e(z) > 6 wher, in lact' y(!) < ô' or vic€ lesa

Assignilg a loss of 0 o. I ignorcs ùn.erlainty of prediction lt ùnccrtairir

ù iâken;nio accoùnt, then a lredi.tion very close io the bôtrndarr mitsll be

assistrcd a loss o{ 0.5 io indicaie tlrai we really do rot lnor {hich sidc oI b

ihe irtre oùipùt will fal1. À formtlizÀtion of this idea;s âs follows- Denole th.

standùrd eFor aliô.hed 10 r(") bt slit(r)1, md æsùme thâr' ri(x) hæ â iormal

disiribùiion with nean v(z) ard slandard deviaiion rli(z)l 'rher estinÉie

the lo$ i[e(')] by

ô (6 , ' i ) ) ,- \ "trc)l /
where ô(a) is the probôbility ihai a standr.d noûnal ran,lon variable is lcss

ihân a. These p.obabililies are t\cn av€râsed (ràthcr ihôn 0's and I's) i. t!'

conrp{iation of tLe expected loss (1)

The sio.hatjc process nodel ôùilincd in Section 4leads io ô rr€dictor lf:

whicl â srand.td €Èor cân be.ôm!ùtcd- Fûllernore, ùs illnst'âlcd bj a

.i.cn;l's;tùlalion exanLlle in Sâ.k., 1Àclcl' Nfit.hcli, and \\:trrL (1989). 
"hese
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standard er.ors olten give a rèalislic idea oI rhe m%nnud. ôI il,e aciùal error,
and the p.ediclon i(a) âre ofren roùnrl ro be approxirùalely trofual.

We nov giv€ somc resùlts frotn applying llh nethod io ihe rolir8c 6tifie.
c i r .u i t  in Bùcl  er  a l .  (1989).  (As derr ibed in Se.t ion 0.1,  y ie ld wôs nor
ihe objective h their sruily.) For simpliciiy, consider rhe na.*,at yietd *,;it,
respecl to the voliôge 6[ifr oûly. \,t'e takc upp.r and lowcr boùn.ls of 4.85 V
ènd 5-15 V, Ànd we use 100 MDlre Cùlo sôhples froù rh€ roise dist.ibrlion ro
estiûate the ploporliôn of circùirs meeling rh€se bounds. Estinàiin8 the loss
usirs /{ii(c)l sare an glinaied yield of 91% al r}e rôprimal,, circli{ desi8n.
Usins (6) sâve ar Gtiùared yicld of 80.S%, mùch ctoser to rl,€ hue yield or
79% obrâiÀed by runn;nB'rhe circrii siùùlaror at ihc snh€ 100 sa,nplcs. Noie
thài N'Ionlc C.rlo error is;relevanr ph€Â conpêring thcse ngrres as they are
all based otr the s.rne 6ôrnples.

7.  CONCLUDING REMARKS

$r€ hôvc sumnârired work or rhe dcvelopmenr of a sysiem for ihe dcsign of
producis v'. comlrrer models. Thesc methods have âtrendr proved ùs.ful in
a nùmber o{ 

'rt€grâled-circùii 
appli.alionr.

$re âre workinS on â sofrware in)plcmènrarion o{ this sysren. This iool
will h€lp rhe ensineer ro: in iâIy i.leùrify thc iùporranr inpnt prrâmetersi
bùild approximaiing modelsi visùât;ze retÀtionslipsi and p.ocee.l s.quenria. y
to a good design. lhese âre complex problerns, àq( coùrplcre auroniarior ot
th6 process i6 unrcalislic. Nonethele$, màûy oi il,e sirl.;sii. .letùts .ôn be
hidder, allowing thc engineer iô concenlrare on trobleù fohxlâljon, i.adc
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