METHODS AND APPARATUS FOR AUTOVATED PREDI CTI VE DESI GN SPACE

ESTI MATI ON FI ELD OF THE | NVENTI ON [ 00011 The present invention

rel ates generally to conputer-based nethods and appar at uses,

i ncl udi ng conput er program products, for automated predictive design
space estination. BACKGRCUND_&OOOZ In the Eharnaceutlcal i ndustry,

t he adopt iMRTEPDFUANDIAPRAR 4E S@@P(@EPM@E B@MM@TNBDES@NW%S
QD refers to a systenmatic procesi gé quallty into a product
fromthe inception to the final put pecifically, QoD refers to
the | evel of effectiveness of a deS|gn function in determ ning a
product's operational requirenents (and their incorporation into
desi gn requi renents) that can be converted into a finished product in

a production process. This i siEIb or THE BUVENTIGNAS a desi gn space,
which is the nultidinmensional conbination and interaction of input

factors (e. qeoo1m@rpra§enat1hvenhuﬁ el%)dtébhgén rf&,etd)%ﬂlp@maﬁar fHeRfdd$ Oand
provi de assurance of _quality. exanpl e, a manufacturing

process a déBPHUSBaBISludingt ‘F%ﬂl%‘éﬁcr RPLTHBSRIPHICES, ok FuRmiaied coredigigndesign
paranmeters GLnRWLhaLHOrS) that nmeet a specific product requirement
(one or nore output responses). Exploring a design space requires
eval uating the various design options possible with a given

technol ogy and optim zing the input factors and output responses wth
respect to specific constraints BAWGROOMEY , cost, m xture design).

manut act ur enDOaG T B S fen el iR Mt Afteioh o BB ShE Hepi iy e s
and mat er i albsensgieevdlviag@pioees. kYLD edfyisng awystpmaiesdcésoad buid ghiaig} Hi®hsS

to design better d/or faster ocess and hardware confjgurations.
However, asPEdY Siriesrbes s feitiel 9Pt SPRg Rerte: BPDel o the feve of

conpl exi ty 'effec!iﬁ@ﬁ’é‘s@@i‘ Hidbdigh an@@&ﬁﬁtec&térﬂﬁﬁﬁ%% %ﬁ)dué’tl‘ldoﬁéfﬁ%ﬁﬁsre@ﬁﬁmentq
mat eri al specifications beconme nore dif t to neet. [0004

typi cal pr ofadsheippicoipgBgon mie d?&i@meq@@me@tshét@é@mbmmr&@tlntmm@nwa
be descri begrowct%ﬁ [—d%n %Séﬁit@% %%9 r?é%ieté%s Xﬂéélﬁp#ﬁg%wﬁfbﬁ is the

vari abl es are gener S|ca paraneters
manuf act ur i ngxltphmcmahmiﬁlnnattoucahé mlsrecilommfmlr[mt fesctous Gecd. matagalptmblﬁas.
sev thous nd varia sev

In sone cas

Vo obT eol ot iSte RS Rt IR R e BE i T HES el 1B e

ganuf acturi nggfﬂfhaﬁﬁﬁ@ mﬁcehetav\ﬁﬁfgnmué detth isBg of)rpg@]ﬁlﬁs edie)sIdgnél' h@d design
ynam C varla es ow, gas essure ellvere ower ,

current, vopfra@stersaﬁlfumf Eﬂﬁ%@%ﬁ dhay P@ft wgﬁ@e PERSEIFeaHramenf (e Obg@reawmﬁ

factors (e. %sporﬁe@p%pﬁdr&gpe[ 8&@@{5&1{&% E&[ﬁir&eevatlﬂﬁngft‘ﬁet {1 dcS e Bptns

series of st eps I N hé over al sequence of processi ng st eps, errors

and faults thblfbwhuﬂ g@(mtﬁ&n@lhéy pecheIftiieing ithegnput Jeciers and oethulrrgepenses
(e.g., ref e%tﬁ(iies%gct%ﬁs ;girffc chndtratdls RY FTREL Lo AhMERe RASKY on use of a

partlcular t ool
[0003] In the semlconductor device manufacturing industry, device manufacturers have

transitioned to more closely toleranced process and materials specifications by relying
on process tool manufacturers to design better and/or faster process and hardware
configurations. However, as device geometries shrink to the nanometer scale,
complexity in manufacturing processes increases, and process and material
specifications become more difficult to meet.

[(0004] A typical process tool used in cumrent semiconductor manufacturing can be
described by a set of several thousand process variables. The variables are generally
related to physical parameters of the manufacturing process and/or tools used in the

manufacturing process. In some cases, of these several thousand variables, several
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[ 0005] Operators can control the manufacturing process by, for
exanpl e, changing input factors, which are variables that influence

t he production process. For each manufacturing process, output
response values (e.g., tenperature, yield, quality attributes) can be
measur ed that depend on input factors. Experinments can be perforned
for the par thuadied vamainsfaacdmemiglem.coanang o tigest dwing the manafacturing process

conbi nati on i v e t ] | g out pu
response vaﬁjﬁgjse&&%%ﬁ%%ckﬁ@gsﬁ é)ggsg?s5'Exsigﬂeer figﬁgmqg%%%ngf%’ogﬁi Igmg’ gas
structured, poesgani dedistene® phweelr, Tonrem etodtaps, nnd deripgeeature) eltanga binep ohetvimen
i nput factors for rocess (e..qg., a manufacturing.process, mxture
st gn) - and PRt PRl e powel broteiiHe et dlase iRl 5B S et ot i
quantify i ndetey Bidrall QediRAGUHEPRIOESInGf stdpdPitrork AGH Frtsadhat betueldaghd ars
between the input factors statistically_through observing the results

of net hodi cdMngRENEES PErcesI9E Changes (ergadtlsired to o “drlT)dn aprameise valugsdieqd
criteria asgQGkabEfoapidilridl oPERGARS, Output response val ues are
measured for different conbinations of input factors to determine if

t he operat i Q5] Operators gamcentst the foasgfactiring gueresohpi fatdxemple] 0bORE|ng
Exploring adesidh,s pﬁ‘/‘ﬁ%gra‘?ggl'aﬁ&ﬁes”ﬁl%%flu‘é cee"ﬁ‘l'e“p%au%goﬁ .E‘)?oc‘é%' PLP each
desi gn opti oifs possibl'e baséd on any opera?lonal criteria. ere I's
no way to autaanfativeag| yropsayvivdpuf eespaneepilakd €e.p.egempsrante, vaieidabqdalityy
of each inputf .factor, or to predict result regions. The anal ysis
process is Fﬁ?"ﬁ"ﬁ “3 ‘fin&%ﬁg‘g"ﬂgv@)h%tndgﬁ}gr% _ll?Pg‘ﬁafHﬁgrson Hgmﬁ%ﬁnf?“ be
responses ha¥forki@d!¥er 18 tpadticulah faf@@Butind Brovdsk o BétbiBieRhatt RBSalbns of
constraints. Further, it would be desirable for graphical nethods to
di spl ay desitjt 59 salupsresitiaypcecpiablecatpubeeseayss Vfﬁueénal yzed and

i nterpreted R PExporMYA l; N4 [ o1y

i nventi on, Jﬁmgﬁe_agg%g%,_?%aturegiggig%gﬁgégyggg&%%?h%ggﬁ%ngahmiﬁn
estimating detdesingg thpredasionship hegweert apublastornfir e prrqrass (ees ponsedachoinga
physi cal pr . Far _eyer i ren escr | her ei n, ic

P cess can eSS BB AL (SBSRE B GPRtY TRt rigiod
sem conduct o#n guandfsiadetaminate inehdutahensy st iapatdictis ane iierastions bawdasthgn

project. The hod i ncludes receiving, via a progessor,, a for_qne
b “hor e i np Pl SRSt SREIoAs gy dheeinse besenbi O Grctmatial gt of e
responses f efput R:td6.0CESBerc a6l opkiatibidl SriteHACasgbdidted hathi el peess, doutput
target response criterion for each of the one or nore out put o
responses, &HPESEVAueeare gisetuiel foy diffreent epmiinetipns pf inpet fapiersde defmeine if
| nput_ T act Ok A6l ElRrib e NG ol SEPARMpL eri @, and an
experinmented range of input values ¥or each of the one or more I nput
factors, whét087kExplotimgpat dessgnuepace redpares xpaialie reveldativgn e wéridus pdesign
val ues i s determ nat.i f, an_ out put. response | ue for each of th
one o mor OB P2k pand B o BIAIART et Bup el dyOmalify
t he processe@rovidedior @eehtable refionofvaatabiliy ef kaghuihpdtafaétor, r t@& predict result

cal cul at ed range i nput . val ues wi_it hin the correspondin

exper i ment efP& & gghtﬁ aHalysis Pgn s Rkt OB w@ﬁbm@g dempndst9hgea
first rangeo@but REFnsdsUE 0 HO M@ AE heOfanfehBn®Wah AMfFEFBIt & ypdI R constraints.
factors, predicting values of the one or nore output responses based

on the firsFuithgsgé vwepld bepdpsirglle fugraphicabmsthainte disley dasigpeprass imp cay
metric for qach LR 29 LD PH]E es, and creating the
cal cul at ed rangélod;efe gﬁ’putﬁr\zlgqr%deag t?I(-jpré{éeac ao‘ﬁéﬁ?%?one or nore input
factors by adjusting the first range of input val ues based on a
conpari son of the first performance netric and a predeterm ned
performance netric. The method includes cal cul ating, using the
processor, a nodified rangsUMMARRUOF TRIEBS/ENTIO®RCh of the one or
nore input factors. K For each input factor of the one or nore input
factors, t h&'ﬂﬁék ReramiveR o Bisongetsedti 5atuEes deonyterizegymethed faperimpling as

design space of input factors and output responses for a physical process. For every

embodiment described herein, a physical process can be an industrial process, a
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[ 0009] In another enbodi nent, the design space estinmate further
conprises a distribution of output response values for each of the
one or nore output responses, wherein the nodified ranges of i nput
val ues are determ native of the distribution of output response

val ues. For each of the one or nore output responses, a prespecified
nunber of oungnufaciuginp Eresessy alseraisonductor prackss, et anatytisalt systamofr poedegure, or

response val : . he- W thi d . ned Lim |.u r the

out put respgﬁgggﬁggpﬁ% 5?%5@?@9%@%&§%§%¥¥%§%§ﬁégﬂﬁ%¥§¥eﬁﬁgﬁggP%8%?8@_
[0010] I n armndacteesfodi phesical groess, ohe g micheodpgirgsposeade ths provesseand
i ncludes predicti an. i ndi vi dual |argest region variabjlity for
cach 1 nput sty Sl Sy bl kg SrRpe Tircoeter Hih ke o onipr
associ at ed sipuiBkgshs@Phh BRIma@ s|RimAPRERE ol dash bHBe 388 b MoSPRGEY factors
estimate can include predicting a conbined | argest region_ of

vari abi | i ty 19 a¢higgc Fhej taigat reppaase eriterih eandiap oypgriveenteds rapgecef ipputtabics fa
or nore inp f r . t.hi : j

combi ned 1 o qas Foure s Ay mpaniRt Fnd e bl P e e SRR ranas
per f or mance ofietprt aliesis ddermimtitvp of an egpgnewondeGollt jfor qackanbthhene or more
enbodi nent, creating.th al cul at ed, ran f 1nput val ues include
celecting. actmiis e Tuf SOl 28R e, yTBE s e SRr, BF 4 R ine
of input valonesr hiyrainpiteflabsy aicaedaipe ragp o @eut Lalldsewithifi She corresponding
performance netric i.s belqy1the redet erm ned Eanor nce ric. The
met hod can iHRATRFE!SH@RE YT B A tfEs (Growatiae sRmPEses fslegting 2 it range of
responses bagee valles e cidhi Jfdhd 8MO6r Rbrel iAPHfadtek USEdikth Ol % BF IR Ghe or
third performance netric for each of the one or nore output
responses, afdc EpPat raspensere basad ©nl the dustr @ngreobinpihpiluesy il dedeing a diagth
of the one qf ale _ / ' [ ST : :
i nput vaIueg&gasggm%ﬁﬁg&b%ﬁggg{g%ﬁ%b tﬁiﬁ?ﬁgﬁgﬁgé%g%@%ﬁh%ﬂggﬁﬁﬁ?%Jh°
and t he preddténtai mage pé mfpot valmesdonedehiof the @@k Imdre inpubfasers by adjusting
enbodi ment, thcer I tian P?e \Qllgeljlb?ige do raac%%gy gfonLPg'%l}Je;[fr\.s/tale 3 ;'nng,l T Iecsand
the foll ow ng sfép i T eV Pst ?e?for ce et 1Y & EIRBBVE”

pr eget er m negb@ﬁtér@ﬁﬂﬁnp@fo;mhﬁdecme@ieg t iTEg nietlidde inchidze chlﬁ?lating, using the
predet erm ned percentage of a sjze of the second range of input

val ues, sel BEFFHE & el FaRyat BRI Y f%?ﬁﬁﬁg?ﬂv W PE TRATR G RU Eactors.
first rangeref edchRiut YRtd#QE tHRESRGDrofork Mpub ERROrS tHemethb @ HehldeH Sb13cahH8S
of the one or nore output responses based on the third range of input
val ues to détcepdiange 1 imut yalpes by exaendiagieg palevlated range jof daput aluehby er
nor e out put r L i

val ues 1 or BECROARGRpeBlho RENLAL Vels SRR o ok R ekt baced
t hi rd rangeonthe sepund regeudsnivaseldeson datecroimp arsesmd peffotnfeace mietrah for each

per f or mance tric and th redet erm ned perf or ce nmetric. [0013
o ot ner - ghisartefer oy faTfe LR REACPRREE R phfav  GlE e
i ncl udes t hencfinplt Gxordyskippting fhe kk@nd Ringd op aiphovalire besedwihral @nipariigl gw
t he predeterm ned performance netric: selecting fourth range of

i nput  val uedIGs§eoRd parierniges metrichpd dherpipiperged Rpdermipaes fBetrisad Bamsihod
the step sizRudes ﬁﬁa&ﬁhg}glsmgltﬂ@ﬁmeéss&m déﬂ?n QpacHREENAY LRI ok RIROGISES
based on the fourth range of input vafues to determne a fourth

per f or mancemedified gangss abdeppt ofaluchewbereinothe rpedfigurapaes elempoheases eash
creating th I P . r
mor e nput Fie S EERE e RAR AR Bl bl o bl o LG Y
based on a denpgatfaans.of the fourth performance netric and the

predetermn f or mance ric eati.ng the cal cul ated range .of
it vl uel00BEl BEPRHC SRS ol geNPE bt SEHRHE P i PRBF e
metric is ab@ﬁtﬁuﬁé’lﬁ'oﬂbﬁ?@fi REFBNBE dlal &y f08 lehBNELthERInE 108 ' m&r8 toutpdd rdsPéhses,
third range of input values equal to the first range of input val ues,

reduci ng t h&'heewpthe medifigd mngescefeingitiyalesd dhe determiagive ofethe distipytign of
output response values. For each of the one or more output responses, a prespecified

number of output response values within the distribution of output response values can

-3



[ 0015] In anot her enbodi nent, cal culating the nodified range of input
val ues for each of the one or nore input factors further includes the
follow ng steps: determ ning each of the one or nore input factors
are associated with a conpletion flag, reducing a step size used to
sel ect the second range of input values by a predeterm ned
per cent age, ban‘dlﬂtimrpre%mmmdtlheﬁ onbep rionticeoutpyfutesiionss o theopreddiermirrgl
nor e Inpﬁ)%rf!)l%%&l?él?letﬂ%qgsea?%ﬁéag a third range of input val ues by
expandlng t second i nput val ues by the step size,
predicting \{wmm mfotltelnemboxhnmnt pmlenmglthpuibmgrespammdtraaeidd@srpredlﬁmg
third range o val yes to deter ird rformance netri
for each of et Reh S FeorBLB R euct Ry Brob demaning
nodi fied ranggit @ctdrd RidtsetV @ tHES adsBEiated @stirhdeld optadl aluby Pasidimb itgddshm
third range of input val ues based on a corrparl son of the third
per f or mance SPRSE CPEMER g2t slude prrdictingiarembpied fagessh Fretonrritvariability] foo ¢
I n anot her %?19?1 @dcfﬂ?n&herﬁﬁ%lu‘é‘% bf‘gach'b?tﬁ/ea(lxﬂéeo? ]ZR(;I’CT‘I t%ﬁ)rQEam Snywhere

out put responses includes performng a sinulation, an
the first pevithin thhcerrawondiog qon'évmdcbmgbspetglm rdnwmhéttt)rlacd satigfyt Hs
pr edet er m ne r.formn netrl of .the nunber of

val ues of tlggedg%e %rgﬁ%?ogm%%emeﬁngggﬁ%%g@g&? et%%cimr‘{’epredet ermned limt
val ues. Sel ¢@ililhh hdehdrichbodineengerating ﬂm&alcuaﬁtctm&ng@bf apohvabest ingudsse
or nore input factors, can |ch ude setting the f|

1 ran
O nos o D e b ke sh i e bt Pdibee Gt at alBE by e
t he correspepdbReminéP Eércérﬁé?éeqlf the Fifk® bélforiinanelehRr is ¥R th¥Bttdetdrined

met hod i ncludes the followi ng steps, receiving a constraint for the
one or nor e PPApRANERBEHICS T'émweﬁwéoﬁaetlnﬁgd%nea@gnwalv%%tbé B opere
out put respapsas r&g&%@s Yasdd"En Fthé Shird %g%pefl aldé@ltHe§ctéer1ﬁé1%r third
conprises adjusting the prediction to cohpens for the constraint
The constr alpmfomnca neirigdier zachs ef thﬂ:ecﬁnen@dmbrerwutplmrembagr ameb p@dmlrg)the
factors, a fagctor distri t|o

target - reaponeutes Frib op bbb s B R ARG s SRS Bl B Sajusing
responses cdit thiid ramge of inipat gﬂnesrlﬁsepmm e cudbarispn af eenfied pérfmepet mbire
target respo val ues a.critical .target response val ue, where

t he out put %‘ig‘ﬁﬁ%‘et@%‘n PHEAMARCC MANS or bel ow the critical target
response valpa2] inarfdfgr @FPEH¥RA lereati® tHENARuGH RLLS 8 MpaOTANids SBSudes
nanufacturlng process, an industrial process, a design project, a
semi conduct 8¢ Flisperg steps 1A cabipeEbIMICE HBgER 1S [ BOYE]theHaredetermined
i nvention, e p

desi gn spacgaﬁgﬂ&%%u%le abfegttri% aﬁ%15 g%tg |ts:3(t)1ta rbf%%%%?\lg%g %fgﬂ%&si Jr?%%legﬂé
process. Theccappaangt s iripm:VaJui@s Sdeq.ung egbisbrangonf lrgut miuetsdJyr fe«petidi@ the
data for on% gran g Pu;{l qJCt %ron hgrstea Ezhy redi \rza Ceso ’thé)nr% cS)rrmore
more out put TeSPERSe LB oY YR BF oless S Rid el 3 cri verid

i ncl udes a bﬁi{)@iﬁfresp@@ﬁ@ﬂbﬁ&dcm ttl¢ ithind frﬁ)jigeeai‘.‘ﬁlnpmf \tahes aaed@asnnme third
out put respon an estlwga q&ﬂgtl mal val ue for each of thde one or.
nmore i nput P¢ rga,agcct getae theMgedt PEEHYHRY TEsRoPEss; and giggfingthe

exper i ment eda1LaRNeE rddke PRt mhéa%‘r éa‘éﬁ o &fehbrefor e apat &'étof’@ﬁﬁadjﬂﬁﬂg
factors, where each input value in the experinented range of " nput
val ues is déeeh¥id rage pe inpput aﬁu%sdxawlt ot @ sprpasison af the thist perfRymapee mpleic
one or nore ssor is further configured to
cal cul at e, %&gg&g&%&ﬁﬁ%ﬁﬁ%ﬁégﬁe%@gﬁ nput factors, a cal cul ated
range of i np3lhl usthenictnbbdinteh comting sheoratiutagedepger oﬁrmpute*ehlweang@udﬁs

t val | atj ng .jngl ti f f t
valtes Tor - Headhioais REbSrb 16t G ESRBOTC JBEr o e Ot gl
of the one gérfdraiafceOkibpidt saaﬁmgrasﬂﬁrtbaslegé Sthinpitevdlics Wy &paginthd gt

values to determne a fir Eerformance nmetri.c ff’ir each of the one or
mor e out put TANER pbHBRalug ase entheren s, Prictingyaders ob Higeong r mepr Qutput

responses based on the fourth range of input values to determine a fourth performance

metric for cach of the one or more output responses, and creating the calculated range
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cal cul ated range of input values for each of the one or nore input
factors by adjusting the first range of input val ues based on a
conpari son of the first performance netric and a predeterm ned
performance netric. The comnputer program product further includes
instructions being operable to cause a data processing apparatus to
cal cul at e a offibwhi vaersderngel of the apger ek irpyt fagiorsdstadjusfing e fonith ignge of
nore i nput f | at i ng. | des, i f or __gf
the one or arb Vs TGt R " riiet RF s Jouf BerioRilibe AGHE o e
val ues by eypaingimned perfoalaoed mtteid. r@egmgahe caipulsted ainge f mpud values can

pr edet er m ned rce e redicting, val.ues of the.one or. nore output
Fesponses. batblicdfic Fi e Bi 1 bR pripietmr e 15 Lrhie gl
second per f geff@RGacdBletrict sdt@iig BRARIr@ tankh@f MRt O8luBPER D b first range of
responses, and creating the nodifjed range of i nput val ues for the

i nput  f act ofB¥Y valiptaSedUAGE hroster i8R QY PaEEtEmineARFCelaE Y Sslepiged fha
conpari son of, E*bj?iﬁﬁ@%ﬂe@ feﬂ{a'f{&ﬂ Snd TR ﬁn&n&k hp& RiIRYSh&Bed step
performance nmetric. The conputer program product turther includes

i nst ruct i onsizbairedjctoygerakiss ef the coaosmor ciuArgsPUBesEisehomibp fowthugngert
predict a des) 90, 3PACCASSHIIPY S has Bralh £O3LAN! NEDAET 5d Janges
of input values, eref n the noditied ranges of i nput val ués each
conpri se a batpgestpanegi emd atatingrthakbdltlityd vdnge of tnpat waluds doi @chbE the one
fulfilled for one or n?re OL t%ﬁ:}gi.n u#l factors. [00201] T[g]e i nvention,
in another 85PBYT, MPYatifioss Y% At o OWL} FAREE | Ho B e P g PR 6f
i nput fact ocsmpdiioR WPt fof8IPGREBANIMEE rhethb Sl ClRk REQERSTed THefosSiem
i ncl udes neans for receiving data for one or nore input factors for a
physi cal prﬁ@é'scs_, one or nore output responses for the process, and
criteria. T@ﬁnﬁ]' i St ERGdSEn Bt g 8he &8&&9&‘%58 bf fn?ﬁt‘ Wik el @S the
of the one or nore output responses, an estinmated optinmal value for
each of thefdlvaving stapseifi thsusedondt prormancac hictrice i rbovarthetpredetgyminsd

criteria, a r n f i t v es.,far C

one or nor eB?rﬁ%}ag&g%te{or{rzg Q&\g/\ﬁ%&% %‘ggﬁle? r{%{sﬁ% ?/faﬁhﬁe,t ‘llarlluetg heéfﬁaglxiic;}et?{lL rsféér%’t%gd
range of i npage vhinpesvahssdat essvciadhg ¥ ecrapleden Hay with thedspo fssory dreating
for each of .the e.or norge.output responses.  The system further

el udos meditomegied Shudh o 1Rg! Yebe GRERDI HE GHEYEE Wesalipecond
factors, a paldithaAdeehlciiidng®cioly thoPrddeieahinesd padddtiaicd ARtOkdlESRE RCIhGE
experi nment ed range of input values. Calculating includes selecting a

first rangel@8eiohpirut valugely eepandingthepecopd re1ge of inpis valuph Byt step Size,
factors, preglieli yal Les. ) Q e Qo £
on the fi rsta%lg%dg@ggfe%i nput Q{/Iéﬁ%ge%(g%lgddg% %ﬁ%gﬂﬁggﬁf#ﬁge(ﬂ%?#gg@eg
metric for wadots affthe hee ommowgroutpmit eesportspubased op thestbd ranged of mpat valgestthe
cal cul at ed rpange. of ,i.nput. val ues for. eac th ne. o re i nput
Factore by Sardleh g RtplRure R b Al oftne Of of ALl EpblR and
conpari son ofeatirfpetht inickifiqderhgy ofinpet vabies ifer thadnpmut Pfacestaiyesdisaag the third

performance netri¢c. The system further includes.nmeans for cal cul ating
a modi fi ed Faaﬁge% ot Kl Qs 2 eambaisBIpt SR i FHBIEANCFEIRETS HRLAC
factors. %Fﬁgét%ﬁiﬂgjéé@ﬁhﬂ%@m&ﬁ each input factor of the one or
nore input Tactors, selecting a second range of input values b

( ! \ Y
expandi ng t H#18hIncampther embedigentosalewsing thamgdisies yange of st elvasiereach
percent age, PREdHChE RYrdBbHEStOfs hitfer MGud ¢ oﬁo@%%@ps:r&m each
based on the second range of I nput values to determne a secon
per f or mancecfrét pne of oworemptt fatotshee amseciaed mither @uipkitonrfkgpedsesg a atep

creating the nodified range of, i nput..values for the input, factpr b
S ast i oo 1t S o Selpd REeRea el i 48 Sl e A e L e e
t he seconﬂ perchel mat][he @nﬂﬁi’ frio€e ilﬁhpgi ﬁa&@rspff&ﬂcfeb@d’dﬁ mgﬁ i@@rtff@dmgﬂ@eecﬁng a
metric. The system further includes nmeans for predi¢ting a design
space est i nmiid BageeRf 1put valugs %zs RxRapdingdhs sooepd F%&H@ég nwfﬂg Y*WﬁﬁtbyvtgF §ieB

size, predicting values of the one or more output responses based on the third range of

input values to determine a third performance metric for each of the one or more output
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[0025] FIG 2 is a flowchart illustrating a nmethod for predicting an
automat ed predictive design space estimate, according to an
Illustrative enbodi nent of the invention. [0026] FIG 3Ais a flow
chart illustrating a nethod for cal culating a cal cul ated range of

| nput val ues, according to an illustrative enbodi ment of the

i nvention. ['eDRmyes,FG, cre@ingsthy modfied wange oflinprgt vadues rfgr shenmphbofacionrbya
st epw se regqi : ' s td C . |_nput
val uos. - acoar i i RE Ry iR ALl o AR Y ol TR AR
[ 0028] FI G n3dfi¢ sndahé predetednandd pekfousdmcatiends. a met hod for a stepw se

regi on expansi for cal cul at.ing a calcul ated ran of i nput val ues,
accor di ng tg&(yﬁ?ﬂl} Iaﬂgt?‘Fral’a 8‘518}?8%&%‘3%{%0 % Haé“?sng’gﬁlﬁ SRS Y 0B96) OEPE
4A is a flowesphakt indildestpedbiniife A MBHROCarfokinfuldion| ald e @rstTPétdringske
range of input values, according to an jllustrative enbodi nent of the
i nvention. [003%fhepeepndaripamance msiice et the pradetsrpiacd pRyfoamaractieniri¢ g 2a
stepw se 1 egQfrEXHAnR! Ainb&! o Fhiptd AFIAY GheBdInidre ugﬁﬂ%gﬁﬁsésnﬁrﬁhin
val ues, according to an illustrative enbodi ment of t I nvention.

[ 0031] FI G pimieieymined lisifrvaines.| Belsating thenfiystraggeapfinpuvaldisior agchfodithe one

Lo an 111 ustl dfoigoPEE AR ntfiolo P S RRORS: FRAOR Anedt GieL 2

di agram i | | peddetetrhingd pegestpde ok lodwapbayr bamdcandd ofi then@rpoatiaienput
used to cal gul ate an automated predictive design space estinate,
according t P4 illustrative enbodi nent of the invention. [0033] FIG

S5Cis a di ags@Em i husilhdradn bogingend) 1A RcBR)d ©baMdsate follovihg RlcPY,i rB&kiARg a
aut omat ed predictive design space estimte, according to an
i | | ustrat i veoustpigtfordhe ob ot marei inperfasters, and predicting values of the one or more

output responses based on the first range of input values further comprises adjusting the
prediction to compensate for the constraint. The constraint can include a user defined
limit on one or more input factors, a factor distribution, or any combination thereof.
The target response criterion for each of the one or more output responses can include a
target response value, a range of acceptable target response values, or a critical target
response value, where the output response can either be above or below the critical
target response value. In one embodiment, the physical process comprises a
manufacturing process, an industrial process, a design project, a semiconductor project,
or any combination thereof,

[0018] The invention, in another aspect, features an apparatus for estimating a design
space of input factors and output responses for a physical process. The apparatus
includes a processor configured to receive data for one or more input factors for a
physical process, one or more output responses for the process, and criteria. The
criteria includes a target response criterion for each of the one or more output responses,
an estimated optimal value for each of the one or more input factors to achicve the
target response criteria, and an experimented range of input values for each of the one
or more input factors, where each input value in the experimented range of input values
is determinative of an output response value for each of the one or more output
responses. The processor is further configured to calculate, for each of the one or more
input factors, a calculated range of input values within the corresponding experimented

range of input values. Calculating includes selecting a first range of input values for
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[0034] FIG 5Dis a diagramillustrating a graphical display for

di spl ayi ng an aut omat ed predictive design space estimte, according
to an illustrative enbodi nent of the invention. [0035] FIG 5E is a
diagramillustrating a graphical display for displaying an autonmated
predictive design space estinmate, according to an illustrative

enbodi ment  ¢fch Ak therRnentt Bare Degtafacters. D@Q@%pgww of thrzee phmeEnputput
exenpl ary e j 0 I i kLt : i

catimat ¢ (PEAES S oy f SRR oF o ERECIE LU miES @5 pARERance
manuf act ur i meetpe Geeseh of thelvat pi mbrepputims sespoises, &nd esiating thesplsolaed ramgsd

on input facters ut put _responses, .and_varjeu riteri.a assocl at ed
With the i oot tipol dfi R O gty MRk BRecl AR BRERS B,
a di stri but iisut dlueliapsd on £SpQpasiSorvel thiefrst parfoemelcehettid endoneredsterttied
out put responses. The PDSE_al so i ncludes one,or re | argest regions
of vari abi | iPFYOTERCSEERS) NGPrecsssens fgrtﬁersfaﬁﬁg%_ oY ?W%ﬁ%ﬁ%@
i ncl udes an gif bR for AEKYEBthe bRIbIORoR inptAR e | calyummghiﬁcm@s@'bfoae&h
| argest region of variability for each input factor, both of whi ch
are cal cul atieit fistosaf ©e onper @petinpw fdwn selfectigrapeeondaatses dpubyales byo

satisfy the | terig.a I i . i t.fac r

out put res pg%}édélgﬁg %Ogﬁ?ﬁﬁ%ﬁg&é@: IiS)Pa1 @‘gh{éﬂn%éi ](J:y |az1 Itpggsd'?treg[??/g% %e?&gtage’
system 100 fpodighieg fvehwks nf) tteusnenert morepruguit ctspurscesl @sied ronsthacecond tranpet o,
according to an illustrative enbodine of the_ inyention. . The system
i ncludes a d4tA "F‘lﬁﬁmfo ﬂ%ﬂm‘i‘f‘oise*ﬁg P&%’%‘"‘%Dﬁ%met"&m‘}r b of fhsndif %’s‘mre
data to theodpsi @spodpacendastdtingtie medititeradfdof idhie valRed fn tiwdane factor by
estimate nodul e. 104 i ncludes a receiver 106. The receiver 106 is in

comuni cat i 8HUFiIEnthE SsPedetaigr of oputTYAduss hased, @p & egmBditoR (pd the second

processor 108 f&hfinkd) nkc@EUA R pRAMDRcA pdabaRAsE k. TR PloBGESSRI
108 is in comunication with a control unit 112. The processor 108 is
al so in comiuice senfegured tohpradigh & glesign spage epioagbageduatdeast opuhe mpdified
(e.g., input,f n p C :

{hr ugh t ne SaesoF el Gy Bkl S aRRRNARR AN in Vanfs B G prise
whi ch t he désgghregpacd vasibihgtvehenothelcatetid 4raifidfilldddfor eecerl radre of e input
PDSE. In on?ac(ixanpl e, starting criteria are configured through the
control uni 21>, which are used by the design space estinmate nodul e
104 whil e cad0a9| The igedthed, MROEthed ivped] Rituted @ dhpliRf hdgtant pradest, thadibly
exanple, a tg@g{g_tﬁd response criterion for_each of the one or nore

out put respé§ TRe®t dRpEN2LQS SEREE crlif eFATEHHE p BRI PTodHEt JBE PSS

out cone for ;Raakiot bEiRs oPAsHIO ke BREESa Atk RicetsERPHRSRs t6RiceiS ABRIFSh orle f
an out put response is fuel consunption and the target response

criterion ior2mec apusfacene for hehsdedl grocspy cac o tmeratatnw defpenseg for the
desi gns the : Al i Lahi-l i r C

of the. i npuP Fan Sp<HEh, THEcHRFREThRERlA RopdBELARKNA b ol Har 8RR
220 ny/ st r okemotevwmiecspoires)ianestisated bgtinma vglet foresplonbide one bembm inputa

target respgnse value (e.g., fuyel consunption equals .220 [ straoke
L ange of | Bt i piEeten B taredlGrungn VPl ot oy Swtrrtod Sk Rt
bet ween 200 vaméss forodeeh adFfothd ddhendy BilofOkpht fford Whérkidaah ifiRsPANREIn the
val ue, where the output response can either be above or bel ow the

critical tafgSIMeasAdntss Qfanpy Yabuey 1S deleimiastivaRi\a FHPEarRnSEAlue foy

some enbodi BRALSh thE e AR ShoR AR & B&e@.ﬁtﬁlé'aﬂﬁﬂu@ QrafrChrobi® Sfirth
data fromthe dattabasg 110 insteade%f% directly fro?rﬂ%r %rger? I'n onret .

enbodi ment , inthtdas instyudtionsl beingeperabisde chuspatdageepigeessinpappratiss kngalaulate,
uni t 102) ot {4, Ay QDK G- SYSLGMDS, SEALATe BakbSe ABLARARS WA e
subsequent | y provi de 0 e receiver to allow a @ser to store data
for |ater userdyoridie elgrtiginiepaseeast inpit elveduCdcilftthg includes selecting a
first range of input values for each of the one or more input factors, predicting values of
the one or more output responses based on the first range of input values to determine a

first performance metric for each of the one or more output responses, and creating the
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10039] In sone enbodi nents, a nunber of experinents are run for the
physi cal process (e.g., industrial process, manufacturing process, or
desi gn project) before generating the PDSE. The experinents can be
desi gned by application specialists who can detern ne what input
factors and output responses should be included in the design. These
experi nent s cakulaigdgangeritiemit valnes foekahi ribhoe dranoueerput factars pyrdjusting
factors and e

experi ment s SonrsPHRB G BER ALl L BiRAE i Rl R itz
of input factpedetahires pedochetnee mehe. Whlat comptupu tprogeap ensiacty Alrthersinalides

Phe. oot put 1 RUHCHESEASAEt B XA CORBT TR B RLCTHHAE & modtAed

factors. A usfe of i $a1h€b9foe>é§tﬂlrdﬂfﬁ@bﬁé ofi@bR hpitaE@rs! al@adiag iindites,
uni t. [0040] The design space estimte nodul e 104 &_rleprocesses t he

dat a recei vder g3¢h inpat faglor pl/ibe op et MercnpE SReiers syslesnged sqoprd Bngg Al inaut
104 cal cul atv%l%e@ﬁoye%%%aﬂﬁ&gdth%p&l&ﬁ&te&' 311ah'§‘e Pl inp@Chafls Hea Eﬁl@dé@ém{ﬁ%rde
i nput factors that achievés the target response criteri

exanpl e, t hecwantagd aradipting amupeolcthe phedr mate anitput sespenspd oscd emthstsccand
Lo, 9ot 0 JOREH AR VILG UL 8t pPure RSO el by nc e
res pf)nsefs ( encge puiput mllslgﬂisesarlrgd archiighthle avtodified tahge b [np&a?zzhu&eﬂor ﬁfc input
benal ty ¢ or At dnk Gieie: FiE SCoRL PR TRIEY S| oM dr CaufTeRfegt e
in the regi geconll pedorinlabcs MBGcI AL AhS pREQemBhedpcpfoph@te nhddd 1Thel Benputer
desi gn space estimate nodul e 104 is configured to calculate a PD
with mul ti pPEgsie prdustdyiiy dedudesipsiruetions gﬁég apARRYH tosprusea B DrAgESING
modul e 104 %ﬁ’%u&é’i fUpRbigt QB@Sl%PﬁEchQﬁ'hat@'ﬁﬁsgﬁ%t s &Hh%%ocﬁﬁéﬂ%ﬂ%&sof
or calcul ate I't1 ple PDSE no across the output responses

prepr ocesse@lpdatvalugsal\thwwh@lwddiﬁd eogdsneft mgutoptliigsatach adouprifor lewmest
Of e, one Sl RSk AR BF SlcnRbe.GRHEY Sy L) ARAS LOTRAMRE
opti mal val (@ERO0] mh@mn‘mtrmat incnothki &spédmefeamfa:ea sgadm fdr(HStlﬁlblﬁlginIG%&Sspace
(e.g., the |Pput fact or Xalues out respons values

const rai nt sPt f &AYE 48 Pufnyf gesppn %é?r f P YSI AP | 3‘)‘3 fSéSSrte‘PHBCIB‘?Fé
or more i NnpulecahPfol QERINEIRa Fdroner drlifdr: em@rt @ackds forl d ﬁ@s(chhpfol?&&ane or
For exanple, if a user would like to run process at _a_known

t enper at ur e MO QUIPHF §RBENSER GPIoCOITOGHsPi %11511 Plilttarya f ohet pritenEpaclyie oy itarae
the tol eran I [

flow . - [543 PRRERoR ol A oF B oS ol by e s I R im A optiml
nmodul e 104, vénel fcgrreeclwﬂtha@he unmorelmﬁutc%ﬂobéo |adp¢\@nﬁr¢ttetget resplingé tratkria,
el ectronic CIJCUIeptc [ imehfdd G20 npu vaﬁl & ea h nb oand({ror Y Ifz;[c e
i npl ement ed W th approcesso ep sheEnt At 8n can, f ororexs & he
a progr ammhaemadﬁﬁ§SWaluean ¢1mmpéxaﬁentahﬂhgn“ oﬂmlbatlvalues rsmlenuhmnﬁve of an
Wiile FIG 1 jllustrate ed input unit 102, the design sg&_ge
estimat e moOUPE TEHPANSS ECf’é His1ORG AT PoTeio R TSR B HEOHEIRY
one skil | edifcfudedredst fof @ﬂcﬁﬁﬁfgeﬁir%% bk ohBer MeRCH Eﬁ‘@ﬁbtb%s)/a%lcﬁ’lﬁ@d
or nore of these conponents can be conmbined. [0043] FIG 2 is a flow
chart il | ustange johdnpt velves fathin tg Wmd@ecﬁxmﬁm@m Bnae 9§ lenwt ypleed
predictive td;

Erbodi ment 6f TP RS RoaRer SR & g5 Urathut JuRl foh LTS 4% or more
via the pr omﬂsfalctom@adicﬁhg vdhubsaof the loneles mobad autpmresqmesasrbamdrcm ﬂlmﬂ'm{t
factors for_a nmanuf act r_industrial process output
Fesponses. 1 BVER A6 b e uirtia S PerRiIRE Tiiofr fesi St T e d
criteria i nglodd@spa rés@b@eb ah @ $ReHSEethe chiclafed Rarigd bf BPahvadiestibiccaoinef B
nore out put responses, esti mat(fd optimal value for each of the one
or more i npOke PHEARGE énRUé %‘EWF@J% H%mgaﬁh@é'trstr@ggfoﬁgénmlf iVERIES RasedrRr an

comparison of the first performance metric and a predetermined performance metric.

The system further includes means for calculating a modified range of input values for
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expansion of the factor range when the predicted output response
val ues are net for one or nore of the output responses. The stepw se
expansion is done for each of the one or nore input factors on a
one-by-one basis. The calculated | argest region of variability for
each input factor is used as the staréugg criteria for the search

¢

(steps 206 &Aeh OB owst oriTARe b fagions. | ingripgpdss, foF caehinpb factaret gre
the i nput f t

the out put Posoomen SpSt fietort Wb AFhERR FAfe KEIpuEReduSI Ty proaing bl
calcul ate t h@lcul@wdlrm 0fmgémlu$@g|dmne®tewaned atncdzntagﬁ, plfedltchw valpagtof the
factors wher t a t
response spegﬂ ? | 318 i lrff%”t %P{”ﬁse%és:sﬁgc gseg‘%]n% 1%%5’6‘;fnt1 Y és %’n%eeéeg‘%{c“g%
esti mat e nodedoad Zb@lﬁfomfﬂncuhﬁtribsfot &ehmltmmc&dndrangtpuofespdmpm andibraging

for all the jn ctors_.toget her mul t apeousl y).. .Step 206

oscri bed | A9 TpUIRES T41gt B fnpih vahes drahbro REOE sty seovd aes of
to step 208 1nﬁulﬁeva%§'lgi@ecﬂ%§c§ c%ﬁip'aﬂﬁineomﬁgﬂs&oﬂi@‘lpe@ﬁhﬁéﬁc@t Rstrichgénd the
nodi fi ed range of ut val ues faor each input factor on a qgne-by-one
basis. Step pmsterl@ma serfarpance metrigr The pysipar Artherjnelndesanesns fu eredicting @
3B. [0047] t

104 can use 1 F} RS ERAbELER 16k on bl AR B R S e e
response t o nesiifiadareges b€ inpat gaes creingempise wdarges rdgidnyof(aurighilityf wherakte
i nput factors |nd or for a nput factors in

conbi nation’ ﬁ[f%%haed f%ﬁn%ﬁpgregﬂfe mgutggﬁmrﬁ ons. The desi gn space
estimate rTD(ﬂllIlZﬂ] 104 tebitiquam] vhithliycledd! i afedmds e @Sﬁtusss rigscribed herein
prespecified crite i% The criteria include, for (rg eC|f|c

di stributi ofd® P@Vﬁie thg 2f¥aniages qf SPPM3HRS 8Prefessior delR &I*’aﬂar est reglon of
di stributi OR)riali%9 ForS&kh ﬁfp\ﬁ Akiod 4R prétiing faafdtb Fiod D opuPksfAke values
responses (e.g., user defined limts on speC|f| c input factors, user
defi ned i npder ¢9§ht®ﬁpuél|1"9€1Pplilﬁl§uwﬂé)rﬂrsgl"eft kyRnpic probelilit r Bhe {asgest regionstasy
Mt ur e desivgrsbiid Bia SR 8hy Aldvs bIBHbu! AGALSANR UL EbNEH AU ay o
one). In sone exa condtrarnts Buch 'as qua |tat| ve 1 nput factor
setti ngs (e119:9330%&3@@1(11Theainﬂeréltum*te)naomdch ®osidtretiomipun effaoend and edrtdchysy.
(e.g., " C roce . 0., the
Gual tat i ve TRBHRep L fosp@bes sl phr Pl ST S L @EGRET plfgpsy i
repeat ed coﬂﬁ&traﬁllﬁ&ﬁctﬁfn Moidéie ﬁﬁrdeagﬁlgghxieaéstﬁmse)s iwhidhh eas deehandled ain
a continuous i put facto Funct ions ca ncI uded 't rf.orm

cal cul ati on§°q n@“‘m X tﬁ‘é‘P%"éFqnoc%tFrﬂﬁal é‘t‘ﬁ&ﬁ’gﬁ‘l %Wﬂ“?&ﬁ%g‘%ﬁp g‘étl{lﬁ"ﬁg@"t%
qual i tati ve ghdyithe bAGEAESonAR cﬁm@iﬁb&{)&a{ea b n%récﬁctﬁmrmfégm setting
for the qualitative input factor, where the distribution can be set
to specific [§R3bAMer iaspests qnd. agivantagm, off tha preseng, isFertion anl heoomefaprents
a constraint. (e

i sor ot ¢ soterhiE PUSHRTRHILT el Rhor Wik ARCORLRRRH A 0, BLompanying,
by the constlraawmgs) illuptrating the mmquhsrméﬂtesnveﬁmon bevhnotalamplsiy. ai nt s
for mxtures, the design space estinmate nodule 104 normalizes the

i nput factors each tinme after the randomvariation is added for the
Monte Carl o simul ati on BRIEFTEESCIIPTIOEIOF THE DRYWWING8ct or s equal s a
const ant (e@]r2 F [0048] FI G |saflowcha illusfrating a
met hod 300 A@R3LARe fPreping apdcathey e éfa fetges: ond; aflta%ﬂ gbdhe present

accordi ng t en@fkidd, laySke1ahi Ve GIVRRASHITREE Qfillt e nioRY €Nly ARderdboSHER the
302, the deag}n space estinmate modul e 104 (e.g., usi ng the processor
108) sel ect $olwvfing sdeseriptiga of varjous cmbadkmeritar vhgshresf tagsthenewigh the
nor e i nput 304, the design space estinmte nodul e 104
predicts vaﬁ%(eéél%(%?yl?%ra%%n ‘or nore output responses based on the
first range[624] BEut 1 ualaumemﬁtiodéltusmﬁdneoﬁafsiystsm foe rfredicrangcar @etordaed
for each of the _.one ar nore out r esponses. st 30 t he d n
Space. oot | mAIECHUAdeS e e B, FEORSTE & anelltige Srbadkpy of b

invention.




exanpl e, a DPMO of 50,000 hits outside the limts for a particular

out put response is 50,000/1,000,000 = 0.05 or 5% which allows for 5%
of the predicted output response values to fall outside of the
specification |imt range and still be considered acceptabl e

per f or mance. Qig[50051] Wth further respect to step 304, in sone

enbodi nent s [0&5}t EHdorh ir 2 dlow shagtidbeptiping dc methap uior frardigingbas aytogited
the sel ecte I i o) r Car, Si L.O :

nor mal di st %lr%:ljct?{v% n@gighugrha%eg re?ﬁrgiﬁg"'tvrg (IQ; ﬁdtl%rtlé 0:1(1)1 r mgytjtnﬁvgn[gﬁ OEFH et GF the
di stri buti omveatioh.ranges (e.g., the first range) to i nprove the

Fandom or r ol LB oft fyssTsarEt sl iGme Bod PRG3R appee

predi ct ed ouf it vabspoRsardingltdign {Rsteative 3mbbdihefidofshd inthngibsii but i on

. 2 ith h [
oo o A Bl 53 Eebeba bePediys S0 SHOR TS o
conpari son @fichiRgnd 4 EAbuIREA f&?%ﬁﬁﬁuﬂ%lﬁés?a&ﬂﬁirﬁg BradRt il d&dbodiment
performance netric. For exanple, the design space estimte nodule 104
conpar es t hef thglieigntiered DPMO for the Monte Carlo sinulations (from
step 304) t it .90 cod .
compar | son JIPRERFRRCH s 8% Alfiliciathg » M forRh Bl ol cxpansion for
per f or mance catetlating a salcddaed rdngel of mpH @luedBacchid{dg t8 BniiBusrafivoemiddament
iIIustrating %_port{on of the method 300 for a stepw se region
expansi on f 8F BEIERN i ng the cal cul ated range of input val ues,
accordi ng t ¢o02n] Fid.ust isatflonectardinokinaeng a efetold dor dak@iting 8 modifieit refe of
322, the first performance netrjc is conpared to the predeterm ned
per f or mance 1t ¥alees: coxding te pp drusEEprsmvatEenheihs BYidicBbove the
pr edet er m negh3gEFIc. UB & BHWEIRAGINRAE K DEREES f3rQ SdphRse3dion SkpatisP for
324, the design space estimte nodul e 104 Sel ect a second range of
i nput val uesalpylatingcpmpdifed rags o isputrvalngs agfording ta an/ifpsimsive ymbodiment of
predeterniBﬁgéﬁﬁ&ﬁggtage. For exanple, if the DPMOis larger than the
specified mt, the first range is divided by two. After
sel ecting t (W33REBhG A iang@goin ilinpwdting al gugdhjcaheis fiad o3 ABplaying er dstotmated

tep 304 of FI.G. 3A [0053] Lf. the first perf . Metric.is. b
The pr odet ePFIRES ASHER ot s iAot SO i cBoen g e rrpodi AT B

step 326, theeatesl gn space estimate nodul e 104 sets a step size to a
predeterm ned percentage of a size of the first range of. input
val ues. At éflﬂégl_ SRR dé@%gﬂlkdsga%ﬁr@m%&éwiw fghmﬁwwgawers
expandi ng t hedf iof s4iclIABAR AtomBMRY priBEHRSIRRSC BN chthRats! SRoRFAL to Ah
step 330, the design space estinmate nodul e 104 predicts val ues of the
one or nor eilbtrgive embegioreseef thaweenton. t he second range of i nput

values to d j - Iy

or more. out o] i 58 B B SR AR AR LGk o SRER B o AR
nodul e 104 predmties debign csphaeu bstinede, r angeingf td ppuilustative sniledineat lofothe
the one or nore.input factors by adjusting the third range of input
val ues basedV8W%- conparison of the third performance netric and the

predet er m NEBIPEFIR SIER & AidgRin ilRistratin® @4dphibht disgl@sfRe eisplaging ke BstoddRed
and 328, the design space estimte nodul e 104 can set the step size

to 20% of t BEdIcliys design fRacss estispilt, 4F8PIGEE, s @n SbBstrigve ranbodimg Afatige
of input vallesidy expanding the first range by the step size. Wth

respect to step 330, the design space estinmate nodule 104 can perform
Mont e Car | o[MBALFKL. iSErisa dieguesitinitintidg algoapbioal displayefoe displeping on gutepagd4

Cesponses. POOLATS WA rRag R (PR A AErRle TPLEPHES: ¢e

created by agpmiinl ng the second range of input val ues based on a
conpari son of the second performance netric and the predeterm ned
performance netric as described in FIG 3C. FIG 3Cis a flow chart

DETAILED DESCRIPTION
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per centage. The net hod 300 continues to box 328 of FIG 3B, selecting
a fourth range of the input values by expanding the third range of

i nput val ues based on the step size, and so on. 10057] For exanple,
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output response can cither be above or below the critical target response value (e.g.,

either above or below 220). In some embodiments, the design space estimate module
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[0042] The data input unit 102, the design space estimate module 104, and the control
unit 112 can be implemented in digital electronic circuitry, in computer hardware,
firmware, and/or software implemented with a processor. The implementation can, for
example, be a programmable processor, a computer, and/or multiple computers. While
FIG. 1 illustrates the data input unit 102, the design space estimate module 104, and the
control unit 112 as separate components, one skilled in the art can appreciate that the
functionality of one or more of these components can be combined.

[0043] FIG. 2 is a flow chart illustrating a computerized method 200 for performing
automated predictive design space estimate, according to an illustrative embodiment of
the invention. Step 202 involves receiving data (e.g., via the processor 108). The data
includes data for one or more input factors for a manufacturing or industrial process,
one or more output responses for the process, and criteria. In some embodiments, the
criteria includes a target response criterion for each of the one or more output responses,
an estimated optimal value for each of the one or more input factors to achicve the
target response criteria, and an experimented range of input values for each of the one
or more input factors, where each input value in the experimented range of input values
is determinative of an output response value for each of the one or more output
responses.

[0044] At step 204, the design space estimate module 104 calculates a largest region of
variability for each of the one or more input factors. At step 206, the design space
estimate module 104 calculates (¢.g., using the processor 108), for each of the one or
more input factors, a calculated range of input values within the corresponding
experimented range of input values. At step 208, the design space estimate module 104
calculates (e.g., using the processor 108) a modified range of input values for each of
the onc or more input factors. At step 210, the design space cstimatc module 104
predicts a design space estimate based at least on the modified ranges of input values,
wherein the modified ranges of input values each comprise a largest region of
varijability for one or more of the input factors where the criteria are fulfilled.

[0045] With respect to step 202, the largest region of variability is calculated with a
stepwise expansion of a percentage (e.g., 2.5%) of the input factor range. The input
factor range is the region of values of each input factor for which an experiment was
conducted as described above. The design space estimate module 104 expands the
input factor range by a percentage and performs Monte Carlo simulations to predict

output response values. The design space estimate module 104 stops the stepwise
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expansion of the factor range when the predicted output response values are met for one
or more of the output responses. The stepwise expansion is done for each of the one or
more input factors on a one-by-one basis, The calculated largest region of variability
for each input factor is used as the starting criteria for the search (steps 206 and 208) of

the combined largest region of variability of the input factors where all input factors can

vary and still fulfill the output response specifications.

[0046] Steps 206 and 208 calculate the combined largest region of variability of the
input factors where all input factors can vary and still fulfill the output response
specifications. With respect to step 206, the design space estimate module 104
calculates the calculated range of input values for all the input factors together
(simultaneously). Step 206 is described in further detail with reference to FIG. 3A.
With respect to step 208, the design space estimate module 104 calculates the modified

range of input values for each input factor on a one-by-one basis. Step 208 is described

in further detail with reference to FIG. 3B.

[0047] With respect to step 210, the design space estimate module 104 can use different
mathematical regression models for each output response to estimate the largest range
of variability (e.g., for all input factors individually or for all of the input factors in
combination, the PDSE) with Monte Carlo simulations. The design space estimate
module 104 automatically calculates the PDSE using prespecified criteria. The criteria
include, for example, specific distributions (e.g., a normal distribution or a triangular
distribution), user set criteria on input factors and/or output responses (e.g., user defined
limits on specific input factors, user defined input factor distributions), technical
constraints (e.g., for mixture designs, the sum of all input factors should always equal
one). In some examples, constraints such as qualitative input factor settings (e.g.,
“good” and “bad”) or discrete input factor settings (e.g., “low”, “medium”, or “high”),
can not be processed (c.g., the qualitative input factors can not be randomized as
required for the repeated computations of Monte Carlo simulations) in the same way as
a continuous input factor. Functions can be included to perform calculations (e.g.,
Monte carlo simulations) with random settings of qualitative input factors.
exemplary function is a random setting for the qualitative input factor, where the
distribution can be set to specific probabilities (e.g., 60% of A, 30% of B, and 10% of
C) as a constraint (e.g., by assuming that the random population of discrete settings for
the input factor has the final distribution set by the constraint). In some embodiments,

for technical constraints for mixtures, the design space estimate module 104 normalizes
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the input factors each time after the random variation is added for the Monte Carlo
simulation so the sum of all the input factors equals a constant (e.g., one).

[0048] FIG. 3A is a flow chart illustrating a method 300 for calculating a calculated
range of input values, according to an illustrative embodiment of the invention. At step
302, the design space estimate module 104 (e.g., using the processor 108) selects a first
range of input values for each of the one or more input factors. At step 304, the design
space estimate module 104 predicts values of the one or more output responses based
on the first range of input values to determine a first performance metric for each of the
one or more output responses. At step 306, the design space estimate module 104
creates the calculated range of input values for each of the one or more input factors by
adjusting the first range of input values based on a comparison of the first performance
metric and a predetermined performance metric.

[0049] With respect to step 302, the design space estimate module 104 sets the first
range to a percentage (e.g., 75%) of the largest region of variability for each input
factor. With respect to step 304, the design space estimate module 104 performs Monte
Carlo simulations with a number of samples specified by the user (e.g., a setting stored
in the database 110). Monte Carlo simulations, or methods, are computational methods
that rely on repeated random sampling to compute their results to simulate physical (and
mathematical) systems. Monte Cario simulations are often used when it is unfeasible or
impossible to compute an exact result with a deterministic algorithm. Generally, a
Monte Carlo simulation involves first defining a domain of possible inputs (¢.g., input
factors for a physical process). Inputs (or input factor values) are generated randomly
from the domain (the physical process). A deterministic computation is performed
using the inputs (e.g., comparing the output response values to the desired criteria for
the output response values). Lastly, the results of the individual deterministic
computations are aggregated into the final result {e.g., the PDSE).

[0050] In some embodiments, the first performance metric is a criterion called a dots
per million operations (DPMO). The DPMO is the number of calculated output
response values that arc outside the specification limit range for a particular output
response. The specification limit range (which can be defined by a user) begins at a
lower output response value and ends at an upper output response value, defining a
range of acceptable output response values for an output response. The Monte Carlo
simulations are tun and the predicted output response values are compared against the

DPMO to determine whether the selected first range of values is acceptable. For

-15-



0. 00020466 2.37255 [0066] Table 1 shows an exenplary regression
nodel for fuel. Columm one, |abeled "Fuel"” includes the different
conponents of the nodel, which are the constants, air, EGR
needlelift (NL), and air x air. Colum two, |abeled "Coeff. SC'
(coefficients, scaled and centered), includes a coefficient for each

fuel conponéRtmPlect RENIQ Rf eB00¢ hrkepusside thedimigy for 2 particylsh ari@uisiesranye 1s
i ncludes a %hfm@ﬁfo@o%bé Qrg, 65)51- %Cahmyﬁho& @%%Hfthe%d%ﬁé tregponse

| abel ed "P" "(probability fo test) |nc udes a P eac

fuel conponemtues @oﬂau mntSfde\ﬁé ,thei @b@lﬁe@dn@mrt ranggend still de canpidngd @sceptable
confidence i plrIAv for each fuel conponent. A confidence interva

s a statlspl ernlused to indicate the reliability of an estinate.
The confi der[ﬁ;(lSIl NYier fuather i8spestad step 304tintsome Embodimaint) eran@bierror is added
confidence interval (e.9., ajr i.s 8, 7814 +/-.1.46984). 067] . The.
ear esst on Hbfuh Mo rid SesP b HikFIraied Codbuonitiing it Sa0s sirbitoge
nunber (N) @.gCehdRmRE tisiitisn, |a5uﬂi?ormTBﬁtrﬂ$ﬁﬁérﬁQ)rQif trfah £A6H0 Mstr o) Sand2
(17 experinments mnus 5 entries in the table Per f or mance

measur errent §aqgﬁ% (emethefirst rangghtp ingrove the gotmstnggs ofdhe Menty Garlo sigylation.

cond. no. HhEo cfﬁfneﬁtg' & Q@ EYoLbastdEn BERRLHERRHE lm(ﬁi@ﬁér?c% 8%@&&1

= 2.978. The cl oser the performance neasurenents are
t he strongeto tdech pradrotes] caxttpubrﬁSp@sbealvxeém Ialr]%tudmatt-dfsadiubmsraad@tntetrer)

OU.t pUt . r espi(ﬂ%gmlg hegpecp? B%C%Cr@e%?g%:}g)a & E:s%nn mogﬁlﬁe 0[11 t':srga CS ﬁl

which is th n155|n 1 UES O surenen S res
standard devalatletod rafREDbased &n G248mparisioahofi shec Girvn grifotnime Rﬁetriwhmdea
the closer R2 is to fne then the c oser SD | to zero.

The
conf i dence PEVEFTBRC] PRI FLip, Fefhodsggh shace estimate module 104
compares the calculated DPMO for the Monte Carlo simulations (from step 304) to a

prespecified DPMO (e.g., DPMO = 50,000). The comparison of the first performance
metric and the predetermined performance metric is described in FIG. 3B. FIG. 3B isa
flow chart illustrating a portion of the method 300 for a stepwise region expansion for
calculating the calculated range of input values, according to an illustrative embodiment
of the invention. At step 322, the first performance metric is compared to the
predetermined performance metric. If the first performance metric is above the
predetermined metric, the method 300 proceeds to step 324, At step 324, the design
space estimate module 104 Select a second range of input values by reducing the first
range of input values by a predetermined percentage. For example, if the DPMO is
larger than the specified DMPO limit, the first range is divided by two. After selecting
the sccond range of input values, method 300 proceeds to step 304 of FIG. 3A.

[0053] If the first performance metric is below the predetermined metric, the method
300 proceeds to step 326. At step 326, the design space estimate module 104 sets a step
size to a predetermined percentage of a size of the first range of input values. At step
328, the selects a second range of input values by expanding the first range of input
values based on the step size. At step 330, the design space estimate module 104
predicts values of the one or more output responses based on the second range of input
values to determine a second performance metric for each of the one or more output
responses. At step 330, the design space estimate module 104 creates the calculated

range of input values for each of the one or more input factors by adjusting the third
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range of input values based on a comparison of the third performance metric and the
predetermined performance metric.

[0054] With respect to steps 326 and 328, the design space estimate module 104 can set
the step size to 20% of the first range of input values, selecting the second range of
input values by expanding the first range by the step size.  With respect to step 330,
the design space estimate module 104 can perform Monte Carlo simulations as
described above with reference to step 304 of FIG. 3A to determine a DPMO for each
of the one or more output responses.

[0055] With respect to step 332, the calculated range is created by adjusting the second
range of input values based on a comparison of the second performance metric and the
predetermined performance metric as described in FIG. 3C. FIG. 3C is a flow chart
illustrating a portion of the method 300 of FIG. 3A for a stepwise region expansion for
calculating a calculated range of input values, according to an illustrative embodiment
of the invention. At step 352, the design space estimate module 104 determines
whether the second performance metric equal the predetermined metric. If the second
performance metric equals the predetermined metric, the method 300 proceeds to step
354. At step 354, the design space estimate module 104 sets the calculated range of
input values to the second range of input values.

[0056] If the second performance metric does not equal the predetermined metric, the
method 300 proceeds to step 356. At step 356, the design space estimate module 104
determines whether the method has reached a maximum number of iterations. If the
maximum number of iterations has been reached, the method proceeds to step 354 and
sets the calculated range of input values to the second range of input values. If the
maximum number of iterations has not been reached, the method proceeds to step 358.
Steps 352 and 356 are termination criteria to prevent the method 300 of FIGS. 3A-3C
from infinitely looping. At step 358, the design space estimate module 104 determines
if the second performance metric is below the predetermined performance metric. If the
second performance metric is below the predetermined performance metric, the method
300 proceeds to step 328 of FIG. 3B. If the second performance metric is not below the
predetermined performance metric, the method proceeds to step 360. At step 360, the
design space estimatc module 104 sets a third range of input values equal to the last
valid range of input values (the last range of input values that was associated with a
performance metric below the predetermined performance metric). At step 362, the

design space estimate module 104 reduces the step value by a predetermined
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percentage. The method 300 continues to box 328 of FIG. 3B, sclecting a fourth range
of the input values by expanding the third range of input values based on the step size,
and so on.

[0057] For example, with reference to the portion of method 300 shown in FIG. 3C, if
the DPMO is less than the DPMO limit, the design space estimate module 104
continues to expand and test the range until one or more of the termination criteria are
satisfied (steps 352 and 356). If the DPMO is higher than the DPMO limit, the design
space estimate module 104 shrinks the factor range back to the last valid setting (step
360) (e.g., the first range), divides the step size by two (step 362), and continues to
expand and test the range until one or more the termination criteria are satisfied (steps
328 of FIG. 3B and on as described with reference to FIG. 3B). Method 300 terminates
either when the calculated range achieves the desired DPMO for the Monte Carlo
simulations of the calculated range, or the maximum number of iterations occurs,
resulting on the best calculated range achicvable for expanding all of the one or morc
input factors at the same time.

[0058] FIG. 4A is a flow chart illustrating a method 400 for calculating a modified
range of input values, according to an illustrative embodiment of the invention. At step
402, the design space estimate module 104 selects an input factor from the one or more
input factors. At step 404, the design space estimate module 104 sets a step size to a
predetermined percentage of a size of the calculated range of input values. At step 406,
the design space estimate module 104 selects a second range of input values by
expanding the calculated range based on the step size. At step 408, the design space
estimate module 104 predicts values of the one or more output responses based on the
second range of input values to determine a second performance metric for each of the
onc or more output rcsponses. At step 410, the design space estimate module 104
creates the modified range of input values for the input factor by adjusting the second
range of input values based on a comparison of the second performance metric and the
predetermined performance metric.

[0059] With respect to step 410, the modified range is created based on a comparison of
the second performance metric and the predetermined performance metric as shown in
FIG. 4B. FIG. 4B is a flow chart illustrating a portion of the method 400 for a stepwise
region expansion for calculating a modified range of input values, according to an
illustrative embodiment of the invention. At step 450, the design space estimate module

104 determines whether the second performance metric equals the predetermined
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metric. If the second performance metric equals the predetermined metric, the method
proceeds to step 452. At step 452, the design space estimate module 104 sets the
modified range equal to the second range of input values. If the second performance
metric does not equal the predetermined metric, the method proceeds to step 454.

[0060] At step 454, the design space estimate module 104 determines whether method
400 has reached a maximum number of iterations. If the maximum number of iterations
has been reached, method 400 proceeds to step 452 and sets the modified range to the
second range of input values. If the maximum number of iterations has not been
reached, the method proceeds to step 456. Steps 450 and 454 are termination criteria to
prevent the method 400 of FIGS. 4A-4B from infinitely looping. At step 456, the
design space estimate module 104 determines whether the second performance metric is
below the predetermined performance metric. If the second performance metric is
below the predetermined metric, the method 400 proceeds to box 406 of FI1G. 4A. Ifthe
second performance metric is not below the predetermined mectric, the method 400
proceeds to step 458. At step 458, the design space estimate module 104 sets the
modified range of input values equal to the last valid range of input values (the last
range of input values that was associated with a performance metric below the
predetermined performance metric). At step 460, the design space estimate module 104
associates a completion flag with the input factor.

[0061] At step 462, the design space estimate module 104 determines whether there are
remaining input factors from the one or more input factors that do not have a
completion flag associated with the input factor. If there are remaining input factors,
the method proceeds to box 402 of FIG. 4A. If there are not any remaining input
factors, the method 400 proceeds to step 464. At step 464, the design space estimate
module 104 reduces the step percentage by a predetermined percentage, and continues
to box 406 to select a new range of input values by expanding the second range of input
values based on the modified step size, and so on.

[0062] For example, the method 400 is performed individually on each of the one or
more input factors (step 402). The design space estimate module 104 sets the step size
to 20% of the factor range (20% of the calculated range of input values) of the input
factor (step 404). The design space estimate module 104 expands the factor range of
the input factor with the step size (e.g., adds the step size to the current factor range of
the input factor) (step 406). The design space estimate module 104 performs Monte

Carlo simulations as described above, adding in random errors if appropriate (step 408).
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If the DPMO is higher than the DPMO limit, the design space estimate module 104
shrinks the factor range of the input factor back to the last setting of the factor range
with a DPMO below the DPMO limit (456), and associate the input factor with a
completion flag, If the DPMO is lower than the DPMO limit, the method (method 400)
is repeated by expanding the factor range and comparing the resulting DPMO for the
Monte Carlo simulations (repeat steps 406 through 410, where step 410 includes steps
450 through 464). The process is repeated for all of the remaining input factors until
they are all associated with a completion flag. Then the design space estimate module
104 clears the completion flags from the input factors, divides the step size by a
predetermined amount (e.g., divides the step size by two), and repeats the method (e.g.,
repeats steps 406 through 410).

[0063] Referring back to FIG. 2, in some embodiments, after the calculated range is
calculated for the one or more input factors at the same time (e.g., via method 300 of
FIGS. 3A-3C), a modified range is calculated individually for each of the input factors
{c.g., via method 400 of FIGS. 4A-4B), and the PDSE is calculated with a large number
of Monte Carlo simulations for better precision of the PDSE. The predetermined
performance metric (e.g., the limiting value) for the Monte Carlo simulations is the
DPMO. The DPMO is, for example, the highest DPMO value tolerated for an
individual output response, or the highest DPMO value for all of the output responses.
In some examples other limiting criteria are used instead of DPMO, such as a
percentage outside of the specification limit range for the output responses, a process
capability index (Cpk), or medians and quartiles of the output responses.

[0064] As an illustrative example not intended to be limiting, in one implementation of
the invention, a user desires to optimize the operation of a car engine for the output
responses of fuel consumption (fuel) measured in mg/stroke, nitrogen oxide emission
(NOx) measured in mg/sec and soot emission (soot) measured in mg/sec. The three
mput factors that can be controlled for this example are air intake (air) measured in
kg/h, exhaust gas recirculation percentage (EGR%, which is a NOx reduction technique
that works by recirculating a portion of an engine’s exhaust back to the engine
cylinders), and needlelift (NL) measured in degrees before top dead-centre (°BTDC).
The design space estimate module 104 predicts a PDSE for the engine based on these
three input factors and three output responses to provide a measure of how much the
three input factors can be varied (e.g., either individually or simultaneously) while still

fulfilling the criteria for the three output responses. To ensure the model is valid, a user
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can set specific regions on which to perform the calculations, the experimented range of
input values (e.g., steps 204, 206 and 208 of FIG. 2). For this example, the calculations
are performed on air between 240 kg/h and 284 kg/h, EGR% between 6% and 12%, and
NL between -5.78 °BTDC and ¢ °BTDC. There are criteria for the output responses.
The specification limit range for fuel is between a minimum output response value of
200 mg/stroke to a maximum output response value of 240 mg/stroke. The
specification limit range for NOx is up to 25 mg/sec (e.g., there is no minimum value
for the specification limit, which is zero in this example). The specification limits for
soot is up to 0.5 mg/sec. Fuel has a target response value of 220 mg/stroke, NOx has a
target response value of 10 mg/sec, and soot has a target response value of 0.2 mg/sec.

[0065] The design space estimate module 104 (or a user) estimates how the input
factors effect the output responses by developing mathematical functions of the relation
between the input factor settings (X) and the output response (Y), y=f(x). Each
mathematical function is the expected output response as a function of the different
input factors. This is performed, for example, with a design of experiments protocol.
In this example, a classical series of experiments (using Central Composite Design
(CCD)) with 17 experiments was performed. From those experiments, three different
models, one for each response Y, were calculated (e.g., via multiple linear regression

(MLR)). Tables 1-3 below show three exemplary linear regression models for each

response.
Table 1

Fuel Coeff. SC Std. Err. P Conf. int(x)
Constant 243.042 0.77712 7.68757¢-025 1.69319
Air 8.78614 0.674565 1.93059¢-008 1.46974
EGR 2.66658 0.656038 0.00156851 1.42938
NL -12.2052 0.646809 2.74769¢-010 1.40927
Air*Air -5.716 1.08892 0.00020466 2.37235

[0066] Table 1 shows an exemplary regression model for fuel. Column one, labeled
“Fuel” includes the different components of the model, which are the constants, air,
EGR, needlelift (NL), and air x air. Column two, labeled “Coeff. SC” (coefficients,
scaled and centered), includes a coefficient for each fuel component. Column three,
labeled “Std. Err.” (standard error), includes a standard error for cach fuel component.
Column four, labeled “P” (probability for P test), includes a P value for each fuel

component. Column five, labeled “Conf. Int (+/-)” includes a confidence interval for
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[ 0068] Table 2 shows an exenplary regression nodel for NOx. Colum
one, | abeled "NOx" includes the different conponents of the nodel,

whi ch are the constants, air, EGR, NL, air x air, EGR x EGR, NL x NL,
and EGR x NL. Table 2 includes the sanme four renmining colums as
Table 1, nanely "Coeff. SC', "Std. Ern*, "P", and "Conf. Int (+/-)".
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[0067] The regression model for fuel also includes the following parameters. The
number (N) of CCF experiments is 17. The degree of freedom (DF) is 12 (17
experiments minus 5 entries in the table). Performance measurements include Q? =
0.958, R? = 0.979, R® Adj. = 0.972, and cond. no. (a measure of the quality of the
experimental design used) = 2.978. The closer the performance measurements are to
one (1.0), the stronger the correlation is between the input factors and the output
responses. Other performance measurements include Y-miss = 0, which is the number
of missing values or measurements. The residual standard deviation (RSD) is 2.0249,
which is connected to R?, where the closer R? is to one, then the closer RSD is to zero.

The confidence level of the model is 0.95.

Table 2
NOx Coeff. SC Std. Err. P Conf. int(z)
Constant 19.4543 0.200454 6.63998e-015 0.453461
Air 0.816983 0.152378 0.00045539 0.344707
EGR -7.77984 0.148415 1.68126e-012 0.335741
NL 1.93977 0.146473 3.31136e-007 0.331349
Air*Air -0.571193 0.298143 0.087639 0.674452
EGR*EGR 1.29447 0.283578 0.001357 0.641503
NL*NL 0.812071 0.283058 0.0185093 0.640327
EGR*NL -0.941485 0.166246 0.000308381 0.376079

[0068] Table 2 shows an exemplary regression model for NOx. Column one, labeled
“NOx” inciudes the different components of the model, which are the constants, air,
EGR, NL, air x air, EGR x EGR, NL x NL, and EGR x NL. Table 2 includes the same
four remaining columns as Table 1, namely “Coeff. SC”, “Std. Err.”, “P”, and “Conf.
Int (+/-)”. The parameters for the NOx regression model are N = 17, DF = 12, Q* =
0.987, R* = 0.997, R* Adj. = 0.995, cond. no. = 4.498, Y-miss = 0, RSD = 0.4624, and

the confidence level of the model is 0.95.

Table 3
Soot Coeff. SC Std. Err. P Conlf. int()
Constant -0.279945 0.0288614 2.56008e-007 0.0623513
Air -0.157893 0.0389473 0.00136603 0.0841406
EGR 0.46588 0.0380323 1.6319e-008 0.0821639
NL 0.283157 0.0375012 4.18648¢-006 0.0810165
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[0069] Table 3 shows an exemplary regression model for soot. Column one, labeled
“soot” includes the different components of the model, which are the constants, air,
EGR, and NL. Table 3 includes the same four remaining columns as Tabie 1, namely
“Coeff. SC”,‘ “Std. Err.”, “P”, and “Conf. Int (+/-)”. The parameters for the soot
regression model are N = 17, DF = 12, Q* = 0.987, R* = 0.997, R? Adj. = 0.995, cond.
no. = 4,498, Y-miss =0, RSD = 0.4624, and the confidence level of the model is 0.95.
[0070] The estimated optimal value is calculated for each input factor that gives a
predicted output response value that is the smallest distance to the target response
criterion for each of the output responses. These estimated optimal values are the start
points for the PDSE calculations. The largest region of variability is calculated for air,
EGR and needlelift (e.g., step 204 of FIG. 2). In some examples, the calculation is built
to assume that each input factor varies with a normal distribution around its specific
estimated optimal value.

[0071] FIG. 5A is a diagram illustrating a graphical display 500 for displaying an
automated predictive design space estimate, according to an illustrative embodiment of
the invention. In FIGS. 5A-C and 5E, while some of the numerical entries are
displayed with commas, other numbering conventions can be used. For example, the
U.S. convention of using decimals can be used in place of commas (e.g., 250,88 is
equivalent to 250.88, and cither convention can be used when displaying values in the
graphical displays of the system). Display 500 includes an input factor table 502 and an
output response table 504. The input factor table 502 includes eight columns, the input
factor column 502A, the low column 502B, the optimum column 502C, the high
column 502D, the standard deviation column 502E, the role column 502F, the
distribution colummn 502G, and the estimated acceptable range column 502H. The input
factor column 502A displays the input factors for the PDSE. The low column 502B
displays a value for ecach input factor that is the lowest input factor value of the
combined largest region of variability. The optimum column 502C displays a value for
each input factor that is the estimated optimal value for each input factor. The high
column 502D displays a value for each input factor that is the highest input factor value
of the combined largest region of variability. The standard deviation column 502E lists
the standard deviation for the input factors in the PDSE. The role column 502F
displays the role of the input factor (locked or free). The distribution column 502G
displays the distribution of the model. The input factor table 502 includes a row for
each input factor air 506A, EGR% 506B and needlelift S06C, collectively input factor
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rows 506, which are listed in input factor column 502A. The estimated acceptable
range column 502H includes a graph 508A, 508B and 508C for each input factor row
506A, 506B and 506C, respectively (collectively, graphs 508).

[0072] Each graph 508 in the estimated acceptable range column S02H includes an
experimental region of input values, with a low value 510A a high value 510B,
generally the experimented region of input values 510. Each graph 508 includes an
estimated optimal value 512, which is indicated in the optimum column 502C for each
input factor row 506 (e.g., the air input factor row 506A has an estimated optimal value
512 of 261 kg/h). The estimated optimal value 512 is the input factor value for each
input factor that best estimates the target response criterion for each output factor. Each
graph 508 includes an individual largest region of variability 514 for each input factor
row 506A, which is the region of values for the associated input factor that satisfy the
PDSE while any remaining input factors are set to their associated estimated optimal
value. Each graph 508 includes a combined largest region of variability 516 for cach
input factor row 506A, which is between the value displayed in the low column 502B
and the high column 502D for each input factor row 506 (e.g., the combined largest
region of variability 516 for the air input factor row 506A is between a low value 510A
0f250.88 kg/h and a high value 510B of 271.12 kg/h). The values of each of the one or
more input factors can be anywhere within the corresponding combined largest region
of variability 516 for the input factor and satisfy the predetermined performance metric
for each output response.

[0073] The output response table 504 includes seven columns, the output response
column 504A, the min column 504B, the target column 504C, the max column 504D,
the criterion column 504E, the DPMO column 504F, and the predicted response profile
column 504G. The output response table 504 includes a row for each output response
fuel 520A, NOx 520B and soot 520C, collectively output response rows 520, which are
listed in output response column 504A. The predicted response profile column 504G
includes a graph 522A, 522B and 522C for each output response row 520A, 520B and
520C, respectively (collectively, graphs 522). Each graph includes a specification limit
range comprising a minimum output response value 524A displayed in the minimum
column 504B and a maximum output response value 524B displayed in the maximum
column 504D, collectively the specification limit range 524 (e.g., the fuel output
response row 520A has a specification limit range 524 between a minimum output

response value 524A of 230 mg/stroke and a maximum output response value 524B of
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“Minimize” indicates the design space estimate module 104 minimizes the output
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a Monte Car B@néﬁ(ﬁﬂjloa“@m@lﬁﬂwftwr%rmll d| stur bances on the input factor

ei ng 5 on W EETRE Bl i B S R P

refl ects howstinkstedsaytintal ealuesafl 2 ﬁakeacﬂhl mputrfb@tmc@% ovia tfeps 3@&4 thedugt 210 of
esti mat ed opt i nal ..val f.the in act | ower the
BPVD ©he bor i Tt RonBe i enisbBrgol @b fiBus PHiret PEnyRt Brsedah o

each input factor’s sensitivity towards the output response profile, which is displayed as

the individual largest region of variability 514 for each input factor. The calculated

-26 -



to di scover the tolerances for other input factors of the

manuf acturi ng process (e.g., pressure). |If tenperature is easy to
control, the PDSE is adjusted to indicate to the user the nmaxi mum
anount the harder factors to control can vary. In sonme enbodi nents,
the PDSE output. is used to interpret each input factor setting (e.0.,

a user can dewBief lareaHi ©alopaRh wiriabdity RdO isthecPPRE dar cpdy inpnk fstgbs,
I'f, for exa Eage@ iﬁ‘ﬁﬁs’;’tpl 800, fil! dokde! erﬁlﬂﬁiirﬁ&ﬂétﬁlé'c@flﬁgfegrla e Q%%)mt(rfe
user changes out put response constraints or exclude on€e or re
of the out pornzlekiyoiidedisilaysd is Hbe PEBEcgodall. 2 poOad|disHilgtios ot sach input
diagramill ati,n raphi cal di,sp .600, for. di spl ayi .
aut omat ed prtiot 115 AhoRitss Fou URP MR 10k HeR! BE\BRH 516 s
iI'lustrati velispiyedl{g@@nthaaging e peadseatigs of theTdagion aa@bi daltysh sdistyibG).
illustrates sensi tivity anal ysis between each input factor and

out put resp é?lcﬁlﬁiéO‘ljr(%ﬁhPH’&Fg“ci’F@ﬁf“é‘ﬁlat %‘-‘r’i‘éﬁalfo‘g predipted I5Fnofsprotile

name col um s60@AispRePRl LATABuERE HIFLEP2B, and a col um for each of
t he out put res7l%onse val ues: a fuel columm 602C, a NOx col um 602D,

and a soot ¢M73hA wopean afst e aptingsior gilediting toBDSKc lnawse anbadimens,
for each in t i: % X [ | '
which is di E"{# %{‘5‘%@ pace, %{éﬁ‘%%qné&é%‘fﬁalg’g’%g “Sglgg’h%%g Pge de“&métrrbgg’i%g fof e
fuel col um cedRiBed {dngesiN@gionalfarials 2D, 1 6 fodoneher momting fasrs.6AZEr a user
i ncl udes a qr.aph,606A, .606B, .and 606C res tivel for ea i u
oot or et ol RARRD Rty pETE or B o BRG el BRRE Bici ictiont 8F v E3Mey 510! hre
exlperi ment alde:ﬁggispsli’l:leOfestir?mﬂeutmocﬁlldJeM ngbdlctnlaed (ﬁWf %&hﬁ'ﬁe@Q&ige:a Riophs of
val ue 608B, genera t he experi nent region of jnput values 608.
Each graph 68‘6%‘%%%&*“éenre@é‘t“i‘%fl%ﬁ%%‘%fﬁ-nﬁ?r %ma%, @fol,ser 1S qogl%med
i ndi cated i MurbdAe re@Rinl FPUWARERL i1 660 2B uEORItBAGK: Edlitted ROL Md HigYWARA of

(e.g., the aifr input factor row 506A has an estimated opti mal val ue

610 of 261 Kag/ ¢pmbimdclaregstapeion b varirbilily ésgahy icHeking e she gndrofeasdisplayed
. f AV _ _ . | ; f |
region o V%%&l@ﬁ% 1ra¥%egt§%§mﬁ“8ﬁ'v BHPE NEha sgg%gﬁfeor%tgl%: @it or right),he

variability I nput tactor row Each gra
di spl ays t heemasiug cembined larghstadepipnd off vagialifityl Nigus eXprodal dwrid thewopsttaint

response. Adyant ageaqusl us can, use t.he graphs .606 to anal.yz

the' Pose. FarCRkanprdedisab Rt a s nReAa iRt st PSP TPhee
by anal yzi ngolé dp@yapishé&ffie cdiomn tSO2F ¢ saptas To&ds, Foh examplgutuseeispinge
(e.g., the fuel  col 602C, .t he NOx. col.um_ 6§02 nd the soqt colu
6028) that VEHEY AbLE © ?@F@iﬂrﬁew&wa& by ?%%@r%sgﬁ IRUt &gt 0 The
soot graphs 16@G/H (291 keACh 27 NRE), ASAPRSAIEI M BhSRILAYof 150 FBMBYH BRI the
conbi ned largest regions of variability 614. O the three gra hs 606

for soot, tHh@hsve 28t12ckefbiohder Fomaet largegh tgionot! \agiebidibi P1G forgheiairs
for EGRY% AdMANUAGGOHM YosRY gﬁé"aéé Gph Qi AR IR 164 Tl Txjid, 1@

user discerns the nost critic factor “to control for soot is
because it hersbinkk lasgeat tegvns obmipiabddy a6 dusthe NEhi ord bt ingni fablots dug to

614. 008 | D i ' il t ' hical djspl
S50 ror oy SBlafii BResioed 8 BRUbiAR,  Ylihh SRl Bl
accor di ng t @erfdrmiahdcipbtiial(e.y ¢ thRMEMONEsteithér dnhedividvelntespRhse d3llpBipoates

di splay 650 j ncludes three graphs based on the PDSE for each output
factor (e.gSMUYREOUHYee graphs are al ternative enbodinents to display

the i nfor maygoay) AupRhAEestly, of 2 GRF —nA epébtrtafr?lﬁ%l&rfaét& daBeRbRH Rl dbout
response profile 504G of FIG 5A), the predicted response profile for

fuel 652A, etiteipredésciead tempgramse ppsaie)l thefuser MOxcopb2le thi BPM{ to take

predicted r I for . | i r ;

The vert1 caleSRuiudh® borBub P A niRe Sor B ARFEC HRIPHAIARES Bl of

response vabklargbilittF ie6 foothezronhaingaxps f4656Gs odn iearchsegSapha 64&ulativdi atlatve s

t he nunber of hins far each input factor . 9., the possible val ues

for each | e  dapwrion” e G oreimine Pipyb Sicbri o Saf Wi BB sopiupned
input factor is kept at controlled values. For example, if a user knows the temperature

of a manufacturing process, the user sets the constraints for the temperature input factor
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manuf acturi ng exanple. G aphical display 700 includes an input factor
tabl e 702 and an out put response table 704. The input factor table
702 includes eight colums, the input factor colum 702A, the |ow
colum 702B, the optimum colum 702C, the high colum 702D, the
standard devi ation columm 702E, the role_colum_ 702F, the

di stri buti oo d&icnyas th@?@fa%ﬁ‘ﬁ fomethersippiafeetarsaiciep A EACRIERE OTRISHUMHE

702H The | g)?éégur{a}'iclrf | sp‘TJ %ﬁb SIndBl, AprdiSis! aﬂ_ﬁl'éltedft@ﬁlh £ tb He Lh@ie

PDSE. The | ow colum 7 S a va1 ue for each I nput ctor t
i s the | owedghe inppomunf eamlmt thedlaxder fektorhte cemtmilcmedarb/aiﬁgme melgldanermef, the

ot on! s ORI RL TR M FIBE SRS QT E, PSRRI
hi gh col um wifi@iXackos {3l tAy moat aricaiefof thic REEH). |If1 mrtexﬁmplepa ufdiabtn’t fulfilhéhe

hi ghest i nput facto f the,conbi.ned Ia est region of
oo 11 1 tbnd it or 8 B B e e ARG b At P BEPIse POTRBISR g ldgrone

devi at i on { of rioRof (Wblipta&hefs FmihepBOBRadIne rol e col um 702F
displays the role of the input factor (locked or free).

di stri buti o088 & fr@zeadd@@myslluﬁtﬁ?émauasgfapbmu display @%éomwﬁymwei
nput factor, r

700 | act e BBl R LRSEANE o AR ARRY | PR bRl

706, whi ch #heeiniérgioad Tlhn grambual dlada}otﬁOOaﬁh&!mesi(semuﬂty@neb'sls iratvesdn each

acceptabl e ran ol.u Hinclu raph 708 708B apd 7Q8C faor
aach i nout FSE B T PaRRr Hohie LB selerPRulir e, e[ Rt il &
(col | ec:)i V e hyme ¢oRpRS60228 Jan ({pﬂﬁﬁ;ﬁi cdanh GQEB,pihd7£801U1ﬂ?tfhlee&ﬁtdf W?d &dput
accepta eraneco 02H i nc S a eri nt a 1 on. o |n
val ues, wit KSR IFSS\MalPST' d’eizl 1¢pAungn ﬁﬁgﬁ 2@%&@% &1%9t qofamn 6025
experi ment eqpg %géﬁﬁ[bapﬁlsblﬁplﬁtm \{ﬁ’dlﬁkﬁﬁ azl&u Etﬁf? bacmrlapm f46:8r, 'aﬂcéﬁiﬂﬁsﬁ,@ﬁ%

estimated opti mal val ue chis |nd| cated in the optlrrumcol um

702C for eaéﬂ‘ﬂﬁ ripdinepdielifh 604%vwv171916 Is displayedime OB qohunn B@2A. g Fach table
' ndividual Lag0estnd £l eufh oL, W Mool Deélfcf‘tﬂ_?rbgkl# cJ1Bh Qo2E

row 706A and & co |ned argest fegion of variabilit or eac
i nput f act oninchwias 7 @Gph 60krk cﬂﬁ)ﬁBsartnIe&Qﬁé?erespdmvehalfmeeadh snnhaﬁaeidr {coll¢dtigely

| | 702 d hi | 702D f h

oe, SPoooe; LR oBOY stsef plabRBag Retiih £ bR inefidert A VRO kG owe
g(u) 2 E ut : L gs p@mla(e:z SF%A umﬂghﬂihﬁh&i ?]%SBE rgﬁi:dgl};gggu ﬁipeﬁ%ﬁted tréord aﬁlgpmtk@gieu 508,
704F, the Enrﬁqg Sagiesa%espﬂ@fe&r Boﬁ@ ich s 5 gpd Faéqu

704H. The OHbﬂHEmVW%@zE 6&1 &ack Qffpnit rfﬁétbidﬁo%v 604 gé’\% f ok 41Pﬁ1p9é11’a@f6tr row
response rel ease 720. The predicted response profile columm

i ncl udes a éﬂ%ﬂvasr@z estmatecheptongl piatuerd i 76é kel e digeh grph @ﬁenqjv@pmn
722 I d |

{esponse. varion 9 et lctbrafThiify 31 93n6 3 U0ty e}l AT itk
maxi mum val 6é&4 fireedh inpridadte rdwPayed in the maxi rrum coI um 704D,

ar got T esplBh! ERGRILTCAE AR O T BOTI R bR e PE LR

val ues 728. reshf387]adVBgagcangela uasRaNIS theigfhs 606 76.3ndljizeecﬁé PISEE dFor
with a nodified 5| nmpl ex centrojd design with 10 r]LJJ From t he target
response cr PaRRef wepdisginseneblomaueoracf 8i° Plite ﬂ@&lw%%agéaphs 606.

estimate modyl o Lobhs 8h6UhabaBul EoRRSE. AN s Bbidith do@c the NORcolump

di spl ay 114) the conbined | argest region of variabil 14 for each
i nput fact of02Ikoamdtthe §0ca>cahamre602E5éhaies ith}rmgq@aﬂ@fﬁmeiém ﬁc&fﬂé ferotie PO SEOi4

I's C.Onf L gur (%tt '?Plg gt%loqgjf ?1? 8(?(2&?1{3 %I?{l:' AP felpdide 8(?45 %ﬁg[ﬁg%e érﬁzﬁ%g){ combined

varyi ng vv|t n around oci a
esti mat ed omrgamh'egmisumf Varzbilith&14.0nOf ﬂmdtﬁrar ggpls Ba@lfmﬂmo@f the Smallest

oY AR SuSR H SSrNE AT KB sl

analyzing the graphs 606 in this way, a user dlscerns the most critical factor to control

for soot is EGR% because it has the smallest combined largest region of variability 614.
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of exanple, both general and special purpose nmicroprocessors, and any
one or nore processors of any kind of digital or anal og conputer.
Cenerally, a processor receives instructions and data from a
read-only menory or a random access nenory or both. The essenti al

el ements of a conputer are a processor for executing instructions and
one or nore [ H@%g@dépllée% dfegrans {lwiraige »raohicel dnplan g der displaying an
Menory devi

dat e, Nemor vy edac AR RN el SRt SRR d BRALAHNG b Bhfint of
CGeneral |y, adhecompioer Gaiical displayl 650 mokudessthmpgra@hs basbdroudwﬁRDﬁE foo each

Corage doviourtTador (BT IAS iuilS Babtd o uliBidtve Bbedind oy e
di sks, or o@ﬁfbﬁﬁa{nodl cﬁép&ayed\f@mmub@tpuﬁaaoﬁmsme Beedipalr@igonsd pro&RUT4Eof

to a communi ns network in order _to.r ive instructions and/or
data fromt rfi M‘i‘%"’&ﬁ’&?ﬁg rrespgnie plkedpr &?E??%ﬂ%ﬁ@%ﬁé/r@woa%& protils

the networ K.qGQoRWs2B; a@@ﬂ@bér@dlaw &@g@nseq)\fm@%xswot 8ne JoﬂEctﬁr@Hong}:)lﬂg
corrputer pro ramlnstructlons and a include al forms of vol'a

and non-vol &7 dhaeneicpl axepnophaf ﬁgchtgrammﬁ?omd@ﬁfameecog@mwmc,rt:&vrmse
menory devi e

devi ces; m%ﬁ@?? c g &w §’ ., I'nt er%ﬁﬂ%ﬁﬁﬁ?ﬂ%gﬁ%&%gﬂ@gﬁm% for
di sks; nagneamlopnufmdar (djgsltlse* paasiblleophuies folr eabhshksut fectay)., E4€D, grdpifincludes a
HDDVD, and Bl.u-r ay .di The processor and th r a e,

suppl ement ed™ BV”&%&’FB% ? r‘go?p%cg’é‘taég S[ﬁo s%‘@’@?%f ?‘E”E%gs% H% €§2?* includes a
circuitry. nAe®him Tar msevatdmaf bins | (Btgﬁrﬁ@lstr&fb)\l\mhﬁhacdtﬁelﬁond*s he thboMBic
descri bed techpi ques. can mpl enment ed on

conmmuni cat | &WPW?%méhﬂ?w fayfhaéw g 5¢04y1in thanmmuewlm 604Byip the,putput
plasma, or k&Ghhyski @biedsss Bb?tﬁb 5Pl Byoh gﬁﬂhhﬁ&udcfsoé HigRlLAY ) !3519660 (1f
information to the user and keyboard and  a poi nting device, e.

nmouse, a tr 4pNBRIigte). anr@a@rnpl&dthe@elgrmht 64 teldera muyimum bir ﬁi)edt@é@r

can provide t r
interface eIbiengrr’ﬁ\p‘wﬁ{H)CE1 Qﬁnﬁg I&E teQ,fa u(sglesglla %dsﬂlctg%\%gé’ usehg fﬁ%t}%‘r@g\% P10r
i nt eract i onmaxinum colssm Sé)lewe Ithe oﬂtpmt rﬁpam;p teble $0de dizab Igr@h@mhdhsl attnget

Ui Lory { oBHbRALT PIRER)1 0T SEREATe A coRp 2 iR BERRIAL i

be recei vedsbhaeId iy, mmdhr@hu@boﬂgs @oﬂam&lu@ displRRRIGH tha@dyofor tadhéllrew
i nput . [0092 The above Escrlbed t echni ques can be i npl enented |n a

di stri but ed? fheﬁ@rgg win ot i e joyut respdse kblsn4e JiRsH seaph. furthis

back- end Comma%%argwndlmé t@mmugnll@%@t&%@m%%\seim tRe mrqqhﬁmre%s
conponent, and/or an application Server. The above describ

techni ques e&ieisalcilniel ententresponse elets 679 fqmee@rrempmmgngtpgy@smq hat
i ncludes a f 0

exanpl o, be 033} PSoBETBERTR e HAGuLAATL FRCE, SPHRAD G 68y, BDSE i
Wb browser ntalie ¢eigyhinvihe pktanaamacal maiusmy)tfelr acixtuvetdasigm B»cthrmkanple there
i npl enent ati on, and/or .other graphical user in faces for
transnittingcdyTcc GP ﬁ%cqﬁo(\?% S ](‘fl?ﬁ G&@S%aﬂ?db%h“phatc For
i npl ement ed phifoges B hisi drbthsid, ﬂﬁmﬁt&llﬂ@tsﬂi@b@rﬁré b@diedl NebMERStoad Ynodified
conmbi nati on of such back-end, m dd| eware, or front-end conponents

[0093] The &g FagoLl Bidmecdssisnn@l type of [cpRsirRincd X BEsdesien) Ao dise

and a serveghphe BRI |ré(°, HEETL fhe rEl@éQeQﬁ?lh: &EO@Fub@ﬁgcet yﬂﬁeccﬁ'#cé laced
interact through a co gatlon network. The relationship o allly

and server aniteosiehs Qﬂlfp‘llt m@p@f‘?e Gbmlgmnp@mgnamonagmalmg)fdm hea target
respective §1]? }egﬂ’oﬁsea\r)gueh (?fv 35?)5]9 ’ﬁ}(}%c[lf)@mf erﬁvtﬁ ge{ at I ﬁng eplnpl% 5 é%ors

ot her. [009 € comnmponen e Co sys
i nt er connecirdllelng tbmgelefamcrﬂth)afadmedsubmmée digital or anal og data

communi cat i e , ni cati on network).. anpl fo.. .
commini cat | USEERbr 22 i Rtk o) bEGHDE Bagat %?%@w@@ Borsgplaying an
automated predictive design space estimate, according to an illustrative embodiment of

the invention. The graphical display 700 displays the PDSE for the tablet
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[ 0095] Devices of the conputing system and/or conputing devices can

I nclude, for exanple, a conputer, a conputer with a browser device, a
t el ephone, an I P phone, a nobile device (e.g., cellular phone,
personal digital assistant (PDA) device, |aptop conputer, electronic
mai | device), a _server, a rack with one or nore processing cards

speci al pur perwlasiuiagcrapple s fanbicabdisalay J80sHiden T swubiigios éble %fi%?eand
br owser deV'aﬁ%ugﬁ@ké#g&ﬁe {124 7%3@‘1% %Pu?fagfbwwl@go%ﬁmﬂldes @kgﬁkéo%ms the
co ut er a Wo

conputer, lapto w de we rowser
M crosoft(r )mplmﬁaexm@phﬁxp’!(w\e tier lpweophinha 028, fﬂneowntMm‘m oot 702C, the high

Cor por at i on, Fir r | ] or n

A nobile corrplvgl&n %é\/l)[l}?es?ﬁ%g&(dﬁ fi #{;\ °§‘>‘<’I§n§ %he Oqe %%!aulr)ry(a’p?lg ghl?’
phones i ncl tdmm‘mn celumﬁﬂoea @d@hrsem(ﬁa)eduacéyta’bth ﬂaﬁgm 768 Clhe input
avallablefromo and/ r a C sc U ed Wrel

B one 7050, P S T Ceplai i SRR fhotp G0t hoJHSE. ~AHs By, £9lEG 005
the art willdighRgh lazeaméworl émnhp&rra&wﬂﬁe IERROHWRG: inpuPERB): WRRCHT tife
forms without departing fromthe spirit or essential characteristics

t her eof The cPbiBgdiageseippion ohEiabildy.c Thpaptenyp solumnyf2¢€ shispiaye p valup for
al | respect g,y ﬂnﬂﬁtt fa%f Ylﬁ fs?tﬁﬁg%gnrhﬁé\{] of(’) i1t Jaft BF cd '%n efg&h:;./ O?lﬁ% high

descri bed herein. Scop e Tnvention 1s thus in
appended cl @lsn maDrcbsplayharvaltuy erhi@Ch‘- mp@‘@fmtmgthdfes thei hnghem"inpturﬁa;ttcahdalue

changes t hat | e mean uival enc

oo ar o PR P el et ety 32 A%, TBE Wi Fl bR cRfih RRpiR
conput er i zemdrahxhﬂaetl fdeviattst forathe ﬁg?m flasisgin hpRESKf Thepule telghar F2F
and output res or S| Ca (0]

cal cul ati ng, disgley ea“’[f‘r%fcggé‘ﬂﬁi‘t et Qngked p Ea@ %@Ftngfltl%@lwm #J?‘é

i nput fact oy fa9§ R ABitRl ofRROERASL PhCRbGUhabE thblcaN@enOliddsWPilw for
val ues wthin a correspondi ng experi nment ed range of input val ues,

wher ei n cal 6ishanpHdacemshiloas 7004, lactose 706B ypd ghesphsie 70el.ureleeivelyriapusr
nore out put L EPRRR %04, Ox{th:l}P%re?théhCﬁH gp?a%ﬁﬁ QASES 842 Pk Sdstif,3RGe

of i nput va ues for thé input factor to“determine a first performance

metric for ecchtable ratge cohenmf02ibmeludest pgtaph FORANFHS, aralntD8C for each input
factor row 706A, 706B and 706C, respectively (collectively, graphs 708).
[0085] Each graph 708 in the estimated acceptable range column 702H includes an
experimental region of input values, with a low value 710A a high value 710B,
generally the experimented region of input values 710. Each graph 708 includes an
estimated optimal value 712, which is indicated in the optimum column 702C for each
input factor row 706. Each graph 708 includes an individual largest region of
variability 714 for each input factor row 706A and a combined largest region of
variability 716 for each input factor row 706A, which is between the value displayed in
the low column 702B and the high column 702D for each input factor row 706.
[0086] The output response table 704 includes eight columns, the output response
column 704A, the min column 704B, the target column 704C, the max column 704D,
the criterion column 704E, the cpk column 704F, the DPMO column 704G, and the
predicted response profile column 704H. The output response table 704 includes a row
for the output response release 720. The predicted response profile column 704H
includes a graph 722 for the output response releast 720. The graph 722 includes a
specification limit range comprising a minimum output response value 724 displayed in

the minimum column 704B with no maximum value since none is displayed in the
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creating the cal cul ated range of input values for the input factor by
adjusting the first range of input values based on a conparison of
the first performance netric and a predeterm ned performance netric;
(b) calculating, using the processor, a nodified range of input

val ues for each of the one or nore input factors, conprising, for
each input feximymeplupie’0dRewhich ppthe spasifisatigndénis Fange.s Ehegrph g2 includes
second rang | V. I nput
Vel tes: o Bt R B B R, Vs
responses bd8dT] o hehiergse ceapdnseacnferiaf 7ilAputestimbigdswith ad etodifiadngimplex

second performan netric for each of, the one or nore. Q .
eaponsbs.  arron aedB Wik fo%und ™ ibef e Eks? Pafss SRiEi08 Pt et deits

L or E:I he i npu‘ﬁctdraﬁl?e@migy?pad%uﬁtﬂamgn%dme Hﬁc@f dlat3tigePOSE hr[mdalﬁplar?&|(bl§§via
ased on a conparison o e . second performance netric and the

pr edet er ni né‘éﬁ%_ﬂﬂ%} ﬁe@%wﬁﬁﬁrg?st seipn of variapiy (iAcler et gputifastorg-Fase
Processor,  ghifegdntfle, SRAKSich ShdcBRitEnNATBHIRY 04 RABhAARd P alRAtd heHDSE
ranges of input values, wherein the nodified ranges of input val ues

each conpri $ased anggagle swut &Eglos yapying, with atrismeular disditartion jarcani ats gpsociated
fulfilled faqg: - T e +np - gt . f
cllai m 1. wheriach BpeBl IR 71E2 AR RE" Rlzde rofions UP ARIGIR At are
di st ri but i omalofilated twatht the esipomns eestratioes Themprehwtd ofspdnse parfde GO4Hdorethe
out put responses

L TE N N T R T T A
within the combined largest regions of variability.
[0088] The above-described techniques can be implemented in digital and/or analog
clectronic circuitry, or in computer hardware, firmware, software, or in combinations of
them. The implementation can be as a computer program product, i.¢., a computer
program tangibly embodied in a machine-readable storage device, for execution by, or
to control the operation of, a data processing apparatus, e.g., a programmable processor,
a computer, and/or multiple computers. A computer program can be written in any
form of computer or programming language, including source code, compiled code,
interpreted code and/or machine code, and the computer program can be deployed in
any form, including as a stand-alone program or as a subroutine, element, or other unit
suitable for use in a computing environment. A computer program can be deployed to
be executed on one computer or on multiple computers at one or more sites.
[0089] Method steps can be performed by one or more processors executing a
computer program to perform functions of the invention by operating on input data
and/or generating output data. Method steps can also be performed by, and an
apparatus can be implemented as, special purpose logic circuitry, ¢.g., a FPGA (field
programmable gate array), a FPAA (field-programmable analog array), a CPLD
(complex programmable logic device), a PSoC (Programmable System-on-Chip), ASIP
(application-specific instruction-set processor), or an ASIC (application-specific
integrated circuit). Subroutines can refer to portions of the computer program and/or
the processor/special circuitry that implement one or more functions.
[0090] Processors suitable for the execution of a computer program include, by way

of example, both general and special purpose microprocessors, and any one or more
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3. The method of claim2, wherein for each of the one or nore output
responses, a prespecified nunber of output response values within the
di stribution of output response values are within predetermned |imt
val ues for the output response if the predeterm ned perfornmance
metric is satisfied. 4. The nmethod of claim1, wherein predicting
the design dpeseesorssef angytkindohigitd ©s aptleg ronpuier docncHdlyyi aipsesspricgaLes

regi on of vard.ahility f Lhput, f i all ' t
fators are hupetcls i difs €863 1By ARGy 1 afadilodoE RRbRTr
met hod of clBiersskntiaMelements gf redmputengre tlpeoctesr (i espatieg estricrimheand one
conprises predicting a conbined |largest region of variabiljty for

cach i nput | eEcien HOiad R R SiesRE ARBhafoRg s Pl POl deted, S o
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region of variability and satisfy the predetermnm ned perfornmance
metric for E%tghfe%éﬂatst%ggp ety g coppputerlsndBelBees P ﬁp@sﬁtwmfpfe%sp}?d

creating the, bty ldadgrbnt 8NEERT daRARYI o MR @B GPIRI S8S SGhECIIVIYs For
third range of input values by reducing the first range of Tnput

val ues by a sforiagideier pisndrrepeticc arpagie-optical Hisks,iorptipad rdisks reth eemprerr oo
| s Dbel ow t he;Br Gdel Sf.BL0§dcRBleliOl AN E6im G hichtfons 71];1&?%1{”‘%& N80l GLAWD
6, further conprisrng: predi cting values o € one or nore

out put r espomsestidnasedioodats fient thi metwoan grel/@f toitrapsfer inafruntiond and/or data to

determ ne a_third perfornmance tric for each of .the one_ or.nore

out put 1 os pbissBEolk o COMBUIEE: FoadEiln storsel ST STaRIE poty gbebingnsigouter
val ues for @agha®finstieti@8and dafoihudd @il forind Gif Glotatily ardidhdistdlatle hivgnory,
third range of jnput val ues based gn a conparison of the third

per f or manc e AL DR FEY I HeS X pREl et BT AN AR BF BN ERTESS ety PRAN, FRAM,

\r/n;lt L‘Ce)g of ClepROM, EMFIIRI thdHRRWBdrf N1k FaPnalEMsisa8 QS inddmd MR disks
or removable disks; magneto-optical disks; and optical disks, e.g.,, CD, DVD, HD-
DVD, and Blu-ray disks. The processor and the memory can be supplemented by
and/or incorporated in special purpose logic circuitry.

[0091] To provide for interaction with a user, the above described techniques can be
implemented on a computer in communication with a display device, e.g., a CRT
(cathode ray tube), plasma, or LCD (liquid crystal display) monitor, for displaying
information to the user and a keyboard and a pointing device, e.g., a mouse, a trackball,
a touchpad, or a motion sensor, by which the user can provide input to the computer
(e.g., interact with a user interface ¢lement). Other kinds of devices can be used to
provide for interaction with a user as well; for example, feedback provided to the user
can be any form of sensory feedback, e.g., visual feedback, auditory feedback, or tactile
feedback; and input from the user can be received in any form, including acoustic,
speech, and/or tactile input.

[0092] The above described techniques can be implemented in a distributed
computing system that includes a back-end component. The back-end component can,
for example, be a data server, a middleware component, and/or an application server.
The above described techniques can be implemented in a distributed computing system
that includes a front-end component. The front-end component can, for example, be a
client computer having a graphical user interface, a Web browser through which a user

can interact with an example implementation, and/or other graphical user interfaces for
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conprises the following steps if the first perfornmance netric is
above the predeterm ned performance netric: setting a step size to a
predeterm ned percentage of a size of the second range of input

val ues; selecting a third range of input values by expandi ng
the first ran?e of input values based on the step size;, . .
predi cting \afresgugingtdrxiceneThy aheicedeseilngt terliugss st bradaplcneiehan a
third range i t ; e ] ir - n i
for each of(?%%&gﬁgc€¥®H%§£S%ﬂ?gu%ﬁ{g%ggﬁge%?;gﬁggﬁﬁa&{g?eg?Pzg&kﬁg¢
cal cul at ed rmidglewere, onfmant-enchtareppneys. each of the one or nore input

corpar i son a1 T PABAL SR8 Spdbd Rk AF R R P R Eserver

per f or mance apegdnetally remote from eachTdthernmkihtgpicadly @tepdomtiBoughhe c@hmunication
creating the cal cul ated range af ..i nput val ues c rises the foll ow ng
Steps |1t haePirFd 56 TR o FHE A SEVELADR DRETBEAOBPHEnBReaTS
per f or mance ramiifgd 6a the resp&Bv@ebinpited dndUWabthol 20EGtQErvhMRIttioHHiM &5 cdh
expanding the third range of input values based on the step size;

predicting @ﬁm&es of the one or nore output responses based on the
UL MRS 9, 05T i 4 R BTN P

or medium of digital or analog data communication (e.g., 2 communication network).
Examples of communication networks include circuit-based and packet-based networks.
Packet-based networks can include, for example, the Internet, a carrier internet protocol
(IP) network (e.g., local area network (LAN), wide area network (WAN), campus area
network (CAN), metropolitan arca nctwork (MAN), home arca network (HAN)), a
private IP network, an IP private branch exchange (IPBX), a wireless network (e.g.,
radio access network (RAN), 802.11 network, 802.16 network, general packet radio
service (GPRS) network, HiperLAN), and/or other packet-based networks. Circuit-
based networks can include, for example, the public switched telephone network
(PSTN), a private branch exchange (PBX), a wireless network (e.g., RAN, bluetooth,
code-division multiple access (CDMA) network, time division multiple access (TDMA)
network, global system for mobile communications (GSM) network), and/or other
circuit-based networks.

[0095] Devices of the computing system and/or computing devices can include, for
example, a computer, a computer with a browser device, a telephone, an IP phone, a
mobile device (e.g., cellular phone, personal digital assistant (PDA) device, laptop
computer, electronic mail device), a server, a rack with one or more processing cards,
special purpose circuitry, and/or other communication devices. The browser device
includes, for example, a computer (e.g., desktop computer, laptop computer) with a
world wide web browser (e.g., Microsoft® Internet Explorer® available from Microsoft
Corporation, Mozilla® Firefox available from Mozilla Corporation). A mobile
computing device includes, for exampie, a Blackberry®. IP phones include, for
example, a Cisco® Unified IP Phone 7985G available from Cisco System, Inc, and/or a
Cisco® Unified Wireless Phone 7920 available from Cisco System, Inc.
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creating the cal cul ated range of input values for each of the one or
nore input factors by adjusting the fourth range of input val ues
based on a conparison of the fourth performance netric and the
predet erm ned performance netric. 10. The nmethod of claim8, wherein
creating the cal cul ated range of |nFut val ues canprises the follow ng

steps if thd09%0 r Prsetiildzdntinthe axewl realize thgdyeentine mwelfetBpedislom other
per formance (ggs#d form$ @ﬁﬂlblﬂgief)fﬂﬁné ﬁbl'h%é w%r%sehm uﬁarméﬁs%%s f9Ket TR
the first range of 1nput values; reducing the step size by a

pr edet er m nefelreg@ng embedjgrents are thersbire ¢ bfngonaldfmdnm hll respees dlusiratiygtrather
val ues by expandh Bl be bl fof S8Rl WeatBLHRE iRBREH 00k TSP
si ze; cti %g valu ut” responses
based on th&yftbualﬁﬂendm@anmf raithiep titanviad tﬁeﬁor&gmn@ﬂﬂbmtm and durthdages that
performance netri r each of the ope or nore onses,; a
PFat ng« h@oRa L TGS F0E L co-oNal R oF BF cBlfun e AR B e
nore input fi@ed &hbrabdd tAglktst i ng the fourth range of input val ues
based on a conparison of the fourth perfornmance netric and the
predeterm ned performance netric. 11. The nethod of claim1, wherein
creating the nodified range of input values conprises the follow ng
steps if the second perfornmance netric is above the predeterm ned

per formance netric:
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setting the nodified range of input values equal to the second range
of input values; and associating a conpletion flag with the input
factor. 12. The nethod of claim1, wherein creating the nodified
range of input values conprises the following steps if the second
performance netric is bel ow the predeterm ned performance netric:
selecting a third range of input values by expanding the second range
of input values by a step size, wherein the step size was used to
sel ect the second range of input val ues; predi cting val ues of
the one or nore output responses based on the third range of input
val ues to determne a third performance netric for each of the one or
nor e out put responses; and creating the nodified range of input
values for the input factor by adjusting the third range of i nput
val ues based on a conparison of the third performance netric and the
predeterm ned performance netric. 13. The nethod of claim1, wherein
cal culating the nodified range of input values for each of the one or
nore input factors further conprises the follow ng steps:
determ ning each of the one or nore input factors are associated with
a conpletion flag; reducing a step ﬁbﬁ& ed to select the second
range of input values by a predeter ercent age; and
1. A computerized method for estimating a design space of input factors and output
responses for a physical process, comprising:
(a) calculating, using a processor, for each input factor of one or more input factors for a
physical process, a caleulated range of input values within a corresponding experimented ranges of
input values, wherein caleulating comprises:
predicting values of one or more output responses for the physical process based
on a first range of input values for the input factor to determine a first performance metric for
each of the one or more output responses; and
creating the calculated range of input values for the input factor by adjusting the
first range of input values based on a comparison of the first performance metric and a
predetermined performance metric;
(b) calculating, using the processor, a modified range of input values for each of the one
or more input factors, comprising, for each input factor of the one or more input factors:
selecting a second range of input values based on the calculated range of input
values;
predicting values of the one or more output responscs based on the sccond range
of input values to determine & second performance metric for each of the one or more output
responses; and
creating the modified range of input values for the input factor by adjusting the
second range of input values based on a comparison of the second performance metric and the

predetermined performance metric; and
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for each of the one or nore input factors of the one or nore input
factors: selecting a third range of input val ues by
expandi ng the second range of input values by the step size;

predi cting values of the one or nore output responses based on the
third range of input values to determine a third performance netric
for each of the one or nore output responses; and

creating the nodified range of input values for the input factor by
adjusting the third range of input values based on a conparison of
the third performance netric and the predeterm ned performance

metric. 14. The nmethod of claim1, wherein: predicting the
val ues of the one or nDre output responses conprises performng a
Monte Carlo SI | ati.on; the first performance netric, the

second per f or mah? &eHigng |“&'“g ‘}éﬁi’ﬂocfslsi’é’ 2l SRaEt ‘iﬁ“‘i‘i’é‘*‘d’aﬁﬁ‘é‘ftfeéﬁt Authemodifist r i ¢
ar e a neasurm:gedbf itphevalnesldereincife nib&ﬁ&dl&&gﬁfof e vadidCeal coffiisea [0pdsPiddion
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claim1l1, wherel I ng t range o val ues for each

2. The method of claim 1, wherein the design space estimate further comprises a
distribution of output response values for each of the one or more output responses, wherein the

modificd ranges of input values are determinative of the distribution of output response values.

3. The method of claim 2, wherein for each of the one or more output responses, a
prespecified number of output response values within the disiribution of output response values
are within predetermined limit values for the output response if the predetermined performance

metric is satisfied.

4, The method of claim 1, wherein predicting the design space estimate comprises
predicting an individual largest region of variability for each input factor while any remaining

input factors are set to their associated estimated optimal value,

5. The method of claim 1, wherein predicting the design space estimate comprises
predicting a combined largest region of variability for each input factor, wherein values of each of
the one or more input factors can be anywhere within the corresponding combined largest region

of variability and satisiy the predetermined performance metric for each output response.

6. The method of claim 1, wherein creating the calculated range of input values
comprises selecting a third range of input values by reducing the first range of input values by a
predetermined percentage if the first performance metric is below the predetermined performance

metric.

7. The method of claim 6, further comprising:
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of the one or nore input factors conprises setting the first range of
i nput values to a predeterm ned percentage of a | ower outer bound

val ue of the corresponding input factor. 16. The nethod of claim1l,
further conprising the followi ng steps: receiving a constraint for
the one or nore input factors; and predi cting val ues of the one
or nore output responses based on the first range of input val ues
further conprises adjusting the prediction to conpensate for the
constraint. 17. The method of claim 16 wherein the constraint
conprises a user defined limt on one or nore input factors, a factor
di stribution, or any conbination thereof. 18. The method of claim
1, wherein the criteria conprises a target response criterion for

each of the one_or,. respo S, 50! |n . response
val ue, a range BFUgE Va?es%l[ °?e°r”gn% Oﬁr’]‘ NS 8 v t%e&%‘% %mrt ?cal .
t ar get resp@ﬁsew@ahm@eaﬁh@wﬂbmh®emﬂnphtwﬁeﬁﬁamgermaﬂmawthemmsemabove

or below the cr 'crteitﬁ@*!he LRGeS raﬁg@mmm%%ﬂéﬁh of theloge or 3G nqﬁl: 20ds IS}‘f
claim1l1, wherein the physical process conprises a manufacturing
adjusting the third range of input values based on a comparison of the third performance metrié

and the predetermined performance metric.

8. The method of ¢laim 1, wherein creating the calculated renge of input valucs
comprises the following steps if the first performance metric is above the predetermined
performance metric:

setting a step size to a predetermined percentage of a size of the second range of input
values;

selecting a third range of input values by expanding the first range of input values based on
the step size;

predicting values of the one or more output responses based on the third range of input
values to determine a third performance metric for each of the one or more output responses; and

creating the calculated range of input values for each of the one or more input factors by
adjusting the third range of input values based on a comparison of the third performance metric

and the predetermined performance metric,

9. ) The method of claim 8, wherein creating the calculated range of input values
comprises the following steps if the third performance metric is below the predetermined
performance metric:

selecting a fourth range of input values by expanding the third range of input values based
on the step size;

predicting values of the one or more output responses based on the fourth range of input
values to determine a fourth performance metric for each of the one or more output respoases;

and
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process, an industrial process, a design project, a sem conductor

project, or any conbination thereof. 20. An apparatus for
estimating a design space of input factors and output responses for a
physi cal process, conprising a processor configured to: (a)

cal cul ate, for each input factor of the one or nore input factors for
a physical process, a calculated range of input values within a
correspondi ng experinented range of input val ues, wherein calculating
conpri ses: predi cting val ues of one or nore output
responses for the physical process based on the first range of input
values for the input factor to determne a first performance netric
for each of the one or nore output responses; and

creating the cal¢ la¥edk&3p e offugg

cLea he ¢a ed' range o \%Fuesv rleucgls t é)l’ E)hnem L0 u& tf agtor by
adj usting the fiFareSRge 6f s SUPe B AALE Y B o 6%%%5 FEOR of '
the first pedifstrgtierfosthmegedl bpd maieabaged enletosparisorad the éuftioperfamere metiy i C;

(b) cal cul atg g JrRdbfutnehefGRUR: Qdid NPUt val ues for each of the one or
nore input factors, conprising, for each input factor of the one or

nore input factors: selecting a second range of input val ues based on
t he cal cul atted r ang@heinethdd@Bidtaim 8, wherein creating the calculated range of input values

comprises the following steps if the third performance metric is above the predetermined
performance metric:

setting the third range of input values equal to the first range of input values;

reducing the step size by a predetermined percentage;

selecting a fourth range of input values by expanding the third range of input values based
on the step size;

predicting values of the one or more output responses based on the fourth range of input
values to determine a fourth performance metric for each of the one or more oufput responses;
and

creating the calculated range of input values for each of the one or more input factors by
adjusting the fourth range of input values based on a comparison of the fourth performance metric

and the predetermined performance metric.

11. The method of claim 1, wherein creating the modified range of input values
comprises the following steps if the second performance metric is above the predetermined
performance metric:

sctting the modified range of input values equal to the second range of input values; and

agsociating a completion flag with the input factor.

12, The method of claim 1, wherein creating the modified range of input values
comprises the following steps if the second performance metric is below the predetermined
performance metric;

selecting a third range of input valucs by expanding the sccond range of input values by 2

step size, wherein the step size was used to select the second range of input values;
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val ues; predi cting val ues of the one or nore output
responses based on the second range of input values to determ ne a
second performance netric for each of the one or nore output
responses; and creating the nodified range of i nput

val ues for the input factor by adjusting the second range of input
val ues based on a conparison of the second performance netric and the
predeterm ned performance netric; and (c) predict a design
space estinmate based at |east on the nodified ranges of input val ues,
wherein the nodified ranges of input val ues each conprise a |argest
region of variability where criteria are fulfilled for one or nore of
the input factors. 21. A conputer program product, tangi bly enbodi ed

in a conputer-reagabl e, storage device, the co ter program product
IR A S s S (M IR S e
appar at us t ealues to deterfninp 2 thixd peofbateee mitde foemdivf thaprstor fare twput epomrpandr
nmore input f act g eﬁiﬂé L m@diﬁmyaﬁée%%%up{'aqwﬁhe i utpgg&;ﬂg %&%?h%:&%g aa?ée

i nput values within a correspondi experi nmen nge .

val ues, whePdirHt @iesdrredin argmesptpp pf taxtlird performance metric apg taefiredetermined al ues
of one or np&EmALkpdkic.r esponses for the physical process based on a
first range of input values for the input factor to determne a first
performance netric for each of the one or nore output responses; and
creating thé3.cal cul ghedetiod nfeinofl, wiepint calnddtinetbe falkificd hagciofiput vafuesdbror by

adj usting t ey, e She i BILS: &ffacio&gmhervo@hgsa t&m&deg@gae @ cormparison of
the first performance metfic and a predeterm ne pgrfornance metric;
determining each of the one or more Input factors are associated with a completion flag;

reducing a step size used to select the second range of input values by a predetermined
percentage; and
for each of the one or more input factors of the one or more input factors:
selecting a third range of mput values by expanding the second range of input
values by the step size;
predicting values of the one or more output responses based on the third range of
input vaiues to determine a third performance metric for each of the one or more output
responses; and
creating the modified range of input values for the input factor by adjusting the
third range of input values based on a comparison of the third performance metric and the

predetermined performance metric,

14, The method of claim 1, wherein:
predicting the values of the one or more output responses comprises performing a Monte
Carlo simulation; and
the first performance metric, the second performance metric, and the predetermined
performance metric are a measure of the number of values of the one or more output responses

within predetermined limit values.

-30 -



(b) calculate a nodified range of input values for each of the one or
nore input factors, conprising, for each input factor of the one or
nore i nput factors: selecting a second range of input val ues based on
t he cal cul ated range of input val ues; predi cting val ues
of the one or nore output responses based on the second range of

i nput values to determ ne a second performance netric for each of the
one or nore output responses; and creating the nodified
range of input values for the input factor by adjusting the second
range of input values based on a conparison of the second performance
metric and the predeterm ned perfornmance netric; and (c)
predict a design space estimate based at |east on the nodified ranges
of input val ues, mh ei n ed r nput val ues each
conprise a largest §F%Wm5$dvﬁrr§%????§“ %?%“6 @nggng@%¥ﬁ¥?llled
for one or pitherefr mokaenpuhﬁ@mrs foanptisey sttingARe fist sygtoinpift eriuvee®tai Mat i Ng a
desi gn spac e Qfedifll Ylech@S 25 Rtk MbRY S HOOREGEnd Qi sRIBY ST C2

process, the system conpfising:

16. The method of claim 1, further comprising the following steps:
receiving a constraint for the one or more input factors; and
predicting values of the one or more output responses based on the first range of input

values further comprises adjusting the prediction to compensate for the constraint,

17. The method of ¢laim 16 wherein the constraint comprises a user defined limit on

one or more input factors, a factor distribution, or any combination thereof,

18. The method of claim 1, wherein the criteria comprises a target response criterion
for cach of the one or more output responses comprising a target response value, a range of
acceptable target response values, or a critical target response value, where the output response

can either be above or below the critical target response value,

19. The method of claim 1, wherein the physical process comprises a manufacturing
process, an industrial process, a design project, a semiconductor project, or any combination

thereof,

20, An apparatus for estimafing a design space of input factors and output responses
for a physical process, comprising a processor configured to:
(a) calculate, for each input factor of the one or more input factors for a physical process,
a calculated range of input values within a corresponding experimented range of input values,
wherein caleulating comprises:
predicting values of one or more output responses for the physical process based
on the first range of input values for the input factor to determine a first performance metric for

each of the one or more output responses; and
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(a) nmeans for calculating, for each input factor of the one or nore
i nput factors for a physical process, a cal culated range of input

val ues within a correspondi ng experi nented range of input val ues,
wherein cal cul ati ng conpri ses: predi cting val ues of one
or nore output responses for the physical process based on a first
range of input values for the input factor to determne a first
performance netric for each of the one or nore output responses; and
creating the cal cul ated range of input values for the input factor by
adjusting the first range of input values based on a conparison of
the first performance netric and a predeterm ned performance netric;
(b) nmeans for calculating a nodified range of input values for each
of the one or nore ipput .fact coppri sin ar _each.input factor
of the one or nore fﬁ%ﬁ ﬂ?&%?%%g?mﬁgﬁg%%?%ﬁggjégggﬁﬁgygﬁﬁ‘m%¥ﬂrnpUt
val ues basedrsiomret blenpuiaialpes|bascdeh arcamppason pf thatipsy perfprlenme getric and a

predi cting Yaksindhetlfn@enRy nMore output responses based on the
second range of input values to determ ne a second performance netric

for each of the (B = FE SHBTRIEY s s Eich of i gne oF more input factors,
creating t heonpeishief fopdchigno®etaiof thead br nicad wsiftas: t he 1 nput factor by

adj usting the second,r f. 1 nput val ues based gn co ri son of
t he second perfornag%%%%%gﬁﬁgjgﬁgoFﬁg‘%yggg?g?ﬁﬁﬁéﬁh%gf %%%ﬁlge
metric; andvalues; (c¢) means for predicting a design space estimte

based at |east on tbgqbRdidieshH-ARA8 SoRlbubil Rdfondéalabian tWREsELAed he
nodi fi ed raq&§§ of i nput val ues, e rise a |argest region of

vari abi | i t y°WREYaUEq deirming aspoand H?%‘(P:Wr’]’ﬁq%g‘a tricfpr ﬁﬁ‘i‘?élf 85 OB BOBFURhe | nput
factors. responses; and
creating the modified range of input values for the input factor by adjusting the
second range of input values based on a comparison of the second performance metric and the
predetermined performance metric; and
(c) predict a design space estimate based at least on the modified ranges of input values,

wherein the modified ranges of input values each comprise a largest region of variability where

criteria are fulfilled for one or more of the input factors.

21. A computer program product, tangibly embodied in a computer-readable storage
device, the computer program product including instructions being operable to cause a data
processing apparatus to:

(a) calculate, for each input factor of one or more input factors for a physical process, a
calculated range of input values within a corresponding experimented range of input values,
wherein calculating comprises:

predicting values of one or more output responses for the physical process based
on a first range of input values for the input factor to determine a first performance metric for
each of the one or more output responses; and

creating the calculated range of input values for the input factor by adjusting the
first range of input values based on a comparison of the first performance metric and a

predetermined performance metric;
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- - (b} calculate 2 modified range of input values for each of the one or more input factors, - -

comprising, for each input factor of the one or more input factors:

selecting a second range of input values based on the calculated range of input
values;

predicting values of the one or more output responses based on the second range
of input values to determine & second performance metric for each of the one or more output
responses; and

creating the modified range of input values for the input factor by adjusting the
second range of input values based on a comparison of the second performance metric and the
predetermined performance metric; and

(c} predict a design space estimate based at least on the modified ranges of input values,

wherein the modified ranges of input values each comprise a largest region of variability where

criteria are fulfilled for one or more of the input factors.

22. A system for estimating a design space of input factors and output responses for a
physical process, the system comprising:

(a) means for calculating, for each input factor of the one or more input factors for a
physical process, a calculated range of input values within a corresponding experimented range of
input values, wherein calculating comprises:

predicting values of one or more output responses for the physical process based
on a first range of input values for the input factor to determine a first performance metric for
each of the one or more output responscs; and

creating the calculated range of input values for the input factor by adjusting the
first range of input values based on a comparison of the first performance metric and a
predetermined performance metric;

(b) means for caleulating a modified range of input values for each of the one or more
input factors, comprising, for each input factor of the one or more input factors:

selecting a sccond range of input values based on the calculated range of input

values;
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- predicting values of the-one or more output responses based on the second range -
of input values to determine a second performance metric for 2ach of the one or more output
responses; and

creating the modified range of input values for the input factor by adjusting the
second range of input values based on a comparison of the second performance metric and the

predetermined performance metric; and

(¢) means for predicting a design space estimate bascd at leust on the modified ranges of
input values, wherein the modified ranges of input values each comprise a largest region of

variability where criteria are fulfilled for one or more of the input factors.
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