METHODS AND APPARATUS FOR AUTOVATED PREDI CTI VE DESI GN SPACE

ESTI MATI ON FI ELD OF THE | NVENTI ON [0001] 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 estimati on. BACKGROUND [ 0002] In the pharnaceutical industry,

the adoption of quality by design (QbD) has been an evol vi ng process.
QoD r ef er s METHODY AMNPAPPARATHEFOR ATTOMATEREREPIGITY R DESEGIY SBAGEL

fromthe inception to the final ogtpphaTeReCi fically, QoD refers to
the |l evel of effectiveness of a design -{unction in determning a

product's operational requirenents (and their incorporation into

desi gn requi rernents) that can be converted into a finished product in
a production process. This is often referred to as a desi gn space,

whi ch is the nul tidi mensi onaFIKIghDF ARE IVENIIONNt er acti on of i nput
factors (e.g., material attributes) that have been denonstrated to
provi de assul@9tkeThef pepsenti inyentiborrekieangdinerally oo sommrtanfbasstl umithgds and
process a degj i i i i .
Paramet ors ( PHELeRg dfelide Pk BleBR YL, R MATRA WA, ey
(one or nor eswat paimatigsponses). Expl oring a design space requires
eval uating the various design options possible with a given

t echnol ogy and optim zing the input factors and output responses with
respect to specific constraints g&cggr r, cost, mxture design).
[0003] In the sem conductor device manufacturing industry, device
manuf act ur er §00A2Vis the aharingéconesd] itdostrypthe adoptml ¢f qwliorigndesign(QODR des
and materi al cl fieati ' . .ACL Ur ers
o desi gn bePFrtane SR SR, Vil Sk 8 S RERE RRRes 0y PR S
However, as pwedia dogetbebieeition tetheifmil dutput.h8penificelyp QbP refew|te the level of

conplexity i f.acturi s es. i :

mater Al peln oo it RLOR R e E R oy AL Gy g A

t ypi cal pr océss theddghcogmeation mte desigprtquirememis)ribai ctrobe cormarfed diito rifinghadan
be descri bed . Se f..sever ho nd _process . variabl es. . .T, _
vari abl es ar %Bé%cﬁénr%érf)@ucpé %r? ‘]‘:ecg4 t'%hlsplgéggncrg Hg&;&aar%mgtdggrl%l as%? é%t Wémﬂ]%thc
manuf act ur i nogupidoemsiona nekhbinatioo @hd intes@tion nf intng fagorsi {eac troateriad) agprbmes)s S .

In some cas © fat R&tvet bhc%l§ edc%gﬁ/s%%tgcll t(g ff) ol{r%a%ngssﬁ{'gl{cie l%l qeugl’ity.s o?rtgclample, for a
manufacturing process a design space is the set of possible designs and design
parameters (input factors) that meet a specific product requirement {one or more output
responses). Exploring a design space requires evaluating the various design options
possible with a given technology and optimizing the input factors and output responses
with respect to specific constraints (e.g., power, cost, mixture design).

[0603] In the semiconductor 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 current 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

-1-



hundred vari ables are dynamc (e.g., changing in tinme during the

manuf act uri ng process or between manufacturing processes). The

dynam c variables (e.g., gas flow, gas pressure, delivered power,

current, voltage, and tenperature) change based on various operating

factors (e.g., a specific processing recipe, the particular step or

series of steps.in the overall uence , of, rOCESSI steps, .errors
g ged & i e b Ty

and faults t HEPIEE Kaftebigspte dgnane (% F%ﬁl,‘tgd}‘l €53
(e.g., refer r@d)emeasnandfabifuhng td@esaed)anﬂ{eedynuﬁicuea%mm@agogayﬁewogasa
partl cul ar tool or chanber 0005] .Operators can contrql the

manuf act ur i ngTPPeishvassd P wawpwtdg% A% ErpgrafuRg whanes dewsd on YaFoush

are vari abl egpbhaig faaﬁﬁsqsgcssﬁeb&icwgsﬁl@réwpepﬂae%ﬁsulaﬁ@ép RA6HEs of steps
nanufacturlng Process output response val ues erature

yield, quality thy pyerall sequgnce of pﬁeems%qpederf%ﬁn%gaakﬁ&% RCGUR Sigting the

factors. EXp%dnHﬁ@ﬁlﬁné:?Bcé@?o&%‘éﬁgéﬁ (% rf:i@frecf tja‘%s R mWadmeter values based
nanufacturlng process det er m ne nbi nati ons “of I nput factor

val ues resul tonluﬁe%f@déﬁtcalﬁ{@OWtcbﬂﬁbeF)esponse val ues. [0006] A Design

of Experi mentjodoRbheRlNOM ohrdl Bl HubRFng QrR8R1 L dorBLARE, R
determ ni ng the I’e%)%.tl cf’nshl p get ween | nput %gct or sbzyeocr) a pr oce:ssngln

(e.g., a manufmt fastarn gvigeto eeswariables that dnflpense fhy PEQﬁlHCttOﬁePI'@W@uEOT each
f T d
res ponSeS 0 rﬁa?ﬁ‘factglr otess, hﬁgﬁg—zr %mogalﬁéngeodsgfgn‘l eYatdrﬁ %ﬁr runﬁtt;e

measurements o 5) act of s teraction en t
factors st at iattpues) |opn tir gepredbthat denegd tomeinputs dactoss. ofEﬁPEItﬂh@m carl be

changes of t*ﬁt@ﬁéxﬂﬁa'tfor thRE é?ﬁéﬂar 'nian&ﬂ@tﬁﬁn%%@ce‘g?%r foRfa whal éotnﬁ)'iﬂaﬁ%ns of

associ ated w roc outpu res nse val ues are neasure
di fferent comuh&pﬁoovﬂéue@resulnmﬂccq‘pw@tecﬂuamt wspgesesialiene i f t he

oper at i onal gﬁd()kjefki I?es e ; eéb%éﬁ%bﬁtnﬂ%ﬁgé‘.‘ i CORR R 8 iz QPR Lhod for

Expl oring a design sp ui res ‘man eval uat1 ng the various
desi gn opt i odsteoring ieaclationshipdntveesy inpplefaetots dorad proedss €erg..ca mIdaciring

no way to au?%{ ey dPs‘i%l‘j'aﬂc? dl‘IeOJuth?J?Fe% gl tﬁa‘?%&o%gﬁéolfhe‘g?éﬁ ARt Y

of each inpu or t resu region Si'S
process is f gt dnentlfimmtmmma@dnmnngeﬂ/@rlaput Gretoanahd intarattims (b@va@rt the

h
conotrainto. YRyt BeBfs Mlsullyl 4, BP MR bl QA Le SEREN \HRER B o |
di spl ay desi gnpus fimtpes iththeravatg orerationsd reritesia easiclated awiglh yheeproeass) output
I nterpreted péé%cﬁl@e 'QEHI?JS %e%?%lﬁy&%%%%fegflt %ﬂa[t\ﬁ{ li%{ %g%ps?% rdg_ljéll%line if

i nventi on, res a conputerize
estimating athst@scrgﬂmmbaﬁma@fresangﬁwfémcfmombamdorout put responses for a

physi cal pr Ordtes) EdpRrin ug"e?rd‘é {9) ' ”Eﬁﬁlreg%é&hélﬂﬁgva*\ﬁﬁﬁé The Jarbdh¥Sde&Bh

process can n |n trla
options possible based on any operanonal criteria. There is no way to automatically

provide for acceptable regions of variability of each input factor, or to predict result
regions. The analysis process is further complicated when several demands on the
output responses have to be met at the same time with different types of constraints.
Further, it would be desirable for graphical methods to display design spaces in a way

that can be easily analyzed and interpreted by an operator.

SUMMARY OF THE INVENTION
[0008] The invention, in one aspect, features a computerized method for estimating a
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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manuf act uri ng process, a sem conductor process, an anal ytical system
or procedure, or a design project. The nethod includes receiving, via
a processor, data for one or nore input factors for a physical
process, one or nore output responses for the process, and criteria.
The criteria includes a target response criterion for each of the one
or nore output responses, an estimated optimal value for each of the
one or nore imqnufacthang prosess, @ sawitpmipetor procdss rag etalytésisystsm or pidcedurag or
A AN, SXPer L RALE bl e el ABIUESAL e PERL dBEuPR% B
i nput factors, e eac eri men range o
i nput val ues nupyt fetoer for m@hyswel mCesm onmmpud:re me@pnnmenscatt‘meha‘ proceesataind of
the one or QutpUt ? nclydes C Iculatln

CI' itéri & ori ena u Ea}j% ren%onse CI’lt Srlon Lor €ac P thé onge or
usi ng the pracessor, for pac nore 1 npu actors,
calculated r am'@et wipohsep,LHn wﬁxhamisopmtahwaiud foe chrof dspaadt mgre mput factors
experinmented,r

t { t
et range. &1 SRS e ATResKar Bt and i Broidet Rinec o does F °
factors, prediditdafiig cmabum&e drfput faetos)veheds cath tnpuiotatuid the ezq:reﬁmsﬁsd baged

on the first ran ut v Iue to . determ ne.a rf or mance
T for eabRpgve Rl AR B B Sl STOTR T ot o of Y bl TS
](c:al cul at Ed I’gtilgﬂ r@sfpohd&ﬁlul‘he\:iﬂéthtel&ndlﬁes eﬂaif tatif, ﬂshxglﬂw;ﬂmgﬁsoﬂgér&abmhe
actors y a ustin rst ra e o0 Ut Vv ues a on a
o o son ophe mfe i pllofiop SRS Shed VAT Wit BerfoReRonding
per f or mance Bﬁiegltnf@nted' R gérof h@? Vafies. Ud)%&}ll@ﬁdgcwnﬂinf kd&gs;lebtf&igﬂﬁﬁfshfange of
processor, a.noditrle ra e | nput val ue or eac (0] t he ne or
more i nput fatp%vaéuesger Aot fhe P.rgﬁ@‘ ROy SRt BFOR BeRRP e P QPP
factors, themset &ﬁphtlra@bwé@sas‘a@loﬁ%é fght Fanfte OO ikhut 2A1G& Bf detenpint avadsties

by expandlng t calculat i nput val ues by a predeterm ned
per cent age, Wﬁ@ﬁ% ab%e ihﬁém&m e QEIPR K5eHoptss: dsPeatag dhe

based on the caﬁﬁmmaﬁgmg‘enm valR Ubr s4alk bESe bk &aﬁ&& RpiefadtoSeSUdfhsting
per f or mance tric for_each of the one or npore éé;ﬂe esponses, and

creating the Vo FAREEOT BRI ¥21BT PRHA QP & FepREsot ofh a“'Fea‘B?tBF Y
adj usting t hg pseRRAMinERPaGorMhnde NBstkc. Vafﬂéeﬁletlﬁé@ @ekABs Aa16NNRB] SR tef

t he second perfornmance ric apnd the pr ned per f or rance
metric. The ROFSRRD # ﬁl&ﬁ@eaigang? SfmetivalyEs e B e e B S FVoinputfagtRrsi gn
space esti matg daasmfutdhctbr@Fie 8 ok h@rmﬁatfﬂ&&s,rm@ﬂ@tao@fnc!uﬂ&tstﬂe&ﬂigwes
wherein the nodi fied ranges of |nput val yes each conprise a | argest

regi on of vafScemst 1angs ch ARt dalipebi sxppRing, th caloplpted range gt fpkt ales &y a
nore of the {);@Mmﬁ@ab@k&fag@qggﬁ&mlg@a@&%m orRIHR Ak BMbut rdshinsEieREQN

space estimate further cq&prlses a distribution of output response
val ues for e®itfesscopdangsf ipput Kyjpes to detpraing seprnd peformppes aetric {95 gach

nodi fied ranggge &fe dr Be oufk ke@ﬁonééseand%;&rﬁg tn@moaﬁe@i‘-angmlﬁbuww@%ﬂ on

of out put response val ues, For each one or noreé output
responses, atipimpupBepy byarivsting he sqsﬁndo@flwf iprt rbues baspd pw @ SomPpariseThoft he
di stributi ongekeaid fiiforhRRPRARER ai{@ihb'%&d@t@:ﬁuncd%rf&h{aﬁée%&ﬁ@dﬁ{e%d@ﬁdaed
limt values for the output response’if the predeterm ned performance
nmetric is satFlgdesaedictingosaR thapragrstohed d@@éﬂ?ﬁ?@mma%l’@é‘i et leapl on e
desi gn spacenbibThlnges HChPHSARY SeHordh B MBI KLAUG inbRNARREL each
region of varirability for each input factor l e an i ning I nput
factors are @awrisoa largsptregiersyvpEabddy ebere thetcaitbria preifuliilled/at ore or more o
Predicting tfe.dashgsspace estimate can include predicting a
conbined | argest region of variability for each input factor, wherein
val ues of eal¥B09fnt ¢wtheneembodimsnie thepdesigh agprer ssivaate tfertlamyvdmmes a
within the c i e I (o) .ahil d
sati sty the rooaRaNtdi AR TH Bk bF Hedthe dh it bl flptad
response. [®bkdh ﬂllmmadlﬁtmmngﬁmfodpmm;s er agtermigatiieerfdld distribttieed of

range of | NP uYEIiel:sggnsse LA ﬁ(lesuq%r eacﬁlo?’(fﬁ[ Ry n%orr]é Suftpt 3 f)ans(e)s?c a preDspcmfied

number of output response values within the distribution of output response values can
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of input values for each of the one or nore input factors by
adjusting the fourth range of input values based on a conparison of
the fourth performance netric and the predeterm ned performance
nmetric. Creating the cal cul ated range of input values can include the
following steps if the third performance netric is above the

pr edet er mi ned performance netric: settlngvthe third range of .i nput

val ues equal Yeovilhip predesrmingh fmitoralyes for tpapulns respaepscf fop predetesmiged

size by a predagtalaatdrchipRe@fba0e, selecting a fourth range of input
val ues by expanding the third range of input val ues based on the step

si ze, predi ctiPHY] nangthsr @ﬁqun@enbméedeﬁtm&fhﬁéew spage esdme Hehidesredictingn
the fourth r adHQﬁdl?lfdudl NRYLst YRHINESE TaRiatiBl MRS iApdt S wRER {9 BRAGR
metric for each he 6ne or nore out put responses and creéating the
cal cul ated r amrryé fastors arp et to icireassopigied estimatesk ontimal wakee. ofredigting thwasien
factors by gbé&%tehtpﬂaté pﬁx 158 ecﬁ@( & BhbinaP %%e‘é@e%!igﬁ op@a?ﬁglhﬂnfo?each
conpari son the Tourt manc metric an redet er m ned

per f or mance rie Iﬁ?@for,[mml} vallnesaqf cadheat teananscir mon inputrfegtens wan bhanywhere
nodi fied ran I e h
second perf o?"grrahﬁ{: éﬁ%#?sgﬂdﬁg%%%&hﬁ%gﬂggﬁr rbn? Q)ge f%r%rrkéatrt\m% fhe
metric: sett ipngleteainerygitbiremice malgie fafeadhmptput sespones equal to the

second range i . d_as: h
e

i ncl ude t he fsdbdtiogiarthird tapgsof hputhelusebyoreduqing the firs mange nfinpitcvaluss bekow
t he predeter I %! i i @Eg .

i nput val ues rﬁté@@tg&nﬁgéddf Jr&%ﬁﬁg 1@@%%‘% BP ang gﬁée B&n‘é} 1% ﬂ%}éﬁgﬁ%s bé/zﬂée?l;nsntegp
si ze, wherei rpenfdfrelaMeetpetsczéFhwasethrsle@ntmclml Bcdlctidgevasssa)ﬁdler etge ofre
DU Vel e oG AARuPh U5 B ol Ao R B P P 9"
per f or mance meﬁfmndeametaadbr ¢Hch tolff gheo ores mrmmbrtmtpmutrq:w@nbctestpdmmem}g thad
IRt LTS Sy R ) D
the third pe rtﬁecrhlm@ge nﬁmpmtwahmjbashdampa edepazison ofcttle pmdfmrfnmmee metric
metric. 10015% 40 regq her. n?o ancemétncal cul ating the nodified range
of 1 nput valﬂ% F 8F %3”?1 gfp Re 4ok 6F  nor e i nput factors further

i ncl udes t he [60dR] hvmm@estmﬁnﬁamdm,tmmmtmmakahdaﬁngtw igrue valuesninglades
ot ot O S aBRORoBL L i JsFPRDEL | o bR
predet er m neg@erfemenptmgsc: saitidg batepeize o afpretdhtenmm&i lmrcemageof npiat of the

f f th f
| mput | val ues "B VOIBENe NB RSk e gk Er Tt bl SRS

step size, pfiedianié 0finpat uaﬁes bdsed bletlmm&psrzameectmgtvpm:s u)ﬁath@omsmsnore
based on the third raneof np ues to. determne, a
per f or mance FBPHG ESpog eli'ﬁ?ﬁd &P E‘ﬁe’xﬂ‘hem}ﬁ? B0 MEUG Vnpﬁift 0 P%tgnﬁﬁ% &sthird g
creating the p&ﬁﬂmﬁn(ﬁd‘mﬁtﬁﬂg@' @kh iofi et oneadri@srefdutput aponsestand ambidig thy
adj usting the t i npu based_on .a

Thethi rd pertiiehEbEhdinst G o Eth o Recls A Mot Bl AL STusthe
metric. [00 nﬁ]thlkmraag@bﬂnetputeumedbﬁwbn a poRghrisdn sfxh# Hérd \patfoesned metkie
one or nore oﬁ%@ ‘rjesng]?%es i ncl udes .performng a Monte Carl o

si mul ation, A&MbDe predgterpined perforganceielitet ric, the second performance
metric, and {da3pmesether émmdn@@rar@hﬂ@ﬂfe&am&weﬂea@e%f@pﬁeaawsan@ﬁdeh he

nunber of val ues of the one npre o ons s, within
pr edet er ni ned® folPYVingapieRss 1t %@I bEt i peglo C? |’3‘il ﬁ@@wofhel RFptRterRiRed e s

for each of b&%rﬁ&ﬂ:e%etﬂprs@ebwi fduGtradgs dFanput %lubkﬂ@y sRlahding thehird
first range of input values to predet erm ned percentage of a | ower

outer bound VEE% Iaputtvhléwcl@ﬁ?déslﬁ IS Pifﬁ@}t’t"fgd’él”é% of theyepef moge output
anot her enmbogiymnts babdiConBE RGN irdlEk BARDul NARiel @ deddini aStbBBSperformance

metric for each of the one or more output responses, and creating the calculated range
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each of the one or nore input factors, predicting values of the one

or nore output responses based on the first range of input values to

determne a first performance netric for each of the one or nore

out put responses, and creating the cal cul ated range of input val ues

for each of the one or nore input factors by adjusting the first

range of input values based on a conparison of the first perfornmance

metric and a opmsdictabiesfoneath péht onhermease mpetfhaiors Thedjpntiog the sowthirange of

further confi c t [ t r
I 4 # @t RANEE o YRS

each of the %{ggugn%rbg&?nbﬁut tag‘%gg ‘ﬁf@; atin "g%fdrlnﬁﬁgﬂ esf% ;Aocr? teé)

i nput factor poerdeitmn@hwrﬁgnnm memnptﬂreafﬂagﬂmr@lcubeﬁemgpwglr@uts‘sthdan

range of inp e f .

val ues by a lﬁd (5@ %r%‘%}é g é@?{ﬁgﬁ{é%&&qﬁerﬁ &H{: ?‘tﬁgg\%%}’gg tl%%fpr‘%d%féﬂ}é%%d or

nor e out put lpe:ﬁcpmawsm:tjasesdttmgn titehmrcs amwof inputgelues cquabtsntthwﬁtsumg&t of

determ ne a erf fr

out put 1 espofigut el uREAE Sel Rt b iapbiefed bttt SR ATl o

the input faecinge of)mpaﬂyahssbmgxpdnémgelmahntd lremggef u@uﬂmmfsbm&mshdaaqed

on a conpari sgon of [ mance net
bt edet er m ne iR RIS AR e RS e BiudEbhIo% B W Be P ey f e
to predict m@esvgu‘esstpale&me larfamrﬂl paiedamt nhetrés for (eaclt bfethermde ot ﬁﬁbre

ranges of input val ues, wherei i.fi ed ranges  of . nput

et compri oBuun e, PGBl b Gl e e SREE Bt Bt of LB
fulfilled fobr omee dl’(pumﬂicmrs)fbyt dfgustingtite foach amgze $ODEY] valtes Baaadenhlaon
i n anot her aspect., fe ut er ogr rod n

enbodied in ﬁtﬁnﬁaﬁlfi?flr ﬂgtt ﬁouﬁtgrpre an%ggﬁgnﬂﬁtng@ %m%pggb?fg%me

i ncl udes i nstaettizf i ons bei ng oper abl e to cause a data processi ng
apparatus to ataf r one re jnput fa or.s

physi cal pr ol g@efnélﬂ‘ét ?fre"%'il@e‘btufr %} hfnéegé'a%lp tvﬁ%’%’é@gdesgf‘f’d
criteria. Theéllewidgesteps iifcheldednd ;te&’o@emcer ansqinde abbvet elid @redbermisaich
of the one or?{gore out

ti pat ed | i
oach of t e BiibrameRabdi: sEE ke prviatl wRg b BVE s ol f HeoSatitt e
criteria, anfnghofdxpe mlmni:adassroaia@aeg Honplridh ﬂu@{vuaﬂlef@ut €ah Ofeafirpe

one or nore |nput ctors e each in in the e erlne t ed
e of 1 ppliE ailiaC RE pE LB SHGe e R Y PlavRets it
for each of pénﬁmﬁﬂeeMemeemmmabreﬂe&aﬁwﬂq&rfoﬂmc@mm @:necﬁﬁg)glﬂﬁm

product further i clude i pstruct.ions bei er ble to c use a
D ocessi g cp G TR GTiEn R GIOAENE s secOr ot aPe Aoy Sd Feb St

factors, a cahere[haﬁeeaeg ﬁB@ﬁa&Oﬁseﬂ r&psmecvaietkeammaﬂgbrbfﬁ:nﬁt GAlidsEpbdititpng
experinmented ran ut val ues. lefi'lﬁ ti n@e I udes_sel ecting a

first range H‘“@F%gfhe ‘\?SP BQTerQUIPUETEERONSHS Bri FﬂS’E%C’fWB‘fIt"a ues

f aCE ﬁr Sf pr teégté‘tinﬁﬂ%gl t}ﬁ@d yaﬁ)tneincé fetrie {fa egéh kSR ﬂ#&e 6@@ Qﬁ?ﬁSesba’iﬂed
on the firs rangeo val ues to, deferm ne irst perfo

metric for eHENMBHG RAdiEHbrpge ?fﬂlﬁ@tda@ﬁh@r ﬁhsslbaﬁ? or bé(ﬁ&lﬂé?%@?ﬂardt he
- cal cul at gdod SNBsut VhlubPded Mnh UQBpAREn SRGE t1Rfd ﬁcﬁsmsuﬂac RBtridARE the

i nput factors %y adjusting the first range of input values based on a

conpari son off® q‘@que%i’ PeREmtEifee metric and a predet erni ned

perfornmance fBis]iik ancthe® cGBHNMER! caRuREhR e PidAFHa rarfg bF RBht Jalifed si6l@sch
i nstructions being operable to cause a data processing aratus to

cal cul ate a 0B precRy RuRFWUORCtPfithey Hrlides thefoliewig sips: tdﬁém@ﬁ’@g ech
more input faohopse orq:ﬁ’tlrg tpﬁtt #abtGrs! afhcﬂs%ﬁ%d Wil 2 fetioR F?l'dé rferﬁﬁh fa 8ty

the one or nore I nput ors, selecting a second range” of |nput
val ues by exmpﬂh@ sp}q@t theategenidanned of Hpye/abes bmmedwmy@é pesFendage, and

pr edet er mi negl, P&k CRMARE or oGt fidor @fﬂa@%n@t,ra iRford RLiEcr A LPU!

responses based on the second range o I nput va et ermne a
second per f othirdmange peinpiricvajugss beam@néiflg thqee@né range nﬁmeufo‘ehmby the step

responses, aﬁg’ Sfegﬁﬁﬁé%h}ep Gr iR ghé Brezgmjé %G@Et ﬁgpoha@? Bhsed 8l &St Pfan éehtﬁ'

input values to determine a third performance metric for each of the one or more oufput
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BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0023] The foregoi ng and ot her
obj ects, features, and advantages of the present invention, as well

as the invention itself, will be nore fully understood fromthe
foll owi ng description of various enbodi nents, when read together with
t he acconpanying drawings. [0024] FIG 1 is a schematic illustration

of a systemfor predicting an autonated predictive desi gn_space
estimate, acd&PEISSYy a8 Aeping thes mpdified gangeiod ik ryelugy for e inpyk fcion by

[0025] FIG ?agju&u_?g the @Wd @6 b ihpdt YRhd:dalcdBnd cORpAIRGN bBke Birg PérfdrinBigtean
aut omat ed predi ctive design space estinmate, according to an

i |1 ustrati ve Testoidikspredsfermined pepaRencg metric; 0026] FIG 3Ais a flow

chart illustrgjisPeh andteirNQfioddfientahcaibitly! B8 Mkd! dFUhatled &raReR Sliput
I nput val ues, according to an illustrative enbodi ment of the

i nvention. [ @e2yseincludgBpsriprging| ondfopteafearlo simyltion tan dheafirsb peréumpnse o
stepw se T egi i £ ¥ABInE ?Fﬁfé}fnaﬁé'n&‘éﬁé&ﬁd’tﬂe Preﬁ&érﬁfi'ﬁe@%p@x%t_ﬁﬁﬂ&%&ﬁc 4Rut
val ues, according to an ustrative enbodl ment of the iInvention.
[0028] FIG 3asuse »ff thovpustvar ©f iviajuss tof ah¢ rge sormipteo guipwr respossespwithia
regi on expan | ; ,
accordi ng to?)géggﬁc%esf%? i%\l/lgésé ?g%ggﬁf%ﬁﬁe&%ﬁlﬁ%ﬁm%o&gg eLBé?G
4A is a flowochmere inputuficiomt carny includet stitef be fixal cangatdfnigpet maluisf toed

range of inpyl.qvalifish p@EGRALEI0RY bRePButb) batRE Vakk 6 F4TORHLPBRRIng Qhpt Ne

i nventi on.
factor.

[0017] In another embodiment, the method includes the following steps, receiving a
constraint for the one or more input factors, and predicting values of the one or more
oufput responsecs 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 2
target response value, a range of acceptable target responsc values, or a critical target
response value, where the oufput 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 achieve 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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[0030] FIG 4B is a flow chart illustrating a nethod for a stepw se
regi on expansion for calculating a nodified range of input val ues,
according to an illustrative enbodi nent of the invention. [0031] FIG
5Ais a diagramillustrating a graphical display for displaying an
aut omat ed predictive design space estinmate, according to an

il lustrative enbodi nent of the invention. [0032] FIG 5B is a diagram
i |1 ustrating cachyplathnioas (or goss gyt fagtorse preichus valips Rirtherente P mEEeRRRL

cal cul ate an é’sg&%@@i;é‘sgd Bh &RY ﬁI’s‘t\‘ﬁl E'%%'n%ﬂt %H@&%%Pehﬂﬁ&% ﬁu@tc o?'rh&lﬂet 0
an illustrativ nbodi ment of th elnv tion. [0033] FIG

di agram i | | ustatrig fongach of itheshic ©f Mos iU yespansese asyireajing gleamlculateé pEed
predi ctive deskon SRAS Fordall mﬁce%neacﬁ éﬂ%?ing% f&&oréﬁy hghyﬁ%}ﬁlﬁtﬁrﬁ%ange of

enbodi ment of the I nvention. ustrating
a graphi cal dmmlpveéwbmeddngpmammgl @fﬁheﬁm@mwnmmdn@@md@rd@w@md

t
Thvent  on. [ GGREARRALEE T Aedsiol W RIS b e Enckiffi rnge
di splay for df slpwa-salmgfoanaeémf thewnedr peredipot ﬁ‘avtersdélgicglntuguadedee@nmh e,
di t
BESCR POV, (blep! T 2ile e mER el Filths Biorifo Wil el bl
predictive despagding pthe;e:akesltaiedaltaage( PD3EPut i wlude ther ai preddtefoinedy petepeigeal
brocess (. IpeatP QIR B8 B B68SSuoul RINSLL BeaPLORE o8 bl of

deS|gn proj e ponseées, and
criteria assdgpubyaaeswd tdhtetdnee arspmndf;mfolmasceamdﬂo rfmt dach oﬂﬂpume or more

responses. TRe, BICELC|HIES A U AULLAN £l 00BUL of BRGNS BotpLyes

for each of th nor € “ou put respon |nc
one or nore lad;nagmgtthe: eguoudlsrangfe ofamplab:alues y)as‘ecbroneacchmpnpum of et sﬂ'cond n

var abi 11ty EReleg e np s iR A B gits i i 0y %
i nput fact or furthett btmﬁgumdh itag bredrcealda,hgm b;at@ebtiha&ehh.sﬂmtt llaat dn Sher mbdifiedn
of output T espanse ¥al ugsed 0488l 3% e GLILEE! A,ASAREL BlAGolbhR 4 e
“nput Fact or PRGRdIo HEUGLIBRE T B8 fsLRg HiehS5t o b
largest region of variability where the criteria are fulfilled for one or more of the input
factors.
[0019] The invention, in another aspect, features a computer program product, tangibly
embodied in an information camier. The computer program product includes
instructions being operable to cause a data processing apparatus fo 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 achieve the target responsc 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 computer program product further
includes instructions being operable to cause a data processing apparatus 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 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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[0037] FIG 1 is a schematic illustration of a system 100 for
perform ng aut omated predictive design space estimte, according to
an illustrative enbodi nent of the invention. The systemincl udes a
data input unit 102. The data input unit 102 transmits data to the
desi gn space estimte nodul e 104. The design space estimate nodul e
104 includes a receiver 106. The receiver 106 is in conmunication,
with a procesalsplatedganeyreinpyce(ugefor ok of ke enger .9}%%@@%?“%@? Afliasting
comuni cat i ofpWifsivafgedRidRARtied Bed dL AN RARNTP Fhe HOR pbiforinnee metric and
comuni cation with a control unit 112. The processor 108 is also in
communi cat i orf Bedetenningd gerfosmance metiiq 0Bl compyise proprspLRredush fsthersingudes

i nput factor ;fatedA0 Peifkibiirbld @%Q&@%%aﬂ%&%ssfn@ramfarﬂﬁs%%ﬁéul&t@"a%tﬁ'iﬁeﬁhe
data input unit 102 (e.g., a keyboard or a conptter), which the

desi gn space rengeiofinpat Wgwmf@ epghof e eng or weredinuh fastorh Cabeubiing iprhige
exanpl e, stardi i 1 I BhLE |
T2 Tui ch ars Gos GRSl 3P ol Al fetied JahgR sEoh ke b
cal cul ati ng tvaePDSESXpRbng tthe wchlaglated | reegel af iipmit uabies fyr 2eRgdqstreined
target r eSpoﬁﬁlecerﬁE ol SehiBfhel AlueE 8E e She biiRoR G Rl reg[}aﬁﬁs g%’ﬂ@kﬂlﬂl second
responses. The targe resﬁonse criterion specifies the desire

out cone for eangh obfnptirelussto determinea seend werforonpesreetc foFsecheofalping orj f

an output re i 5’6&96 i ANgh 0 :
criterion i s%%g‘g%ﬁtﬁ#t;e{pgﬁ%?’%t%ﬁz esé glﬁ spaééghg%%eiac{rrfg?&eut%% %I fg’?%&fmpm
desi gns the MBDRSE byoadjusting theesctandgenge ofeigpwnvabies begeil @bid canypatiom efth
of the i nput L Sl Cr i f
220 g/ st f ok&reeis PedbnER pbAid 80 B plopr e et SANN AL nhELS |
target respomsgramaproduct Sirther, infludds insomeionpbéingmorepblel te c2RO 2 dafs pracoiking,

a range of a | et .. nse: val S (e , ! i @en
bet woon 200 AT Rob Brith 93y bESPRPBGIAR: UBRs bl pn o HRICHATE'SE
val ue, wher e iphe valuesp wiheres tho ne@lit@inrapgdshdr inpe vabey eaabr copmiriegvat lmgest
critical tar r j Vv In
sonme enbodi rrg%ﬁos?,o(%t% E@ﬂglé%‘:{/géﬁggiﬁ%gteeggﬁeﬁr@p gc{ tbrrg%og m%lieo reepf?llgga\(/aé)gs'
data from t h¢00da) Fxaisentid in mothenskpedt, fdimiess kystehy fonestimatug a ddsignopese
enbodi nment , i i h i

ani ¢ 102) or OF i S8t Bk SO AR SR Shlft froperh P Ay Bt
subsequent | y nprpviod edeiviog tdaie foreerei arenore dopat faotarsaforis @hysiael piocess, ahatoa
for later use by t S| ce t L nat.e ul - ]

some enbodi mERt %/ ?urgﬁn%%gf&gofﬁpgypgg?eﬁ%n §1 %gée)n%f uﬁhﬁlgﬁtﬂ{l?‘lé&g yséli lt:ag ot
process (e. grespomelasterisrafor paochad ke onsaruiiae butputrrgsppres, e Sstimatedlegingh
proj ect) befor.e generati t he PDSE. T, erinents. can be designed
by hopl 1 cati SHS BEer o Lftoni e mio g e XEEGATE iR ST 2
out put respoaska sipetinehtabrangecdfiidpd valuet foe ealdhsifghe onEherseore et faverd, S

are used to test the relationship between the.input facfors.and the
Sutput 1 espotCet o (Al GG oReR Rl el inpllEVeues R RERpENe ordS |
t he process outpmredpbesnvhios for asdhaf shecmarbt mateiootpst wipohsepuThd gstemrfurther

val ues to determ ne what output r.espanse.val ues are erated by the
Conbi nat | ons IoHPORERs IorseisyRte SRR OENY BahEamfh fuff BElR) § ettt
responses bassmge of ilpnOwaluss ouikhim il emSsp@hdihf @xpefipishied agige o inpht wsi@es.
inputs the e rimental ,dat.a thr h the.data i nput unit 0040] . The
ot gn Space CREM i BN aF Eoing TiTiaptes oL SRUEvE Rr.0d oFie Pt oy

t he recei ver inhQbfactéReprddistingvakiea 6£the Sht GRinGrevuthik fespdidestakaidnathe Sirsdn
estimated optinmal _val ue for each  of orge or nore input factors

t.he
Lhat  achi evelnenaf RGeS & SRR FFE pPHomeRse Bt Ticeach pthe ond or

cal cul ati on gRf QU@ne Mspdnest, Midlcrosting the ThIFTAEX rab £AGGhput AludsiFer cAe1sbhe
space estimate nodul e, 104 _can use.,a penalty function. The design

space esti nmaf® FoEWRreinpHafaciopsby: adutting the st gpnee it 1BRH! plaiucs 92358 06}
(e.9., a targghpARsh & e &Rt peMbrinafde hetiEQRd € PedlcRBhin®f plrRHincs nichic. @

The system further includes means for calculating a modified range of input values for
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[0043] FIG 2 is a flowchart illustrating a conputerized nethod 200
for perform ng automated predictive design space estimte, according
to an illustrative enbodi nent of the invention. Step 202 invol ves
receiving data (e.g., via the processor 108). The data includes data
for one or nore input factors for a manufacturi ng or industri al

process, one or nore output responses for the process, and criteria.
In sone enbodpeheiitls onelos Merd inpyt ifastarn cFalenbating inchidese for cackyinm Ector of the
criterion for, ?%Pﬁlo&fmfnhefa@&@ s@recﬁﬂyaeséayﬁmagermm%ﬁﬁes Wex%%dlﬁgifh
opti mal value for each of the one or nore in flactors t'o achi eve
the target reslpdaisdranes efdnmuy valugsdyarpredefsanin @dtamn@éwmg vahyey of the
val ues for e%ﬁ@opﬁioferﬁﬁgpggl%lspgﬁseg"BES%d 'oHB{étse&%fitnﬁgéoﬁ BluE A6 elcRiHE 2
val ue in the experinente ange of input va eterm native of
an out put r esgroné per{aainance frptricetee hachfof tth@eone 9e more qvmuéreamnp@t and creating
responses. Sf?&’.ﬁ' I

cal cul ates a%aridéﬁdée%rbgﬁ&é Vasl/%rglf%g;ﬁ% g?’f/t or%g lSt@Hﬁi‘ne %ﬁer c%geQé
nmore i nput f arpubrvsluesibasst em 20®mptah®ndefsitlgnsesmicaerésmamtreetnochnﬂethqo4
cal cul ates ( S .

nore i nput fgf:etg%t?a gﬂﬁé&r}%ﬁ%ﬁaﬁg{ Iglgtﬁ? a?\%ee%g@ﬁ fﬁ%%t; m\?gl?%elgéa\?\% tmﬁ P%Iatﬁﬁgé 2
cor r espondi ngesigppaderstitngel basedgtdeasf on thp modified reges oAnpelteed Oicrcirtthe
desi gn space

pr ocessor - 108 e aEr Bt rdies sl GBS Sieb e ot LR e e

or nore i npuk:ntfeaacarorﬁﬂﬁlle@tfozscmprm&oftthaanpiéﬁncgrs space estimate nodul e
104 predicts ?ﬁﬁi n i S i
ranges of i n;gﬂjtz a egtgcsh%f) 8 F‘@?&r} lfr@geﬁrpg’gll @?tg%fsraﬁ%pam es|t Hgsﬁ' lfeteglg
each conpri seanapzbwﬂgelﬁ advargagen o fautomefingba biotgss fiar detﬁnmgorla@staeglbn bhe
i nput factors aaref 043] W L0 res

o st ep 20, Lk ek i) BiieP ot Broattnd b offorat Sl bibgh IR,
st epwi se expémsiacin omputarep;mnsnewﬂhigegr(rm Bvel . Iﬁt%dbldlfy t Hiee largesit regmog of

range. The in fact Ji8 ion of G t
factor for Mg%a%ﬂ ?nangﬁfﬁ%?l?tﬁgﬁfon\/vﬁg BHATRYEE "4 vy es%&% g‘?? %geg?gblgeév%%e
desi gn spaceinmestpbratetadl thmdi&bxenﬂdbﬁermxmdﬂctenmdemtmmmm dffinidnd end comget vy, a
per cent age a SI mul at i to predict output.
Pesponse var agsbrpip el Sonts barhePTd) b rbPoB Sl il Vin
stepw se  ediffareai Qrediafion Inmdélacﬁmrdwgngpaw/rrem&téne whighdcat del hannlqamﬁn
e e R A e R S e
on a one- by- aﬂﬁ)rblaﬁluﬁnut fElqmn@aIcwﬂaeahaﬁipdrmcgmmtthsrmgdlcrfonmiodvlar| abi | i ty
for each inp sus t he & rting criteria,.f.or the seaych
(stepe- 206 altBPHGIS biot SR Rner o8 B G iroR Ry SBroms Fordobr
the input faabmrtke Yiiewingadetailed description) aken thasenfuactionawich &'E:Iabdonfpuﬂxﬁiig |

the out put fjcations. . [0046] St 08
cal cul at e nE BB HRT e O RE PG HE GR 4P VKB PLSFBRECRR. | nput

factors where all input factors can vary and still fulfill the output
response specifications / he desi gn space
estimate nodul e 104 cal @%@ﬁ%@ﬁb&@%ﬁl&ﬁ%@g i nput val ues
for all the [oop3)tTHeaRkdbmet A@EbiET objsétﬂufeata@eoml Ydvant®ie@Pof2€@ brésent
described in_further de&all W, th refer nce ﬁ; &A Wth r%{gect
to step 208, MVFEIoBed YRl b SRRt e nm ﬁe‘ Rfiessiaod F¢p the
nodi fied rangfoffngi QRdkiptital WESvdrRls CasiddintRld! YRG! Qdad OfbgathaNerilhy 1@Ne
basis. Step 208 |s descrlbed in further detail with reference to FIG
3B. [0047] V\i‘qCPFnP%‘é"fﬁ‘é@fa“tl‘EﬁSstep 210, the design space estinmate nodul e
104 can use ghpbdjanent ﬁvé E&@ﬁﬁﬁ&ﬁlusﬁa@ﬁﬁ eo%rsa %nteﬁpdﬁlp?ed‘i@ﬁlgeﬁc&taﬂtwt
response to estlmate the | argest range of vari abil g for all
i nput f act or Breqipigey fesig| sRICOEStRAS, AAcPording t R eary Hbléﬁatwacetn&o imept of the
conbi nati on, ;t.hei PDSE) with Monte Carlo sinulations. The design space




100481 FIG 3Ais a flow chart illustrating a nmethod 300 for

cal cul ating a cal cul ated range of input values, according to an
illustrative enbodi nent of the invention. At step 302, the design
space estimate nodule 104 (e.g., using the processor 108) selects a
first range of input values for each of the one or nore input

factors. At ste 4, the design space.estinmaie dul e 104 predict
val ues of théb(}%%b%'&"' Frot @ DR gt rteyEhite 8 Iﬂgé?éjdlg‘gnprf‘ﬁé“?gi F"gta“tr"mﬁa
of input val ypsiidioe ARG RpRE AtihhteShcddRNAOIITANGEudNelivd EmbeiimeACsT Ok
the one or myre qQutput responses. At step 306, the design space
estimate moddM@MiP¥Y creates the cal cul ated range of input val ues for

each of the QUR6PFIGTONE:S aTRM cHaAGIMALEHRYa Methstbiol BclldiRg fal daklilated Rge Of
i nput val ues based on a conparisgn of the fl_rstvé;)erfornance metric

and a pr edet &f FPRE@ISH AFcording e an ustrative embgsligent of tha iveldigct to step

302, the desijgp7pPRESBESE HERERTRN#aBndDheBd Br b B@pEiss Shioh dREAsibOfoR
percentage (e.g., 75% of the Largest rtegion of variability for _ each
i nput f act or calgyletipgraccaisaletedirepeg oé pahyRlues RecrdiBg harsPiystetive enbggient
modul e 104 peefhQkdRnddante Carlo sinulations with a nunber of sanples
specified by the user (e.g., a setting stored in the database 110).
Monte Carlo $9038] BiG.8hdsa &*w ghartibusiating emelbehior AsICDHST TeEOR FERasioh
rely on repegiied.d:anaQut ATRARE 3f ifduf GHRM! Rcdrllifh fo SLHUtagive OBt €
physical (and mathenmatical) systens. Monte Carlo sinulations are

of ten used weéthejnveptionyunf easi bl e or inpossible to conpute an exact
result with fioc&?f BIGTURIiSS Row RhAOTILhe SRREDE Fr KalcatMB o diidd fAnge of
simulation involves first defining a J%natn of possibl’e inputs (e.g.,
i nput fact or $npubralugs.shgpsdingio apilbistaise embpgiorerf of e nvieplian. f act or

val ues) are ﬁ{ﬁkﬁﬁBﬁ@@ﬁ&ﬂL%nfm&%ﬁ{%eaﬂ B £ EBSViBO% S0k kpansion for
process). A determnistic conputation is perforned using the I nputs
(e.g., conparileatinga nndiffedrange epinnutevaipgs, gecording tplge ilysmitive gmbedimentjod
for the outpyl iRspgnse values). Lastly, the results of the

i ndi vidual determnistic conputations are aggregated into the final
result (. g. [0BHGFIPDSEYs a diensofliusmeingrerahisolisvinfe, disphsingian stomated
per f or mance [:Co 14Sc; i E C a, d 0 LA

bper at i ons. ( BERE™e SRifniis FaRle “RiebBihe™cah JRRHAE HhbRnent of te
response val inyentichat are outside the specification linmt range for a
particular o oA il Is 14100 A6 j n
be defined b a%%%f?gg%a;?i%%&gﬁ H@F@védr ﬁg%l{l%gg 1k¢15é%%5%se v%{%@rgﬁ%&g
ends at an uppsdrtootdquirte peplonetsd vrédietive ddshigi rsgace ¢stimge, afcordingefst abl e
out put resDOﬂﬁﬁnMﬁE&%&;%Q%nﬂﬁm9§R%HE response. The Monte Carlo

sinmul ations are run ang't e pre |cte8'output response val ues are
conpar ed agait¥83) FiGeSORMdlizgrand dlusiratinge gwipbicklatispla dorsiplyingdn ritpmnted
range of Valuegiclis. AGAPLARL GsufRL accSMRARPlCan 3 REMR.OLmiiRR o2 he
outside the Fimts Tor a particuldr outpdt response Is

50, 000/ 1, 000j@&@ion. 0. 05 or 5% which allows for 5% of the predicted

out put respo values.to,. . j t he:. i fd. ' i1
ange and ot AP 0L B4 i BNl eBlonie i BRT or ity e
further respeetictie: gtsign §0de estimagnecendingdionamn tilkystrative agnokmdiremt @f ths
added to each_input factor based on the selected distribution for the
Monte Carl o énlvﬁrﬁrh%gti on (e.g., a normal distribution, a uniform

di stri buti on[0035] HGt SE araglidggam tiustiating atoraphiral alixlay forglésplaging gn autbinated
first range) to. jnprove the robustness of fhe nte. Carl.,o sinul ation.
" Some. enboMFElitS e, St BTy CHIIDE Bnot HOSREHE eROrRThsahs
error is addagettioneach predicted out put response value (e.g., a
Student's t-distribution randomerror). [0052] Wth respect to step
306, the design space estimate nodul e 104 creates the cal cul ated
range based on a conpari son @eEtA@ED DEICRIETION mance netric and a

-10-



range of input values based on a conparison of the third performance
metric and the predeterm ned performance netric. [0054] Wth respect
to steps 326 and 328, the design space estimate nodul e 104 can set
the step size to 20% of the first range of input val ues, selecting

t he second range of input values by expanding the first range by the
step size. Wth respect to step 330, the design space estinmate nodul e
104 can per f d036MonsomeCzremplagi embadithentssofathe deentidnh e dbredicive dagigth space

e or mor e S B s Bminld 0y IRLFRLMRGSE (I PrhlindRSg el ®
ca: cul at) ed (rj amigeriplsprosesoed deyigmpjoiest)i bagedt dreing@cioviors.r cutyge rsporisesp and )
val ues base : nay. .t he . r n I and, t he
pr edet er m neggﬂgoggfcg%%ﬁaééé’g%# S'{'%h glg' gg?&%rggn%{ @é%%élg? ésﬁ#]%es 3C s
a fl ow chart PDSEustindes iandjstelbytion tof ontpof respvesamedtibes dor3@0h of theldde o8 Andrer

a stepw se region_ex L0 cal cul ating a cal cul ated range,.of
Mnput var ves S BRRNS R PH uS T R A i of 6 for
i nvention. AtachtieputIador. t hesalesemivdspatse tles PDSR techded ah éndidual largest
det ermi nes whet her. t he.second r.f gr.mance metric . al. the .
or edet er m nedeiae Vet BROE BRne WTRRY Soeit ST for tiru fyter
pr edet er m nedotheif rwhich irhealulbisd dassd dnphe daaibatiéro oS bwput Issponshtvakiee po
354, the design ace estim modul.e 4 sets, the cal cul ated range
of T pur val AR PR RebR ARG Gt st dit BEoSBGhuRe f e
tscra]condt Ee (rj f g ([)ﬂga‘r]clacrmgis ia?cbhn?.ﬁc rildxtg%mwzadf at h;etegf e(mefoﬁ rpeﬂgofrﬁ@hgrmﬁdmatad

e nmet ho proceeds to ste : . step , e desi.gn space
st mat o modBFUE G SRR i SS e  ASEHOIER Onis RN SRRUAEA B e
maxi mum nunb@ientionl The Skte@riscludef a HNLinEFROUNTLOR. NTIERE iffut LAICT @ tia@fHithas
been reached, .t he t hod proceeds tq s 4 and sets the cal cul ated
Pange of 1 noli Pahd s rRe S SRt a TR T YRBIeTTE IR Rty
maxi nu g] nunbieludds d feesiad i1061S Thakcsiadr 106 Ninr eaehiaitatidnheitt® pldogsor 108.
proceeds to ep 358 t eps 352 and 356. are term natjon criterig to
 event the MATREFRHS B 1 ESesIALSErt ORI PO 4 BERHGL AP
step 358, t herottesir §08 BpReenresidati®] WitliDciite] did 10Ty prbeesdr 143 it Hifo in
second perfornmance netrjc i.s be]gw the predeterm ned performnce

C 1.
metric. |f tPROREEGHAR Wih ¢ OSHBAE metric is bel ow the predetermined
||o]§r f ﬁr mance [0338’]”?113615 meutsedth (k. 30Ut picRe eﬁﬁlsnd @qﬁ& BpoBgdaed) f&la@éooaﬁ.
the secon erfornmance netr IS 0 ow t he reget er ne
per f or mance \%Eﬁ‘géiﬂ‘f’ df'tﬁén%‘frﬁwbg?%caegﬁgoﬁrg%ﬁ@ﬁ‘pﬁﬁ zwﬁfhglf"g%“%‘@@?cet he
desi gn spacees@mkie Fidalcnmd wka td Qflciist ShePBIE. ' B oha Bgenpl, statBb ridah B@S

equal to the | gst lid range of input val ues e last, range of
i nput val uestorfgiredyizough dgqontrel g ]tlﬁ= whigh, axegys a‘&&her‘?ﬁ%‘ﬂ %Pagfe?SHWa‘iehe

predet er m negdofgd {0 WERCAINIRENG Gy PDAE. SEHRRtadh, critdiR if@SdeIfdr SRAGe, a
estimate nodul e 104 reduyces %ﬁhe %tj‘gé) val ue by a predeterm ned

per cent age. H8E" TFBROMY CTHORPIC B the 9np &% mesg OPUHEOnsEs, 146 Wwett ng
a fourth ranggopde drii@ionnpedificsahs 8&irey of%GAD KrNGcl BLth ik dr HdROButPk:

i nput val ues based on the step size, and so _on._ [0057] For exanpl e,

with ref er en8®ORESt HOT SEIRRIHNL F GHPUR SHPAF0 1% Fslusonspymplian, amglcthe jtargethe

DPMO i's | essrediaf dit@ioPRV20! hifitoke the dGS Ghte SRR Ae %Hﬁlﬁ@@dé’%y ke
104 continues to expand and test the range until one or nore of the

t
terninati on RP4R & the the leresyreaion Soyaqiahility Sorgasch ofitbe Bpe)factqrs besh gatisfayo
is higher thap b LM Liftdon SME2PRZHBKS PAE RorRS hiBBlifeArD ok g%r%p‘

shrinks the factor range back to the last valid setting (step
(e.g., the fiespenser ggd is @ \Argse geppescsyayr $¢-2e g} ¢opermptipe 2q889)220and

ti t t i t '
Cor nat: on MESRAGK £ el S actebbulA i 1Rlonhec O MR IR el! Btsumprion
descri bed witehvecnf28p erg/eroke ard &0 B@jstroldy droal cdl@! rasporisnainios Wicrhthe
when the Ca'&iﬂuﬂe%ﬁjonrsé"“ﬁﬁeeiﬂfépbee%% bPBe1fHShd Sr%cap&@e{ &Epoh&eva'}{ﬁ%”&e%.,

either above or below 220). In some embodiments, the design space estimate module
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metric. If the second performance netric equals the predeterm ned
metric, the nmethod proceeds to step 452. At step 452, the design
space estinmate nodul e 104 sets the nodified range equal to the second
range of input values. If the second performance netric does not

equal the predetermned netric, the nethod proceeds to step 454.

[ 0060] At step 454, the design space estimate nodul e 104 determ nes
whet her et hod ﬁweme#%geme@eéaﬁw; HithiBNRB At dectit Bpait 3 Y#S. Inpfoiehe

maxi num nunb e ifinich€ dah la@fi$red #8mhefer fngacc@%d the @k REuARR 100 PGERHS at O
step 452 and sets the modified range to second rag%e of i nput

val ues. |f t HFEMRERY %ﬁermrmﬁﬁ@fi inythedatabage Flﬁh%‘b??a%enﬂéiﬁ’f dtg @ﬁé%’éref tohe

met hod proc e%ﬂ%@%s&&@ﬂoﬁ%@a f&tlﬁaﬁxsélﬁpth@ ashgh%gac% eQinRd MbAAd 103N
criteria to prevent the nmethod 400 of frominfinitely

| oopi ng. At d03] hsmmerepbodiggnig w&é@f@pqrwe appgy ffx theophygieal erasesies
whet her the ZEPOHQuMIEJR)rc&@r}ﬁﬁlu%ﬁJﬁhé:?ﬂog‘esp% Qé@’xgtnf}!?m@étﬁ%%r@?éﬂeﬁﬁﬂg the
it o e L e e menE il 40075t GBS OB
pr edet er m ne r X t WP

If the secon t I d

Te e, the el G0 ey Genept ol S b RNRRG] e RGP These
space esti mategpanpwtnisarel sed defost thi eclatioshin betwecanfe inpit faplierst and dha @uput
equal to the f

i nput val ues;%sﬁgr%seé\:\glelhgég%? gl'fine} XM%;E% &E& oern%aéfalged nqrrgi %(grlpg(\;/%/)le

pr edet er m nedopearicns pemiinations pf eput factos tvalyest B0 deteruned w: @tgwtmlpa@eonse
estimte m)d'{'%iﬁ?lgél &I%ﬁlgg b@ttﬁi Jﬁ%ﬁset'fh%dau @'gvﬁ%stﬁomg ‘10&9% r the
factor. [0061 £ 2 esl gn space estinate nodul e Ofﬁ

det er mi nes \Amuaheluesptohs;s basad on kaova eanrbdnationsuaf thealppwifactdrs.of ustranoutethor
the i nput 1 actbepiel B B0uBPhe 4 Bt BOTP B O o0 he method
proceeds to HMONTR ddsighlsGrcedeatimpte nidduleel 04 ripeprodtessan therdatvaicediveg iynipet
Lactors,  {he Jeh oot agechs. L aleRedid 0 Luaian d0mbioflin o
pr edet er m nedzlpefo exrhadéhe oandr mmeunmuéstotsoha:b@m%ﬁﬂw targed reemmacmew
range of inp t p

based on t he Top it o caPARROE LA, ARIGRGR OB ABBR Bhark DU et
met hod 400 |quoerestunaﬂtemoriuidllxﬂﬁd:aalulseyaqmn@tacﬂun@i‘ont HEheodesigo spave regtithatp ut

¢ ;
Step i ze t o BOHELp Ibop SR oP BES SRR3R lh UlbiBor i bR B,
i nput val uesFooéach ke of mq:sults fonetperticiist eymnbl@ipn off; hlgufdfasimgvalwpahepenalty
estimate mdlfllrr?l eg]fgws wﬁ% dﬂg tu:ﬁﬁstr%{n];sagrg Q/Eol{t:tﬂda' %f ﬁaueves Qﬁ)uxleglto h%re t%t h

the step size urrent
of the input cd’)ratralms)ire(rmteplawﬁﬁ) The desi gn space estimate m)dul e 104

f Mb | ati d
Crrors i st TS sest s ERpRF Rl BERe R e SRERRER SO 2RO
DPMO limt, tﬁuﬁqﬂte@nlgmrcspmms @Fattherpthe devipd shaee bﬁmwsémndﬂhsl&éheni:amﬂm
f the i the | ast tt

ange vi t h 2 oBERES TR S st e el Bl b kB35 Ohrogs,
factor with secatpt Etpoﬁﬂasf H"ngreﬁrf)cdshé dEiE’wﬁlylpso\hdmene ¢stimiatet] bpanlH’Wue
limt, th t h t hod 4 [ ted t h

B Ay e T

si mul ations despephcesdstipsie 40aule g ugingAlo estintaexd @ptielpvalied in eumhbieheisn
steps 450 th of the

rough 4 roces is repeated f al |
ermai i g | nub s e rhe BB Trey o i AL 2P e B Topapes vlues
COWD: etion ]1: :aﬂgcon;ﬂ?eﬁﬁts)t Eam_siass lﬂ?rgﬁﬁﬁ“@o@séf! \Fmglﬂh@@[ﬁﬂ ke &Q%rqh@an@u& he
conpl etion fla om.t he i.nput ct or vides the si ze
predet er m neéﬂcg’ﬁ%\‘jl;ﬂ’e {hg cyjteria g‘ie\fi‘]g‘@%dt Q?}f‘?}%&e IPQ‘? SXample &M?ef woHl 1‘ b
repeats the @pthpcdss efa knswPRAIpSatks e lﬁﬁé@sttreéi&UGf'va{HhQﬂlty fRQR3IDSE

provides the tolerance ranges for the input factors (e.g., pressure, gas flow).
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can set specific regions on which to performthe cal cul ations, the
experinmented range of input values (e.g., steps 204, 206 and 208 of
FIG 2). For this exanple, the calculations are perforned on air
bet ween 240 kg/ h and 284 kg/ h, EGR% between 6% and 12% and NL

bet ween -5.78 BTDC and 0 cBTDC. There are criteria for the output
responses. The sge0|f|cat|on | i range for fuel is between

mi ni mum out puPO42k Thpdnz inpul ype 1&? té@éesr@/sgtqeﬁkfen%t%n@d%t%ﬂm @atc?mtol
response val liﬁltolfIZZL‘J!Q us%@te&%@d id RfsiAP 86 onfalitcity] iﬂémﬂu?e?gﬁrdfmﬁfe
NOx is up to 25 ng/sec (e, g., there1s no m ninmumval ue for

speci fi cat i ofirmpasey andgsisefivarg mzréwﬁntqd “itki aspresessep| Ehe impipm entdtlon can, for
speci ficati ongldu ths afp% tme, ook, éaném@t;/aﬁ@&-mﬁuﬁt cHifishtds. L R get

response val ue of 220 str has a target response val ue of
10 ny/ sec, ahds slotbltlstm@g the dtaarl@@t umteb%ths design au@ce@shmatem@ﬂ@ Y, afdpbe 5]
The desi gn 5%@:9@%&&'1 Esese gl é&:‘éntﬁ%e% @Hm?%&'cﬁﬂ E h&thcﬁe
i nput factors ect put ponses devel opi ng emat i cal
functions of fumgonaétyafpmprbmrmﬁhesph@nmqnmn cqﬂeb@tcgmbitmttl ngs (X) and

the output r 30 9??% 0¥ 2 6w £ )1{111@%% g?(ﬁllt?ﬁga‘glh? ?'letho!i' 368 &'fél'ﬂhgf

expect ed out esponse as a functi erent inp
factors. Thi gutbwatpépredictiediesign spaex eatiplats, acwprdmgdo de dlugratiyé erehqylmmmflt S

Cent 1ol Conp P RofE P r0sa A RickRlna Wi €D, s SR e o
From t hose expbdendait &r ond pemorti iipu fetirs fydehsnuifagheng or mdamtal PESPBNSE

Y, were cal Cg{qea&r%ﬂ%ré%ugﬁt reéédoﬂse?‘f&r theoé/r%fésé Hiderideltd)’ ﬁséhg%m%lg&:%Qt?, (e

Tabl es 1-3 below's regressi on no
each responseriteiininblgdes afargét r@pefsf: crltsdbtﬂbdeachf the BheQumiore duirtug Jesponses,

Const ant an estimated optimal value for each of the one or more input factors fo 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
Tesponses.

[0044] At step 204, the design space estimate moduie 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 (e.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 estimate 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
variability 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 fulfil 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 oufput 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 individuaily or for all of the input factors in
combination, the PDSE)} with Monte Carlo simulations. The design space estimate
module 104 autoratically 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.,
“sood” 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. An
exemplary function is a random sefting 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 defermine 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 sach 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 fo simulate physical (and
mathematical) systems. Monte Carlo 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 (e.g., input
factors for a physical process). Inputs (or input factor values) are generated randomly
from the domain (the physical process). A determumistic computation is performed
using the inputs (e.g., comparing the ontput response vaiues 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 (DPMQ). The DPMO is the number of calculated output
response values that are 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 run and the predicted output response values are compared against the

DPMO to determine whether the selected first range of values is acceptable. For
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1.40927 Air*Air -5.716 1.08892 0.00020466 2.37255 [0066] Table 1
shows an exenpl ary regression nodel for fuel. Colum one, | abeled
"Fuel " includes the different conponents of the nodel, which are the
constants, air, EGR needlelift (NL), and air x air. Colum two,

| abel ed "Coeff. SC (coefficients scaled and centered), includes a

coefficient for gtcahD Brﬁ(ﬁg%ut r]]c;jm{sf}{neg rll&}?a'?lo% "@gﬂmse is

Err." (standarzcaitn r’r of |nc es a et error eac
conponent . Cdi0etvl fOﬁmt)OO #alﬂéloed" R’hlc(lratlmbsabr IS%'tgf tha)pred?cteteeutput response

I gglmlcj .dels nta l(:) 3 /aﬁlljas. &, tfﬁlg Puta@% of ghg 8%%01%0 f[i}POélemfll aggev %11'%%?113 rbe consdexaég%cceptable
performance.
[0051] With further respect to step 304, in some embodiments, a random error is added
to each input factor based on the selected distribution for the Monte Carlo simulation
(e.g., a normal distribution, a uniform distribution, or a triangular distribution) and
ranges (e.g., the first range) to improve the robustness of the Monte Carlo simulation.
In some embodiments, a random error based on the Monte Carlo model error is added
to each predicted output response value (e.g., a Student’s t-distribution random error).
[0052] With respect to step 306, the design space estimate module 104 creates the
calculated range based on a comparison of the first performance metric and a
predetermined performance metric. For example, the design space estimate module 104
compares the calculated DPMO for the Monte Carlo simulations (from stcp 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. 3Bisa
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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each fuel conponent. A confidence interval is a statistics termused
to indicate the reliability of an estimate. The confidence interval
Is used to get to, for exanple, 95% confidence interval (e.g., air is
8.78614 +1- 1.46984). [0067] The regression nodel for fuel also

i ncludes the follow ng paraneters. The nunber (N) of CCF experi ment s
Is 17. The degree of freedom(DF) Is 12 (17 experinments m nus

entries in tHeEeHbMmPNt vahess et eCOnPadIn st ird ﬁ‘éff‘tiﬁ'én@mm@m%@e

R2 = 0.979, %d@tgfmmedﬁ}dgﬁ’&m@ﬂgngond no. (a neasure of the quality
of the experinental design used% = 2.978. The closer the performance

measur enent s [415d] P6thgpspeqt 10 ggps 326 andsi2B othe desianispace gytimateanodyle 104 can set

bet ween the iypyly §aCi0808: 8Pfhe ih& rﬁ)dg%mftmﬂu?§ﬂﬁ)é}5?e$ect@ ﬁ%rse&%ﬂfrﬁfg%'ﬁce
measur enents i ncl ude Y-miss = 0, which is the nunb m ssi ng

val ues or measut ey exprading dheyis) ragged:Wdh? eferi &igd- at Weth I?SRSDIO step 330,
2.0249, whichyd ged %ﬂgfa@é Qetirhde Baciule @ Barl gafcﬂno%ﬁte%aﬂc? sfnﬂila‘?ﬂﬁs as

t hen the cl oser to zero. The confidence | evel he nodel 1s

0.95. Tabl e Hegudhed@beys witlsefamenge teytep 304 ofdHE. 34 i fetamninga3RMGtfor each

of the one or more output responscs.

[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 estimate 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, selecting 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 achievable for expanding all of the one or more
mput factors at the same time.

[0058] FIG. 4A is a flow chart illustrating a method 4030 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 400,
the design space estimate module 104 sclects 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 responses. 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 fo 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 FIG. 4A. 1fthe
second performance metric is not below the predetermined metric, 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 reduccs the step percentage by a predetermined percentage, and continucs
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 cuirent 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 DPMQO 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 ¢ DPMO Delow 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 resuiting 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 modificd range is calculated individually for cach of the input factors
(e.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 fucl consumption (fuel) measured in mg/stroke, nitrogen oxide emission
(NOx) measured in mg/sec and soot emission (soot) measured in mg/sec. The three
input 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 0 °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 oufput 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 cach 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

Tuel Coeff. SC Std. Err. P Conf, int(x)
Constant 243,042 077712 7.68757e-025 1.69319
Alr 8.78614 0.674565 £.93059e-008 146974
EGR 2.66658 0.656038 0.00156851 1.42938
NL -12.2052 0.646309 2.74769e-010 1.40927
Air*Air -5.716 1.08892 0.00020466 2.37255

[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 compenent, Column three,
labeled “Std. Err.” (standard error), includes a standard error for each 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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0. 166246 0.000308381 0.376079 [0068] Table 2 shows an exenpl ary
regressi on nodel for NOx. Columm one, |abeled "NO" includes the
different conponents of the nodel, 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. f our renaining colums as Table 1, nanely "Coeff. SC', "Std

Err. "pP, f. int (41-).). Th t f NOX . .
regr essi on m)ea& Cfgc’nwolggn_’t?,(‘é‘ ﬁ?‘zﬁﬁeﬁc’f,ﬁ@g’at%g‘e ﬁélrfacsﬁgﬂn “W%Qtﬁf?dlﬁﬁe X .

0. 995, condeligbity &f #h. e%&ﬁater $6nfidefbe ilaMals Oscd@@ 4et tafdr Ehaenple, 95%
confldence | eve) , of the del 5) ?E Ta%e 3 Soot Coeff. SC Std.
Err. confidence interval (e.g., a1r158 8614 +/- 84).

[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 Q2 =
0.958, R* = 0.979, R? Adj. = 0.972, and cond. no. (2 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?isto 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(x)
Constant 19.4543 0.200454 6.63998¢-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 3.31136¢-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” includes 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 (+/-y". 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 Conf. int(x)
Constant -0.279945 0.0288614 2.56008e-007 0.0623513
Air -0.157893 0.0389473 0.00136603 0.0841406
EGR 0.46588 0.0380323 1.6319¢-008 0.0821639
NL 0.283157 0.0375012 4,18648e-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 Table 1, namely
“Coeff. SC”,' “Std. Emr.”, “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 SE, 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 either 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 column 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 each 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 506C, 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 502H includes an
experimental region of input values, with a Jow 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 each
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 S10A
of 250,88 kg/h and a high value S10B 0f 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 teble 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 columan 504F, and the predicted response profile
column 504G. The output response table 504 includes a row for each output response
fuel 520A, NOx 5208 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 respense 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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colums as Table 1, nanely "Coeff. SC', "Std. Err.", "13", and "Conf.
Int (+/-)". The paraneters for the soot regression nodel are N = 17,
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508). responses, and includes a criteria column, a weight column, a minimum value column, a
target value column, and a maximum value column. Numerical values can be entered
into the columns for the input factor table 552 and the output response table 554. A
user can select entries from a drop-down menu in the criteriza column of the output
response table 554, including “Target”, “Minimize”, “Maxirnize”, “Predicted”, or
“Excluded”.  “Target” indicates the output response is the desired response.

“Minimize” indicates the design space estimate module 104 minimizes the output
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[0077] The design space estimate nodul e 104 searches for the PDSE
fromthe estimated optinmal values 512 for each input factor (e.g.,
via steps 204 through 210 of FIG 2). The search for the | argest
regions of variability is performed stepw se based on each i nput
factor's sensitivity towards the output response profile, which is
di spl ayed as the individual largest region of variability 514 for
each input fgembined fagest seeian af é%flab@@hgi(héﬂ they PREE+ fof eaghoppuf factor is
variability %%ﬁla?éd inhﬁls E}SEO(B OrInes%ﬁ@ én{b%&’&neﬁéc’él{ércdn?mﬂihslﬁ’ﬂgé’s\( %leéﬂ”' of
di splay 500. In odi nents, the i ne argest region
variability B’EWbdleéﬂ@V‘éﬁiaV@ istthe 95‘%1‘#3}@1 eﬁaomrtaalrfgmww@l ot qaplbmppbn
for each i npuyledrachOfer /éadié@ﬁsé%@ il a.?;mm%rgbsﬁ r&BBP b §8lidb AP 894 is

regi on of varlablllty 516 1| angl ng the percent age
of the regi odisplamdde.at wbantgynséhmer@hn@grr phibe ragion. anabhe ﬂwatmﬁnf istrgiyugion).

(e. g., hont e Tﬁéé"&ilﬁ;laﬁfo # %ﬁ 'n?cﬂl% cadl @ﬂlﬁ’éﬁ%n %@n&ﬁ@fﬁ%?gggﬁdﬁ%ﬂuse roﬁle

profi I e 504G di splaye each output response. can
adj ust the sé&04G dignlayed forcahoavkput fesgpnsdhe PDSE. | n sone enbodi nent s,

the design s I t
out er bounds@g fgﬁjgérg%{ngdruﬁlgggglsgm g%ﬁéragﬂﬁn %%IE'I g%?tﬁé b@ﬁ%ﬁp
one or nore theplesigd aup@c@maﬁm@dulalwﬁpwadpmttcsat.’umth:@utu@r bmmdmﬁsﬂm‘

one or nore t%éﬂﬁﬁ%@ﬁ?xgle% (5%? ofrv%gélzl%? ?tg {qr\f'%ﬁé glbn%l(ll)lle %puﬁ }a%torst hﬁﬂg%.sdsgn

space estinma recal cu € COo gest reg
of vari abi | i edjusisiiBe baer tomedsrofoae o mmage cmedﬂagttsoregmnﬂﬁvaaxlahtpﬁéé thef a

user limts @Ts%r%agﬁ%ﬁﬁrﬁz{tgﬁg&%fee%fr} c?tfculXt%,f tﬁsﬁ Il11{31¥1 & Jl%gés? X %én'é?gf

within the ca oW a hva ues o |ne
regi on of vawarability §1p f@nhgremamyngzhpm Kictogs. ot e:&ampbnd amber dimils 8 pdratyied

combi ned | ar 7 o,%]t rjeggxi ﬁpv nfably %ré I%l%cla lvzlihtrlr()éiwﬁtl‘lgl g galg tgd 139 E}ug‘:ﬁl%l ViREs ép

the left or ri remarning co arges region
vari abili ty ﬁlb@ombmed(bwgwslterdgldmef voiabihey @endyrdickitg ph ﬁteeadd (oﬁatdh,glayed

nodi fied i npyt f.agt facto

if the role 8’ sp ;alééﬁéslt rr?gi%ﬁ%%v%%h‘? oﬁfs%nd %’3%& the SEt &{the %Eror rlgb’quEhor
exanpl e, a uramatmngrnotrrblﬂeﬂ]iargmtrmgbmsl oftvynabihty BB mem;tmdﬁdiubmtyesmnsirmm on
of variabili

/h
O ket hikoe iR A odiffy Bl BB LREIBs San gl abebris R o
val ue 271. 12rolkfgd1,kp1aykd frihe caterbolmenl SOZ g ssitto 1Tres. DIFopExawepld, alnir limts G

for the air in tor The esti.ma nod

104 can expanadpbj]%g %:'lleﬁl? %35?9?%(@"8?1%’%1?’%863%% i“{P?%%T%“P%{‘
the NOx and s(a)bg/hl(:nimkg/lf a@ﬁbkg/h)juh&ndhos mmnlmeﬂmmeaﬁaio.e& kghendite

i nput factor u n, set, the predete mned er.fa tric
(e, the’ oRbyapb 7L R ¥ R iea ans B gL 1P dabBhabs
si mul t?neousinyut fa00r Yw Ad¢ANt The desgry spacé ealmmemddnma(soe!acmeeptpajldﬁ the

i nput factor _can nstrain t al ues (e

{ehper at ur o CETREdIFERT eied qarepdy i Ge ot il Beimr i Acamss e o
iaccount t he ﬂa@l‘lﬁin‘:saplﬁt@i B@lrtpé hé Inﬁﬂufacfoﬁﬁtblic asertdantsct hige @ﬂ?&bmﬁﬂbd
ar gest reglon of varjabhili r the renmining input factors
can i ner eag PB4 TET At ate STP0] Bhat e B R Gl bR
remai ni ng i ngrbitdnagisgr S can vary when the constrained input factor is
kept at cont r exanple, if a user kno

ed, val ues t he .
t enper at ur e @BJ’AA WFFH?%E‘ESEW uss'flfﬁ?@fégcel%%magtefﬁctgreqag%? rRstypkabartnt s
for the tenpgkaihUakie g&lgitteﬁﬁﬁ'ﬁt@fe pleSul), SROYRF cin%nﬁ@lr@ﬂé@ﬂﬁoft@rtake
ot her input factors &5 he manuf cturin proces pressure). |If

t enper at ur e 1 st the cpRsHEIRLS for the PRIk %fhﬂjﬂi?s@é@nleé l4rgfat waipws afo

the user they BTG mmhﬁﬁlghlﬁfudﬁ&ofs%ﬁ %ﬁageo SEATY EalhulaGaMalloRs Y-
I n sone enbodi nenfs, the PDSE output is used to interpret each input

factor setti¥gr fockngw hoy guigh theaismamingrinpys dacips c#p vargrvdien tee eqyairainsdt
critical forhfeddSEept bf confQed SXRBP! Bor cRartpPE ke £88r kndhidltle teinpdriifre

of a manufacturing process, the user sets the constraints for the temperature input factor
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[0082] FIG 5D is a diagramillustrating a graphical display 650 for
di spl ayi ng an aut omat ed predictive design space estimte, according
to an illustrative enbodi nent of the invention. G aphical display 650
i ncl udes three graphs based on the PDSE for each output factor (e.g.,
the three graphs are alternative enbodi ments to display the

i nformati on | aye each. ou utf tor i.n,.the predicted
Bsponee. or'oftp iboRsh et BlosREs ToR B ol OBHET drié PRGNS Fhcers G o,
fuel 652A, t f}&es&fr&ﬂllﬁfe&nﬁeﬁtﬁﬁﬂ@ﬁ&? tcpccmiml ehefPDSENOudjibeiBe irmliveltettd éhe user

predi cted response rofrle 652C, coll ecti vel [ S 652
The verti cal haeEsn ot Hicaos PRt cot b RemeHRIoR A a S
r ﬁs ponrsTg val ?&?E &h?lt HQﬁSeﬂg@ﬁlﬂérp&ﬁ(%hﬁﬁﬁt ﬁafctoeaaﬁngfeeg],l’a @Eﬁlcanmﬂ ebmines
t he nunber o or each in ossi bl g S
for each i npUfMeRiaetayis thepmeshc ‘b‘%&tﬁ‘?rﬂ’r“éﬁﬁésl ?ﬁr’rﬂﬂf}r)nab’ﬁ?r %%éﬁ@wﬁ'e
appropri at e) .cof@ain®4erPPPSE ttm@usw&ﬂanga@ &RbufaLAsHonsd dédaints o chtlndaanzar
658 at 230 bins ( ng/ stroke) WS &ﬁgéorr sponds to the val ue

di spl ayed in OFHJQTGEQ#%%P%FWFI}‘?QSQSJ@P ® 82 t he ni ni num col um
504B in the quisoVFIG. eﬁDW@thigﬁﬁi AnkPsingfa Eaﬁﬁlcﬂ/&spﬁﬁfcﬂﬂogﬁ)ﬁﬂﬂphﬁﬁé uges
a maxi mum bar 6601’%(1 a pr priate). For exanple, fuel graph 652A
i ncl udes a maXieraled BEAIEED eatsnfwemtﬁgafe RERO efararl B#itYS efoqipent of

val ue di spl aygdinidhibheTRIVEphidaOlispIecdoUa]staRWa mvitﬁm{ams w«}eerusach
colum 504D in the ouwfut response table 504, Each graph i.ncludes a

target bar 663PYE fActo5 elﬁprtare@ynseFJ#w @f@ah*ﬁrléhspl%réﬂp a'éqludgr £y opupng, a

includes a nMa%nE¥aNRars088 2abptAdn Bhibin 6048, Wid GUoNESPRP dschtd? tﬁfh&htput
val ue di splayed in the entry for the fuel row 520A in the tar

col unm 504C irespense vaiuesh atiugl selyma L82¢ o NEx 5omnOR2R, #d-4¥00t EﬂlrrﬁreﬁOZE
i ncludes bar gk %rdpﬁghlcﬁﬁﬁd}lm fabil&ds aﬂtarrylﬂneca@% ut BRtoMEM 8040 GHERQN

the third quarti he cal cul ated OUt@ response val ues 670
L

for the corr &8Fdriad meedrbfiRPACy whish asdisplayod gnthe Asme fejuma 00%Aa Fathetable

cal cul ating anRPRFheamiialhein BBTYRC Nk AdinEPsRD, SaanﬁﬁtesJoﬁcélumn'GME he
phar maceuti cal 1 ndustry % for a mxture design. In this exa t here

are three i nprludeseiapis0Q64, §O6B, arheltls transetively &ricpghgamt ch'é’nﬁﬁg%mv@ﬁd

phosphate. Fgf, HBD@O@%& g%iphtd@ts%cﬁea@m &perioital Fergee omeﬁrtvafuegwh% 16% €
vari ed accor |ng to fied sinplex centroid mxture desig

type of constplaf ARG ﬁilsehu'ﬁh}e §e3H, ganerally the expgdmentediesion of mpwt ‘@meb 6?8

response is g pRHEEHE iRludbdtn Binda¥R SpiBRl AGE 610 RenidH istlﬁﬂlb:ﬁedj{rﬁ-@i@d
on the rel ease olt ut res(gonse i's a m nimum out ut response val ue of

300 and a tapg@purwpbam $BBpfen sechvigpus dfacsgr 1930604TC% PISSET jipub fagier 191
user how the shil ge arrl&mnaiea%%a 'Ja'l].Icl 418261 REMY etmsg%almfso%hﬁd@&g hye

substance. [0084] FIG is a ramillustrati ng a dgraphical

di spl ay 700 fimskivi %M@%Tﬁ@%mf re@r.r@‘e; tdd 2pd e aerebinedclaigess repionsqiyawability

estimate, aC%@é%&@&hH@umcthoWat' ve enbodi nent of the invention.
The graphical display 700 displays the PDSE for the tablet

manuf act uri ngﬂﬂ@ihﬁﬂl@@@ﬁ&@ﬁw}lws this ropilta yndinddnally &ar gerbgnp faciep end quimE or
table 702 an u bl

702 nel udes STORE ol nusERREyS Sl G Bl gl sl g A PSP
col utm 702B, exaﬂn@l@ptusmcem nwhlemﬂ@omthefﬂnp@s@dimnﬂmwme graphs 606

standard deviggf | 1h9 %ﬂ(ﬁ%wt %Emhrég@nw@ C:gé Kol Dfozthﬁle NOx golumn

di stribution co accept a r ange co um
702H. The i np02D,faad tth scobbalumn BOZE thidtsp Heyrgost Hréﬁcruritﬂatﬁilﬁad‘monhs PDSE is he

DS The L OGOl 04808 2Lt ffBlelonl Slos A1) APULLBCLAR b2

is the | owest J npu? ue 0 rrgest region o
variability. laTgnet oqgtqnnwmmh:ﬂum Glezmﬂnwpthwpsgraph\s&%efof ovotethe smakgatit

factor that is tedo al B, in The

hi gh col um 792 %fl i%%‘ﬁ RN o Eﬂ&’ g&j‘ﬁ | npu? %ﬁ Ct o}r’aélj"rﬂﬂ&1 ecmgly’t R%

hi ghest i nputdlgidgoihe grabhsesmsfm tIﬁEWa;Q athiserelikctias the siiost @dicafaadr to control
for soot is EGR% because it has the smallest combined largest region of variability 614.
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maxi mum col um 704D, which is the specification limt range. The
graph 722 includes a target response criterion 726 and a distribution
of output response values 728. [0087] The target response criterion
712 is estimated with a nodified sinplex centroid design with 10
runs. Fromthe target response criterion 712 for each input factor,

the design space estinmate npdul e 104 cal cul ates the PDSE and di spl ays
(e.g., via dil@@2h{IG.13D ig pdlizgmmbiifustatingr 4 exwphica gisoly of50vViar disbiaying yn

714 for each f tﬁ%ﬁ%@l‘,

estimate rmdtflhggl%{oeg ?@fcgg%?ézgﬁ %%He to ca cucfaédt"gghgﬁg%g %%g@ggdngﬁmgg h

i nput fact or thesinysnfign.wiitaphisal displan §60 meludisshres graphis based oo thedP D YEsfor exch

associ ated e 0, u 2 t S
?J&/lfpf}?ifcgor @ cgar@llejl té{’elg d&av\gh% are mmﬁﬂébblﬁﬁﬁﬁl%sg%s dlghﬁg_rtﬁg

of variabili are hthe m Xture restricti
predi cted resgfomtiopdispiayad F0erch Dotputt faetorr i tecayedigtbrbrespankeeprofile 504G of

W thi nthe cdl; 24 B AaRPRIRURR it o, (O Shed) BlsBlool R e
above- descri M@eéﬁm,mﬂésh&:mdlbed irespbresenprutfidscifor laouillﬁgﬂfﬁ,adollaamdﬂurgraplm
anal og el ect r69£" hé lVé’[’ﬁ 15&% 659", fof eﬁch rﬁ%ﬁnnafﬁ \Qﬁ!{gc{untf &f i} %t gesponse

software, or in conbrnations o on C
conput er pr ogalags priecheeizontil. azes 636 o:limﬁugtaph pfbgldmm te giumber efrtiiedioed

hi f t t
e opoe it o SE P L BB Sl B o B AG0. Hocy i 01 £
processor, amsunpot bar, 658n@f eppropiate).plRer cemmpjt eths fuei\ seaphpef2ar inpludeyr am

b tt t 1 |
"hol udi ng. soltuaolE, S8 f1o. BN mRbuker SRE ke A IR et ne
code, and t hdnspleuyqdumehe epltyofpe ﬁmfmamvbez@efpltm/midimummm 5448 mltlmiutpdt ng
t and- al ti , t t

i tabl o1 or "gRgsF A 3% B D S SRR RhEE At ePmpRoUF ik

bte depl oyed hpprdqute)cefo% g«gmpre ﬂl?ﬁ'uﬂ(@ﬂ@htﬁéﬂﬁ&(ﬁﬁch@ﬂb muia}sdrminelémﬁﬁput 2605

at one or nofe si er one. or
nore processofs glccﬁf‘{?sﬁﬁn‘%]tg 6|\ger$pvaﬁ1§ PlsBﬁgér"éﬁfe eBt%g’F flffg{‘r‘?qf?%% 2¥qpbf‘f§h%f

t he i nventi omakiynmepeiati FD0A thagutiut dﬁpcmsata'ﬁllé 604. gt epdph hghluded Patget

dat Met hod, st f b t
o eent od B o2 3 EPRPRIT, de Bt T B arao28 olt0RS et iR e
pr ogr anmabl es@aﬁtambrna,y@hwlacdﬂemnds‘ ﬂoehejvtheomsrpaminltne aquf&gthaﬁrea;o)y a

CPLD I I | | PS
Syster ont crp Bitks BRRLpdiyn? bfc i Gitbit Bophe A 1o b ot further
processor), imuaa DAShE&indipe thecfabt cpﬁl-tlmzu thé edift G9g[ aidakk wird Guarily 668

Subroutines c refer to portions ut e ogram and/ or the
processor/s p%tgtp%?a?%'faf@tﬂufpgf/refﬁ?afe ‘f"’ﬁrﬁf é{befﬁf tggﬁ‘gfewn TR EPPEs .
[ 0090] Pr oceﬁmm%§wdﬁb|emﬁﬂé of hﬂmﬂmui PDSE,of taalee@rmﬁm@ﬁnrrgr POSER

i nclude, by wa f ex bot. ner and speci.al puypose
m croproces s?i‘f‘ ﬁn(‘f @ngh%%“a BStrYSfodéé%‘Bpf cgjen. ﬁ’}hﬁiefﬂ?‘%‘f’ there
digital or agal tﬁ@c adapRUb&srs @@ doabtitientsi c@mmses $Qfosd, @81 piRSphate.  For

instructions and data,.froma read-only or .a random acce
memory or boPYiPoseh EREP rfhélfgfféﬁ'%%‘t toas @Bﬁ’ﬁ%?defcc%" wedo 3y e@@%dor

for executi ngmpRStcemtadid @ﬂﬂu@n&bs@ﬂqa%m &bnﬁtﬁiﬂéﬂmﬂﬁﬁ% a@ﬁgnf Q6 pafdﬁéd ng
instructions and/ or data. devi ces as a cach can

used to tenpBPsii ithe g'efavtécsaafsa is T@Erﬁf?a&?e af‘e%lf é@g/e SEstagtes oThSecntwé@lapfesir

| ong-t er m dagpihs EQ&&@Q&tpl@@&%BﬁE |1§/a m%mﬁmuﬁ)ﬁf reﬁfoﬁ@ \faﬂl%lo‘f'gﬁfﬁandoitafgét
oper ativel Yy COUp ed to receive data fromor transfer data to, or

both, one orOWBK &shenss valppehtpd. JagiPRSE infyrmssthe upas gow dhethreg igput factors

magneti c, Wﬁﬂ@én@efh@?élé‘a@éoi‘ih&i%ﬁvebest@&re' cal disks. A conputer can
al so be operatively coupled to a communications network in order to

recei ve i nst 10084iF6s SRt aotiegien dllpstrering kerapbicelodirp!an @00 fort displayingsine r
I nstructi ons, gk or s Oilife 40sild SaBELMRARK; acCHIRY I NIEAAAN SnRuMA06

the invention. The graphical display 700 displays the PDSE for the tablet
-29.



[ 0091] To provide for interaction with a user, the above descri bed
techni ques can be inplenmented on a conputer in comunication with a
di splay device, e.g., a CRT (cathode ray tube), plasma, or LCD
(liquid crystal display) nonitor, for displaying infornation to the
user and a keyboard and a pointing device, e g a nouse,

trackbal |, a touchpad, or a notion sensor ch thg@Fser can

provi de i npumanalesilang esmaltee Crerbicg! display @QOa]éFI“@ﬁstaﬁ igpuf, fgfor fablecilp 7ad

el ement). O hghulthidgpoRte @QY '79@5 Tﬁé‘{hpblefab't&efibfe@@ G&deﬁelgﬁrcolumns the
interaction with a user as wel for exaﬁ ck praovided

the user can iRt Sipr Fpmp d624% éh?sléw;ﬁofl@w 3kthe @Pfgnum \9?I§EF&I7O?%§B% 5’61& ,

audi tory feedbgagl. 76D, tﬁ@tstah@ar& CRURAGH coRf vmutthef Q8 R F8IF, CRE
be received in any form including acoustic, speech, and/or tactile

i nput . [ 0092disirihatiotheplunnH26; psethe essEtted gorentabla Fangecalymn &0REht Bie nppt 4
di stributed gomubjfg ﬁmgtcﬁdﬂawa{e 1hﬁﬁ|f§kﬂﬁ§ i tﬂ@PﬂSSE”Q‘hEWQQ@Hﬁ 7078e

back-end conponent can a data server, | ewar e
conponent, adiépleys arvagpr eachi lowtsfé‘PtvléFhat Ththe dpwest input (fW%‘e‘GIU@ of the

t echni ques C%&ﬁed % vhﬁlabgltyl $hd dgtith G RRIPHR NG, wﬁeméfa@t

includes a front-en e front’-ena conponent an
exanpl e, be zadl mEﬂtfacmrrtba]tl&aﬂwmmﬁgi eptigad yhiue &ir cagfeinputrfaesert a"Eh;e high

Vebsbrovser mhgﬂqg;ﬂvﬁfs@gsﬁaa WAE oA, e ol PSRN R tor value

i rrpl ement ati on hi ca user 1 nter
transmi tti ngofitheicorebindhargedh mgmndﬁ yensbby Thotwniderddevigion chlymn 702E lists

I d | 4
conbi nati on G St SRHbEGo A Mo 54 TR BOSE. T M SoBRN 007
[ 0093] The cdisplays thg rely of éw ioput faatarl (legtkbedcbr fged.s Taﬂdlss'@nvm solunin &02@ nt
and a_server (A, R0SLAol SBL felioiRanh e ot U EALY oy o

i nt eract throu a conmmuni ca relations of cli
and server aeackaspudfactor c¢llnose 70@ iptnse 703 eyl ghosphatg ﬁﬁﬁ@gmﬂw’ﬂwﬂﬁ lllpuf

5Dt Ve UL ARSI D9 Bl CRln BB O Lol
i nt er connect ecbejnyblamgé ocrlumm 502k thiclndesod gaply 7ORA, 7088 amhTWB§ foneach input

conmmuni cati o f
comuni cati o Cgr?g nc ugeﬁ@(lgrrg | ﬁ’%gggo@)em@% %ﬁased
net wor ks. Pa@085} Era:h@iaphelomn kise csimated cdcogpeablef mngeemqm &02H freludes an
Internet, a carr.ier rn r.ot P I I ea
net wor k (LAN)e penmgrétalaF annogi ut Va?‘iﬁ%m}” ith g loqﬁrslx@lér igé&% \t}\}g}rl k‘%"%ﬁ«@,ﬁ’
met r opol i t an gafemaynm mekmédwa\t)egloh afrengaut @aluese'ﬂ\ﬂo rBack igtiih J708 anchrdesy ant e
D etk Aol R B § BRGeah F B RS B ¢
(e.q. radl oesa(%ésl pﬁ@? 7? 0 net wo f( op) ne? wor K,
genEr ?I bpacléﬁfpur Sadton m@{) Wﬁce Haéﬂ’l@ﬁ):hn@ﬁmmhdesl—larpm@v%d}al 1 lagw]f aegiat lér
packet - based_n r [C an_inc Qr .
exanpl e, theV ?ﬂ?@?ﬁ%’ %24 i "cHe l?péll %'n éﬁ%a fﬁ?%ﬁeﬂg%ﬁ?s’ltvr%%n of
br Sncg exc hang&bl(liBB’)qt )6, foBcach f@h?ﬁﬁogﬁvﬂﬂgg\f@‘?c}g?zbeﬁ&bﬁ thb valet msplfgie_d ixlz
code-di visio i ess, ne r i e ISOt}ﬂU iple
ocess ( Towjhensy ifrs BB LRR lTie R sekh Bwele-3aF Pofls. | B
networ k), angyogs) niehartpmlrespuns‘e -talsls €4 netlum l@ght [cORBn3, thevnpas raporiséie
conputing system in i C in de, for exa , a
conput er, a’@‘%'\/\}“’t NR’EWA/@%% &fé\} tco "mfnefdéiglh@ﬁé’}axacﬁﬁjflﬁ% he,
? o ;ol lje devn@a:ri&emog colut@l 104Eathe mbl@ ﬂ@lumaemp,rtaé DOV telhmaToH#G} @t the
PDA evi ce,

op conpu oni,c mai| devic rver
Lokt ombregie apouar BoB et Ho The sUBLIPSoRtE G Raier b poot
and/ or ot her f&&ﬁwaﬂpﬁtaieb@ﬂsaﬂ@wageem Thee tp&samﬁr reﬂfbﬂeCﬁtoﬁI&Cdoudﬁﬁ 70401
exanple, a co uter

deskt op co ter o) t th a
worl d wi de WEK %%@P %}%2 fpr t M@El&gmnpgaerf?'@?%@% Efb u@%ﬂ W&
from M cr osoffecfGostRANRiH @he MAgHih@L flnifhehiht @mhéealalue 7h4 @.‘gpm@ahﬁl a

the minimum column 704B with no maximum value since none is displayed in the
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CLAIMS 1. A conmputerized nmethod for estimating a design space of

I nput factors and output responses for a physical process,
conprising: (a) calculating, using a processor, for each input factor
of a plurality of input factors for a physical process, a cal cul ated
range of input values wthin a corresponding experinented range of

i nput val ues, wherein calculating is performed in parallel for the
plurality of maxowmm tlemsreilymdichas the bperifisefiondimiiengss Thpgraph 32 ingudes

values of oN ke:pGnQuliBlily FBIRPRARSIOLMn e BEpHNBLERLaRLORESS based

on a first rang I nput v ues each 1 npu tor
plurality of [OfHﬁaht Theidargeisresnonste crienem @12 if iegtinnategie pith r srenvddiedutimplex

for each of tQﬁ %?es%rq}put VaP}HgE an?f?eptg letses oﬂ&dcrﬁ ?‘t'}é?gf?%%%h input

cal cul ated range o eac I n ut fac

plurality of fadnuthe designepase bstinmd m@im‘lm@ﬁchleul&ms@e PP8Rged diplays ., via
val ues based o I nd
oredot er i ne g%glgfg?@qﬂﬁé%n%ﬁ%dﬂ&gw%% osftvaR?%ﬂ%tf ‘ﬂ??o%%aéﬁ%%“fac?or For
processor, a tipekamplithe design spéceicstpudte madlulekOf#ls)conégmhd wfcatchlatephml?la‘li]i ty

OF DUt 2CgL op WAL LI AL SHERIY 08 LYiABLACAIBHL LR nbE LU0 RHIY
i nput factor eﬂﬁnatddeomilmﬂ ablue Y12f Thepombinad tiopest repiine of ivagabilitg fd 6 rask

range of ol ol B, 165 bREREREHRER s BTt

responses bas@@smshowseth:s éismbdnaraasfg@:tmft respgst valmby 828 oo et actor values
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.e., a computer
program tangibly embodied in a machine-readable storage device, for execution by, or
to contro! the operation of, a data processing apparatus, e.g., a programmable processor,
a computer, and/or muitiple 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 armray), 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 finctions.
[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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m ne a second performance netric for each of the one or nore output
responses; and creating the nodified range of input values for the

I nput factor by adjusting the second range of input val ues based on a
conpari son of the second performance netric and the predeterm ned
performance netric; and (c) predicting, using the processor, a design
space estimte based at | east on the nodified ranges of input val ues,
wherei n the msRfessPEPi Pankiad Othg}fﬁﬁ)&tan‘i}%ﬁ EREYPUEE C FCRGHE P PEOCESSPILECERAEE
region of varihafktidns ¥nd\BR4E Gofl d ?e@&-bﬁ‘lyfiﬁe%oﬁ'y' b# hlrinﬂﬁlmfa%esﬁ)ﬂﬁm@gr G4 ofh, Of
t he i nput factors. 2. The_ nmethod of claim11l, wherein esi gn
space esti matiicryentisbelemening dsf@@pateaitrsﬁrpr%%svrofﬁr Precwing fstrustivangdone
val ues for eag ?no@efmerhayeeﬁce@rfomrﬁgwr@afongﬁﬁﬁb@asesmm%r &ivited, B&h as
nodi fi ed ranges of input val ues aré determnative of thé distribution

of out put redpBehsecapdiesed to temporauily stppe fdel Memeryadavices camé&Oéfuenxswao
each of the qne. @, FRS ﬁo@%’eh p@énefa‘?@})ao ter 350 HREBEES bf Is P erdHHRLEou 1

out put response val ues w the dis butlon of outpul res onse
val ues are wite mcmv?)de@jé@@rqmmqe&ferldawp, cvéalothegner @YIQIR S8 StpTAge de! smf%e
if the prede Agd per H&Lr | BisS2bt StlciCdisk cdidutdFeht 0d
of claiml1, &ﬁ g% E@én gpaceaiggﬁﬁafe conprlses

in pr e de
predi cting amlspnbs mpgrata{elﬂ &0@2@{ to @gicommuticajigny apiwork yin fayderetoc heckinput
factor while ﬁWthoggFﬂlféﬁr Wl R e BN Sadfr Go stk SustBGiohs ARPAGALET

estimated optina
the network. Computer-readable storage devices suitable for embodying computer

program instructions and data include all forms of volatile and non-volatile memory,
including by way of example semiconductor memory devices, e¢.g., DRAM, SRAM,
EPROM, EEPROM, and flash memory devices; magnetic disks, e.g., internal hard 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., 2 mouse, a trackball,
a touchpad, or 2 motion sensor, by which the user can provide input fo the computer
(e.g., interact with a user interface element). 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, anditory 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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5. The method of claim1l1l, wherein predicting the design space
estimate conprises predicting a conbined | argest region of

variability for each input factor, wherein values of each of the one
or nore input factors can be anywhere within the correspondi ng
conbined | argest region of variability and satisfy the predeterm ned
performance netric for each output response. 6. The nethod of claim
1 wherei n cr datrfgsaitiing devige uThe aboveadpyeribsd trohpiguesy eanykss mplpmentaein a

sel ecting a tidnfidhidiaBdRpudthe | HREL ¥l YRIBY ohf AHRRLLD Sf dubR babiRBYE
of input values by a pr ede%erm ned percentage if the first

per f or mance rmEddlp¥are. o1 Gentowd corapgsertdet er mi ned perf or mance netric.
7. The met hogo@f) Chraé '?an@putiilélﬁfs&ﬁ{ %aﬁq deHi éé anﬁlsl%gvgﬁt | VGl L AESseRfer

t he one or nore output responses based on t range of 1 nput
val ues to detaes gangrelby ranmete Hopershovtherrroe tynigatly dntérast targegh »eomhenicstion or
nore output r Ses., \: I '

val ues for eélgﬁgg? t eregﬁgsgﬁa%%pgﬁ ﬁﬁ%ﬁ“iﬁﬁ?g@?gﬁ’gq’%}&%ﬁﬁgﬁ ]}c[tﬁﬂg& ?%Eéms
third range oinningpen thegpspesivb gemputen aad devipaeidiest-sofver telatiphghipdio each
per f or mance fi c and the predeterm ned performance netric. 8.
The met hod of cl'aim 1, wherein creating the cal cul ated range of input
val ues conpr i[#€4] t ke fopiponenitnef the equeputifg siseenf ¢an de ipgerdroesrehineanydom ¢

" predet er m SLHT oLyl AEaD kS AEIRERRE B0k colifuicBlof e B | ©

val ues; sel e&kimgjesofichinmunicaiiog ectwbrks plhitde viaduitdmsddyane ppheteliaseg netwerks.

first range 9];0136{3!9&%(1 ﬁ{aﬁllc}f‘ﬁsscag %’?c%e,%r é)@%p@} P ]n%éri?[& a carrier internet protocol
(IP) network (e.g., local area network (LAN), wide area network (WAN), campus area
network (CAN), metropolitan area network (MAN), home arca network (HAN)), a
private JP 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 (¢.g., Microsoft® Internet Explorer® available from Microsoft
Corporation, Mozilla® Firefox available from Mozilla Corporation). A mobile
computing device includes, for example, 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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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
cal cul ated range of input values for each of the one or nore input
factors by adjusting the third range of input val ues based on a

conpari son of third perfgor-mance netric.and.the edet er.m ne

ot o mance. BT . OB . U R RAL bt F RSt EREPe SabElie) Hthore
cal cul at ed r apggfiobmhdwpitiouyddpldis s GOnRMhd it of Bgenftial dhemttogstizt tpof. fThehe
third performance nmetyi¢c i s bel ow_the predeterm ned perfornmance
metric: sel edPEERIPGSTFRAFRHLY AR Fsredrre i putony FEfbw ﬂgve%?ﬁaﬂéwaw? agher
third range Ghanilitfithhg MEthé@Serbion GeheAibedthbRins ISREpeSIf AR invntieh & ithud gndicdtedes
of the one or npre oufput resgonses based on.the fourth r

! f
i nput val ues Wohgdpendsf sleims, relsr thpn iy the forzeqing dvtiption. ppg gﬁlg@?g@fthﬂtthe

one Or NDre QufbWithih@BPRBEMS; andehgs bEfuivAlnéyhdT tkAdiSiths afcHerbRdRteRied
i nput values for each of the one or nore input factors by adjusting

the fourth rdnBeseirased isteival ues based on a conparison of the fourth
performance netric and the predeterm ned performance netric. 10.

The nethod of claim8. wherein creating the cal cul ated range of input
val ues conprises the following steps if the third perfornmance netric
i s above the predeterm ned perfornmance netric:
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setting the third range of input values equal to the first range of

i nput val ues; reducing the step size by a predeternined percentage;
sel ecting 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 nore output responses based on the fourth range of input values to
detennine a fourth perfornance netric for each of the one or nore

out put responses; and creating the gahgyicated range of input val ues
for each of the one or nore input factors by adjusting the fourth

range of input val ues based on co r.ison of the fourth performance
metric and the pr ede -e"fﬁqlﬂlél&?e%%rl}i?ﬂg&é%f%{lm%?dem&li.sparﬁef met hod of

claim1, wherein cH¥3 fiomsndngdpyy waponsagdons nhipigal pacesss
conprises the fol | 8PgSBeps if the second performance netric is
above the predet er ni(apehlpdating. mainge pretessar; fos eadli ingutfaetonsfti f i ed
range of input val ues pbaubly dfanplidacecdoca payrgel pfocesiputanal ues; and

associ ating a conpl et ilaad fraage Wftiipth@aluBP UhithiACi Qorresponding

experimented range of input values, wherein calculating

is performed in parallel for the plurality of input factors

and calculating comprises:

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

creating the calculated range of input values for each
input factor of the plurality of input factors by adjust-
ing the first range of input values based on a compari-
son of the first performance metric and a predeter-
mined performance metric;

(b) calculating. using the processor, a modified range of
input values for each of the plurality of input factors,
wherein calculating is performed for the plurality of
input factors one at a time and calculating comprises, for
each input factor of the plurality of input factors:
selecting a second range of input values for the input

factor 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 deter-
mine a 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 sccond range of input valucs

based on a comparison of the second performance
metric and the predetermined performance metric:
and
(¢) predicting, using the processor, a design space estimate
based at least on the modified ranges of input values,
wherein the modified ranges of input values each com-
prise a largest region of variability where criteria are
fulfilled for one or more of the input factors.
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12. The method of claim1l, wherein creating the nodified range of
I nput val ues conprises the follow ng steps if the second performance
nmetric is below the predeterm ned performance netric: selecting a
third range of input values by expanding the second range of input
val ues by a step size, wherein the step size was used to sel ect the
second range of input values: predicting values of the one or nore
3“% put respo”ﬁesdbés e%letﬁ&?ofé]hﬁa&'lr MefeiPthd dRin YAksesit O
etermne a thir d?u g §Ff"r?§q%#5 str ?1 1033: u%ﬁﬁﬁ%ﬁoﬁs%qla rnore

out put responses I f
the input factor 1I‘f§ FfiaGe P Pﬁ@r’i“ﬁ{‘??}“?'étrfﬁg’ S iy fe”gﬂll u\ég gggedor

on a conparison drodified rangesiop@pRoyalugsce felermmativg of H’@ di%-edet er ni ned
per f or mance net ritcbution of diputhepomse Maldenf claim 1, wherein
cal cul ating the nodi TheehetlerDe dhint Dpwheredl freatlonf drcdneadr t he one or
more input factongofUbbipef r&poRdesS @Sprebfecifid Anhiber T eRfiput

response values within the distribution 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
satisfy the predetermined performance metric for each output
response.

6. The method of claim 1 wherein creating the calculated
rangc of input values comprises sclecting 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:

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 perfor-
niance metric and the predetermined performance met-
ric.
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determ ning each of the one or nore input factors are associated with
a conpletion flag; reducing a step size used to select the second
range of input values by a predeterm ned percentage; and for each of
the one or nore input factors of the one or nore input factors:
selecting a third range of input values by expanding the second range
of input values b e | ze: predicting, val ues of the one or
nor e gut put respoﬁ'si(;ltfc.%lés: 12’5 Oiﬁfaﬂlﬂeﬁt W‘HHFE\"%&)&%&FC ¢4} %t05a| ues to
deternine a thi Fﬂ’ﬁﬁé&f’&ﬂl Hues eadaprises therfolawmestenspthe fistor nor e
out put r esponse®eTIGRBRGEARGITR P abpxe thepredelamiaadpedornumsat val ues for
the input facto™&cadjusting the third range of input val ues based
on a conpari son ofettiga stbp side pparpredatendeedpdredigagest atshe ofr edet er ni ned
per f ormance netri c.the secbad rdilge sféhadadfescl ai m 1, wherein: predicting
the values of thes«dagingt NS Ruged AHpLIVARROBS Bpunding 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 perfor-
mance metric and the predetermined performance met-
I'ic.
9. The method of claim 8, wherein creating, the calculated
range of input values comprises the following steps ifthe 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 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 perfor-
mance metric and the predetermined performance met-
ric.
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conprises performng a Mnte Carlo sinmulation; and the first

performance netric, the second performance netric, and the

predeterm ned performance netric are a nmeasure of the number of

val ues of the one or nore output responses within predetermned limt

val ues. 15. The method of claim1, wherein selecting the first

compri ses setti ng. dhoetbe@RE e in §SyRaEn YediRadhe hypdder er m ned

conprises settin € 1ir r ange : t) E’m :
centage of a %}grOf&Pfngalgﬁﬁﬂ R‘i‘é?ﬁ}gg lopyiag stgps Bdisshid ng i nput

P g(r:t or. ) 16. TREHERNGE matie [sAbRye theripdatemmipedipenfeninmgee he

fol | owi ng steps: M¥EEi vi ng a constraint for the one or nore input

factors; and predi ®fiiig)theathindsrange ofiénprievabresnaymal authpufirst esponses

based on the first ramgeoGfipiineiltesyal ues further conprises adjusting

the prediction to redogiagsied gef sive bY@ ppeiesdhifhét percentdde; The method of

claim 16 wherein tdafectinfstfoaHB raf@E bR afdd 35 e %B&iiﬂﬁ‘ri'%é' mt on one

or more input fact Ofird farfeR S Hpuflvailbd ék\rle\}%%ﬂ’th bte '&Yze?ﬁt | nation

t her eof . 18. Theqigh qdiRE o @k Bk o m%gg :%)rlllg%u ?rﬁgpr(%ﬁgsr IO? oI @

out put 1 esponses. comisRiniedsy errglggg?g?%}}ﬁ‘@i“??ép@St,e”&“’rea%ge of

ggcgpt abl ept ar get rﬁﬁhgﬁw}a&g&l%c_ r&ack pE e eng georesponse

val ue, where the ouPBiFEBPRKEEan ei t her be above or bel ow t he

critical target réspngdhecniguated range of input values for each of the
one or moreinput factors by adjusting the fourth range of

input values based on a comparison of the fourth perfor-
mance metric and the predetermined performance met-
ric.

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

setting the modified range of input values equal to the

second range of input values: and

associating 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 per-
formance metric:

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 select the second range of input
values:

predicting values of the one or more output responses

based on the third range of input values to determine a
third performance metric for cach of the onc 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.
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19. The method of claim 1, wherein the physical process conprises a
manuf acturi ng process, an industrial process, a design project, a
sem conduct or project, or any conbination thereof. 20. An
apparatus for estimating a design space of a plurality of input
factors and out put responses for a physical process, conprising a
processor configured to: (a) calculate, for each input factor of the
plurality of inpul3fHumedodef clipHtysiherin grloelatng the Badicul at ed range
of input val ues fiedtrange of ioputredyssifai earbeopbe onent awre &xyé of i nput

val ues, wher ei n fzabedliahérngnipgispetiedoliewlingrstgpar al | el for the
plurality of inpufettasindiss estdof diecbh@lor ngoreoimpti $&sorspredi cting

val ues of one or nMo4BQLRWIH £&peAsH Higg: t he physical process based
on the first _rangf'e EinbARW, sYRWNES o RlecBRE BedoRRMndeddtut Of the
plurality of inpu R (ol el saeﬁrgdé,ghﬁﬁlgaggmgn a,é;%ldpé?for nce netric

for each of the ope or out put_r.e nses; -.and creating the

cal cul ated range ﬁ?{ef"ﬁlb 1{1?/gﬁl%ﬁll?rﬁﬂn%lﬁgﬁﬁ?rﬁBaﬁlefoé](?to&moc;? gt he
plurality of input ¥B¥t18F9™Hy adjusting the first range of input

val ues based on a ce6Hstpg sdhrdrangsef mpusvalges hoerrmdwztberic and a
predet ermi ned per f or eewd range elonpytyalessiyuhasiepsiaendi fi ed range of

i nput val ues for eguhdiefing kelups uf dld dne af morpovtphbudsposes wher ei n
calcul ating is performags dipthetthied pinge alf inpat odlubhRudetémgher s one at a
time and cal cul ati ng AGRIPH&EFRTant ORI bRBWY HeafHe@r nre t he

plurality of input f%gﬂﬁ%s 8E§cﬁcz¥dd“9 a second range of input val ues
for the input factor bdsed 8n the cal cul.ated range of .i nput val ues:

predi cting val ues ofreetig hsenestillpdrangs of pipk! yaddgroRE B¢ igRlled on t he
second range of i nputfavtal tysadjostitegt thenthird range ofndpwerdlegsnance netric
for each of the one dsase®be aeuiputissiesiroedest pafudmance met-
ric 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 met-
ric. and the predetermined performance metric are a
measure of the number of values of the one or more
output responses within predetermined limit values.

15. The method of claim 1, wherein selecting the first range
of input values for each of the one or more input factors
comprises sefting the first range of input values to a predeter-
mined percentage of a lower outer bound value of the corre-
sponding input factor.

16. The method of claim 1, further comprising the follow-
ng 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 con-
straint.

17. The method of claim 16 wherein the constramt com-
prises a user defined limit on one or more input factors. a
factor distribution, or any combination thereof.
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creating the nodified range of input values for the input factor by
adj usting the second range of input values based on a conparison of
the second perfornmance netric and the predeterm ned performance
metric; and (c) predict a design space estimte based at | east on the
nodi fi ed ranges of input values, wherein the nodified ranges of input
val ues each conprise a | argest region of variability where criteria

are fulfilled for one_or f 1h act 21. A conputer
progr am product , th’?}dﬁ’@l‘?eﬂéﬂEBg?léﬂnﬁn“’g ]FFH%QQTCSF r1ses

machi ne- r eadabl eaémgﬁfag@@éﬁpﬂ@ﬂotlﬁ@% ﬁf @ronﬁr%&?caﬁ%%‘guct
i ncl udi ng i nst r uegsiponses heinmyisoye At get trespentes Balge datrangs Stessi ng
apparatus to: (ahceplabld @atge! rdsponseaahiel npatrified fogetotsponpt ural ity of
input factors fokaRephNgt gtloupsineepsnsccagaltherbatboveabgvof i nput
values within a gg;grﬁmpﬂ,g&dwc pes 4mat ed range of input val ues,
wherein cal culatingg "Fheloﬁ'iE h?)HrH?QIlleI ParRdrkRlthé fhydia mRbedsal i ty of

lmr;Pgt OL?EL? feggdﬂf@? 15 aaﬁ a Cpsrﬁéebs ALE Hﬁtlhﬁ‘lgpfé@éb‘de§ of one or

je first
range of input v Fﬂggpfc@?ae%%&icﬁ’ﬁ‘g c?ra;gr%e%%f 5& F‘E#Q‘é ity of input
factors to deter Hiegefa first performance tric for each .of the one
or nore output respbAseEpPPaEHES @féé‘t‘mﬁ'@n%ﬁge%%%f:‘a?gﬁ Welae of input
val ues for each itypftinputdheiprsoind MEpY IgsRanses106f NYBIGH PIQCtors by
adj usting the fi ksds, canpesiog aipnpeessaraiondgulsdésd on a conpari son of
the first perfor maggealeltd, foradhinndaaoesfithaphirgiy obimatice metric;
(b) calculate a md'fﬂb@%%ﬁmﬁﬁy@éﬁlpmﬁs y adloelatel Gangead mpott t he
plurality of input faﬁﬁé&raﬂmﬂ%@s égkﬂﬁlehﬁadp@h@bmd for the
plurality of input TRGhov: ?w%”%tlaten (,:Illﬂﬁt y %ﬁbﬁﬂé@hiﬁlﬂdicolﬁpr I ses,
or each input fac 5 e ec ing a
second range of i npﬁlf] 6’5 lheéj 1“19' 1231 %{tnfq t’? Sf ac%%lffﬁ%glg'égogﬁ th
cal cul ated range of Wit val ues:. predicti n val ue g Rg one or

nore out put responselc §1§EV%‘H°W¢€1]§§’EBWHC‘?1 é“*’é’f’nf' Val ues to

deternine a second permfispisahp@cket baseds o ti;'f'a ﬁ't sfngne! tor nore
out put responses; and values for each input [actor ol the plural]lv ol input

factors to determine a first performance metric for
each of the one or more output responses; and
creating the calculated range of input values for each
input [actor of the plurality of input factors by adjust-
ing the first range of input values based on a compari-
son of the first performance metric and a predeter-
mined performance metric;

(b) calculate a modified range of input values for each of
the plurality of input factors, wherein calculating is per-
formed for the plurahty of input factors one at atime and

calculating comprises, for each input factor of the plu-

rality of input factors:

selecting a second range of input values for the input
factor 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 deter-
mine a second performance metric {or each of the one
or more output responses: and
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creating the nodified range of input values for the input factor by
adj usting the second range of input values based on a conparison of
the second perfornmance netric and the predeterm ned performance
metric; and (c) predict a design space estinate based at |east on

t he nodified ranges of i nput val ues, wherein the nodified ranges of
i nput val ues each conprise a Iargest region of variability where
criteria are ful filladatingrthonwdoiedronge of inphievaluwp dtr theotpot s. 22. A
system for estimating factoeby gdjusthac theodecandtangaloff inpuwfvalueput f act ors
and out put responses fhasedopRysinfdrisphasems setdlfl pSdraAneONPri Si ng:

(a) neans for cal cul atphdige aﬁﬁrtlﬁigﬁ-é’ddt&l%ﬁmcﬁ?%Hefm cel Byt ural ity of
i nput factors for a phygical proce a cal cul ated range of i nput

values within a co di erime val ues,
wherein cal cul ati n{)'j p%)d)& i ggsﬁﬁ%lg aceges?#’l‘ale aﬁ‘e rat ‘?133{ gfi lity of
i nput factors and c:ﬂ“&@?ﬁ‘ﬁ 06%81[@13‘ (% ue T%’d‘?rE‘clﬁ { of one or
more out put responsdangssef ﬂl 1t xalues eaq ﬁS’PHB’@§§ HasddeHA Phe first
range of input val uggtipbilitewbereicayeria argdulbilledfonane opmarapfty of input
factors to det erni néhainpiut &ctqyer f or mance netric for each of the one
or nore output reshbrsesnpandpogeat ipagdichaagdblyudnsticelled mnge of i nput
val ues for each haptaniiacy afnaddind-Radablerabiapy delicknet cdmct ors by

adj ust- ing the putephropadis Bradfuct ﬂEH{dnYQirHﬁﬁct%%Qm fp@rdbwpa“ son of
the first performggeggg{qéﬁo@gna app&deisepm ned performance netric;
(b) means for Caloc(%l E'crllb{‘ﬁte f&DQj'cfl iff 1‘[&%@1%?0?5 ﬂ] H{y gfa‘ﬂngﬁ§ for each

Por the plural i Ly ofrcli ol alibicatoingiecs Cuc ?fﬁ@mgﬁa(’@lgr& Pating
conprises, for each Fir‘llbgtm ’é‘&tdo‘rorﬁfl”P}‘Pl ng expefimegled rangesok £ act ors:

input values, wherein calculating 1s performed in paral-

le] for the plurality of input f'lctors and calculating com-

prises:

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

creating the calculated range of input values for each
input factor of the plurality of input factors by adjust-
ing the first range of input values based on a compari-
son of the first performance metric and a predeter-
mined performance metric;

(b) calculate a modified range of input values for each of
the plurality of input factors, wherein calculating is per-
formed forthe plurality of input factors onc at a time and
calculating comprises. for each input factor of the plu-
rality of input factors:
selecting a second range of input values for the input
factor 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 deter-
mine a 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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sel ecting a second range of input values for the input factor based
on the cal cul ated range of input values; predicting values of the one
or nore output responses based on the second range of input values to
determne a second perfornance netric for each of the one or nore
out put responses; and creating the nodified range of input values for
the input factor by adjusting the second range of input val ues based
on a conparison ofchpredistesiesigpephar eetimatertmsed at laad duhe
predet ermi ned per f omosified raegesiof inpundvalwds, marsn i mpaigdacti ng a
desi gn space esti matagbaskidp@tvaliRashcloturhpesemdiddadeioanges of input
val ues, wherein thevimility thefAd1aBSa Qfe fullHd RHIALUES iGERsCONPri se a
largest region of v@pighitlddyswhere criteria are fulfilled for one or
more of the input 5 actay nfqr%%im’%hég?%?&i% 528 TR bS8 est! MLl ng
o desion space gl IR A I BUSROREE Y o et oo
process, conpri gl %n 2 2 I ¢ 1o P sor“for eac
I nput factor of & PR ngu_t factors for a physical process, a
cal cul ated range O¥ M§apaforcaloyeding {aricach inpof Retpeddiajuexper i ment ed
range of input val uahty offiemefasterafena ptysicgl poopsiambkulgeddi cting
val ues of one or nonregoof pyut vebpsnsiisinf®cofrbgpopbingi @@kripr ocess usi ng
a Monte Carl o si nulméited ringgedf ﬁgbuavﬁhfe&t wheRge clbulefiRy§s val ues for
the input factor tedRhgedingadllti foxtthe PhirahFRCEpRRLELSs f Or each of
the one or nore outypdicalcBRMAR8Hmrided
predicting values of one or more output responses for the
physical process based on the first range of input
values for each input factor of the plurality of input
factors to determine a first performance metric for
each of the one or more output responses; and
creating the calculated range of input values for each
nput factor of the plurality of input factors by adjust-
ing the (irst range ol inpul values based on a compari-
son of the first performance metric and a predeter-
mined performance metric;
(b) meuns [or calculating a modified range ol input values
for each of the plurality of input factors, wherein calcu-
lating is performed for the plurality of input factors one
ata time and calculating comprises, for each input factor
of the plurality of input factors:
selecting a second range of input values for the input
factor based on the calculated range of input values;
predicting values of the one or more outpul responses
based on the second range of input values to deter-
mine a second performance metric for each of the one
or more ouftput responses: and
creating the modified range of input values [or 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 lor predicting 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 forone or
more of the input factors.

- 49 -



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, wherein

cal cul ating; conprises, for each input factor of the one or nore

i nput fact ors: 23ehechipngrizes artnd foapganoing mpgesiol spages: based on the
cal cul ated ranggimgfut it andb %tre@f»@@b'eg‘idﬂgply}%idaqfﬁr&fgbsi he one or
nor e out put re&p@pﬁgﬁlqusing a nte Carlo similation based on thet _
second range of Rifcughy Nl ! rmance netric
for ‘each of the %ﬁwq{rnq?(.;?lgﬁlq ffrtigbﬂd%gm?i R B g
nodi fi ed range of E}ﬁ%/ T' Pt hﬁ iP ‘ff%i"i?rs‘b ladj usting_ the
second range of ,é gf‘lrg 0 HARRHVYHCS, "D ArGOsRP ‘Ethe second
perf or mance met ri EXBAAVENE] Fingasf woni YiduesoBtersiteriedateg ri c, wherein
the first perforrréﬁ@ﬁ’fhbfirlc t he second performance netric, and the
pr edet er m ned perfmdmmge\/ﬂﬂmKlifcma:rrematmrammraspm»;shmlnmnber of

val ues of the one ophyue# mutgstusigspoviese \Warhi pinpriegial er mi ned 1imit

val ues; and (c) pre%ggi O S50 G 28 BB OCEARG O GAT OPCE

esti mat e based at val ues,

wherein the nodifie Agr Qle{eg% ”1%%“\?&?88@1 4 nffg??%ﬂf']ée a Iargest

regi on of variabili ﬂf‘% COTIRORC RN ZFSPOPYASE #39 ed for one or nore of
the input fact ors.creatingthecalculated range of input valucs for the input

factor by adjus‘ung the first range of input values
based on a comparison of the first performance metric
and a predetenmined performance metric;
(b) calculating, using the processor, a modified range of
input values for each of the one or more input factors.
wherein calculating comprises, for cach 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
using a Monte Carlo simulation based on the second
range of input values to determine a second perfor-
muance 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 predetenmined performance metric,
wherein the first performance metric, the second per-
formance 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: and

(c) predicting, using the processor, a design space estimate
based at least on the modified ranges of input values,
wherein the modified ranges of input values each com-
prise a largest region of variability where criteria are
fulfilled for one or more of the input factors.
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