METHODS AND APPARATUS FOR AUTOVATED PREDI CTl VE DESI GN SPACE ESTI MATI ON
FI ELD OF THE | NVENTI ON [ 0001] The present invention relates generally to
conput er -weaenh/13ei2hods and appar at uses, incl udi ng conmpuPET/Use@gnasss4
products, for autonmated predictive design space estimation. BACKGROUND

[0002] In the pharpmaceutical i ndustr the adoption of quality b esign
(D) hadLaATPASPEREP AR RS EOR Alison BRI SR GyarbRaley sBhsiecs lo
build quality into a product frong&pgihfeERtion to the final output.
Specifically, QoD refers to the level of effectiveness of a design function
in determning a product’'s operational requirenments (and their

i ncorporation into design requirenents) that can be converted into a
finished product in a production process. This is often referred to as a

desi gn space, which is the mueipdopeans opekENgeoRi nation and interaction of
input factors (e.g., material attributes) that have been denonstrated to

provi de as zgﬂtﬁzqtﬁﬁ%regé{@ ;I{V%nti(ﬁ?rre% ggkr?eralffrtoacééﬁg LAGINE | BYHRLOCERS

desi gn spa e set of possible Igns ‘and d gn paraneters (1 nput
factors) thpparateests, andypbeg fcomppteoguegramepodnasefir {utoreated pratieiveudgsign
responses). Exploring a design space requires evaluating the various design
options posBigsIcEn ﬁla gi ven technol ogy and optim zing the input factors
and output responses with respect to specific constraints (e.g., power,
cost, mxture design). [0003] In the sem conductor device nmanufacturing
industry, device manufacturers hawggdrosNboned to nore closely tol eranced
process and materials specifications by relying on process tool

manuf act ur ¢0602f dn dies pharnaetittenl andstoy, thasitleptiqur of gsditarey dargwedtedD) has

configurations. However, as device geonetries shrink t he nanonet er

soal e comyPuxit { SN RHArSE (e gt dsSaE e mitkess © B! AIJERSNS dng
mat eri al  spagduki fekl MBS REGATR MR TRafblthhC WeciiRamBadbD [FORRAD the 1B 68
process tool used in current sem conductor manufacturing can be descri bed

by a set ofcffsetineneds dftiodesemndiupetomemsdojaamizbg esprodive’s vopetatibhal gequrimgatser al | y

related to physical paraneters,of the nmanuf rin rocess .and/ gr. tool s
Lsed i t neTReE Sl iR e e R bl Je RoREERIBDH BisbRoLS ana
vari abl es, ps&aivef @l hproditidn \vasdeadd| Bfs ardftcd ¥oRACE td & Ddesiggnpad, Ridhnis thgTe

during the manufacturing process or between manufacturing prqcessesz. The
dynam ¢ vamuhdiengieng compaatipp gipd injergction of input factors (e.g., material attributes)

that have been demonstrated to provide assurance of quality. For example, 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).

[0003] 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
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pressure, delivered power, current, voltage, and tenperature) change based
on various operating factors (e.g., a specific processing recipe, the
parti cul awobepi3en24seri es of steps in the overall sequeRrC®/Uskolpisssessi ng
steps, errors and faults that occur during the manufacturing process or

changes (e.g., referred tq as "drift") in paraneter val ues_.based on use of
a particul éﬁnérswa%%bl% mﬂ}w?@é@@]@n@a@%@ﬁwggm {BE MEp e process
manuf act ur ighg,RIQEEREnMectufiRE RIGERLE. BRandAdc I VaBHblf L0 Sis kW .CPasar €
variabl es that influence the production process. For each manufacturing
process, oprgsures dédyoredepovairuasrehit vgltaga, anp éeraparatere) whedgs, bagedibi tvarious

ttribut b d that d d on.input factors, Experinent
be. per or meASHEPE FRETRAVEI CORAT AL ACEdr G Tt peBEUR Jenat Bk HE Rt -
conbi nat i oms R o ERMtsch@HcOTOf AbLBSInG %%%Eeh&sa&ﬁeﬁhablt@t%&wauﬁ panse

val ues. [0006] A Design of Experinent ) method is a structured,
organi zed mEATHEGUWEE pieccey o diapgest(he. reficred tnashidpfibempessmetapyalugsdesest s f or

a process %$1?%8§QBQ%&HE%%Bﬁﬁ“%%BEE cess, mxture design) and the output

responses o I ocess. e et hod can quantify indeterm nate

measur enent{6003| Opepisérsf@at @nsroaniet intihefa@tiring otk ise ot BearhplpU thdngdieor s
statistically through ohserving the results of nethodical changes of the
i nput fact dprut fpetogsy ayhachy pre yEablas Bakmlienece thearipduegiiqnaprgess t Kok gach

process. MRk ERRORRRA! dRRyCHE BRASUIG, (@1, didlRraRt. OBl MaklANS O

i nput factors to mne’ i erationa eria are’ sati s or
each conbi nttibatas) FA0ME] mExpiral ithg depdted i gn ispactctoequi Egserimamisalchy be
eval uating the various design options.possible based. on any operation
oriteria. PRAPENGUIOR 1o, B e ot O VA PRPepsd0idaeT B L SpPRBIFORRE: ons

of variabi kify rRbor8a6Rs BN LREHABIe oAfput ResPédivafycg esul t regions. The
anal ysis process 1s further conp |cateé)mhen several denmands on the out put

responses H@A08] t'o Dissignetd ExtpetimgnisdMRE) methodi s divicfuseds rrganyzsdsmethod for
constraints,, Further, it .would bhe desiraple for graphical methods to

i opl ay dedFgMEcbs hidRi b et Baht Bstsh B AP AR Bk T ek o1 e
by an oper gkgess, SMMVARY ) THid thANENTE NpbAROSF T @rodRYENThOMOE MRSl

aspect, features a conmputerized nethod for estinmating a design space of
i nput f act 6r% qa#ilp irdstarminsipmraascmaits af whyisfasters grdoiatesactiomy petaigen (he

enbodi ment rirrg;%? Gy I%dsteﬁ%ﬁ@il@r th?o&*ﬂyéﬂs‘éﬂli%’Eh%cl%glﬁtscé‘f“m%%oﬁ{éaf 91%%&{ iof‘.'the
process, a nuf act uri Ng process,” a sem nauctor process, an anal ytl cal
system or picedtos, OoOf tlerdasd @pcftionad cdriterfdhassaetateddwith ctha dgscdsgcentpuing,
via a processor, d?ta for one or nore . , ..
response values are measured for different combinations of input factors to determine if
the operational criteria are satisfied for each combination.
[0007] Exploring a design space requires manually evaluating the various design
options possible based on any operational 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

.



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 wOD 20fve13e22¢ or nore out put responses, an esti maPred/uspeiomsideyval ue
for each of the one or nore input factors to achieve the target response

criteria, and an experinented r.ange of input valyes for each of he one or
nmor e i nput MPREEAS P’émg\ﬁﬁ%?eés AP HIBYEO RIATESS; ﬁnf‘ﬁlﬁgy‘é%@l)é}‘%t%ﬁf EPFLEAHGe  of

i nput  val ugsiehidn $e4i8EMTMRLHMBo @ fncRllic WcPMNind, %?apé)ﬁl%%es?é@il ld@taffgf of@&mBfe t he
one or nore output responses. The nethod includes calculating, using the

processor, ifit fahah f@if a phﬁl@herwcssnoneor mout otitautt wsNses Paltmuprated, aainge of
i nput values mnthT e. corre% t er| nted ranag f |q?ut val ues.
Cal cul at i n§ 0%pr | Seg AT Y 5 8 alf%e £?SP ‘ésﬁgcél BN B 8T SO0 W8Eh of
the one or o€ rdspoites, faACdsBmBted WpBietat VhING fYadadR Df Blle SREoIOMBreOinpiEEoRUt put
responses based on the first range of input values to determne a first

per f or mancéo aghieyee thotarge ¢espensc ¢ecin ang ranrgyperipgntpd range i drps &valugp dor
creating t Qgchc(gfl i laf’i% gldm&%qgﬁutq%ctbﬁp\k}her\é%géhe letO\;alfeal%Qﬁlé) gx eE\aS e%% r%gdem)r €

i nput factors range of "I npu

conpari son o@inptuh ealﬁw is tdeueﬁﬁfnefwmﬂﬁ:ael SRpiti resp@ﬁ@b alps fodehdr ¢ofi thedner morarance
nmetric. The nethod includes cal cul ati ng, using the processor, a nodified
range of i QPRUL (caPQsss.f bhe msthrdancludgs Calﬁelaeng rﬁﬂve tﬁﬁ praceysap ey eachpétheeach

i nput fact
p Bhe %{r nt @ E 8% rgma{ Gal.lslﬁ&)tg T @% pan eg‘g&l{hh?rgtﬂe ?12!?16 dl r ange

sel ecting a secon nge of i nput va
of i nput vakpm&nda&echrqnge@éhmuﬂwahﬁs pe(Eatcanata@eqonmmsds sd:lecrtglgvalﬁmﬂsamge vthe one

or nore out ﬁﬁg ses d on the second range of \PP |l ues to

det er i ne @’éé’a g‘lir%l? QI NRrer IGPUIAEIRTS, méné‘ e o EOButput
responses, @pd dw‘a'f}ﬁﬁ%bﬂ)@ﬁé@%dﬁ&ﬂ bhltﬁg Hrﬁnﬂt‘ﬁgé’fof RN vaY@ls UgSddt@midd1 firfPput
factor by adjusting the second range of input values based on a conparison

of the secondompeantometric dormeaahi of thedoncher proseleuthutrirespdnyser frsh meades thet ri c.

est i mat o bAUBHebE TRButt bRt ARl FRee TR hRESS el GRtte BBRSig n (e

nodi fied rangest @hgé BPMputlE HaQRATH LTS 8f ﬂh@-lﬁgﬁ%%rfbﬁﬂdrﬁe nf¥ric and
variability where the criteria are fulfilled for one or nore of the input

factors. [@ome}ietpmla%mefpﬂe&m@dmﬂ@m Thpemethad gﬁclyﬁ%cealesl@ﬁm@t@mgﬁh%er
conprises g fi.stri byl th&f\%ﬁ%xg“&fﬁgu{ s‘?agll?ef%r%%F Y Yefe o Eo? ({Il‘i’xgﬁutt h&@oe or

nmor e out pu respdnses i'ed ranges o ues are

det er m nat iP¢e cadh inpet et bf bmtdmmroﬁoreuﬁmmtfadt@sptheseeth@d ueh;deE@erlecemgm of

the one or sge%rn(ei 1raIl1{gtepéJ 1nrpgtS \engesse‘gy egparr)lrdlenfg t%glc];lc?ﬂated range of input values by a
predetermined percentage, predicting 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, 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. The method
includes 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 ecach
comprise a largest region of variability where the criteria are fulfilled for one or more of
the input factors.
[0009] In another embodiment, the design space estimate further comprises a
distribution of output response values for cach of the one or more output responses,
wherein the modified ranges of input values are determinative of the distribution of

output response values. For each of the one or more output responses, a prespecified

number of output response values within the distribution of output response values can
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nunber of output response values within the distribution of output response
val ues canbe within predetermned Iimt values for the output response if
t he predewernime2per f ormance netric is satisfied. [001@CTIUS2@0083364

enbodi ment, predicting the design space estimate includes predicting an

i ndi vidual || argest region of .variapility for each input.factor while any

r emai ni ng iR p‘(‘ﬁ’?hlflalér?gﬁ'g‘gméln%‘l Liggit pgliendpt thes SuBHR ROt ifrie é&e%?mﬁ%qda

val ue. Predi@bingct BrudeRisgifepace estimte can include predicting a
conbined | argest region of variability for each input factor, wherein

val ues of @] df andiberamebodimendy greiliopug thiealssign spasarestmatgnydidaseredicthign t he
correspondi ng conpi hed | argest regi.qn.of .vari.ability and, satisfy the

o edet or m HBdngerrel FasE Tt ok SPOMuSCRY Shp v Sanenn® s riphinfe

anot her enhgdit TRASrs abd &ALd At NGoGaLE YbBhAEd bAMAG! Rflud. NPricYiag YRS ddsigl udes
selecting a third range of input values by reducing the first range of

i nput val uéBadgyesampicedatieelpdnpigdising e rrompencdslarghet regips f yarialalityeine sadket ri ¢
is belowth I t ] he ric h i

predicting 11\ﬁja tg%g&ogf h{%ﬂ% gﬁgg%ép%ogfﬁg?g%ﬁ%et &r%lg%éolﬁg{gﬁgtgge%%& ne Wﬁ? rd
range of i ngthin it ugBrekpordaigercoimbéned tagdstd pgibh osMaadabilist ahd Jadikfyedeh of
the one or nore output responses, and creating the cal cul ated range of

i nput  val udEdelsrmEigd RegpPrmpHEe FEI O REEOUtPSHESPPR: or s by adj usting t he

third r ang‘fmﬁlfl] R 6th¥@£ﬁiﬁ§cgﬁi%ﬁte@r&ﬂn t}?eoéfﬂﬂl%t%&’ @f,%léztrﬁpﬁlm&&s tih.gegmance

metric and the predeterm ned perfornance ne anothgr
enbodi ment sclectent a thgrd hhege af ophatvddes ngeuahgitinpfitst valgaed inmcavatles bl hwe

followi ng steps if the first.Pgif rmance netric i.s.above the B%gdeternined
per f or manc @ HERFMECd gBreige dl Gioist PRROTRSC SUHE io PR H W PP T of a

si ze of the.g66oRdc HAAEE Ofhd ﬁ%bdvc%hbiﬁféludé?!r rtinBOvaluds b fe 'GHRAS Bbrd Nput
val ues by expanding the first range of input val ues based on the step size,

pr edi ct i ng outplutigsspohsashbased eorortherghied cangrutof riepwomsless Basdaticroving e thitd r d

range of in val ues .t.o determ a third performance netric for each of
the one. or PREPEEGY FietiF 0D SRR Tt PR TR e creding M

i nput val uesichiafedaasdt &f inphevadite BF cABRIoF thPhk of AGFOMPubCRE l()j*ﬁbdljﬁﬁtiﬂghe
third range of input val ues based on a conparison of the third performance

metric and thhiidrrenrs ef inpwelyrsrtrasectheme eomperisan of ©o 1137d perfermenpremetric
enbodi nment ,, &Eh%%@&&@%&g&%&%%&%&ﬁgge of input values includes the

follow ng steps ormance netric is below the predeterm ned
per f or mancg00i2] mh anothel enbodigent, fesatihg) thcacdeulatd irmpist ofviaputesaliny iaxlpdadi ng
the third the following steps if the first performance metric is above the predetermined
performance metric: setting a step size to a predetermined percentage of a size of the
second range of input values, selecting a third range of input values by expanding the
first range of input values based on the step size, predicting values of the one or more
output responses based on the third range of input values to determine a third
performance metric for each of the one or more output responses, and creating the
calculated range of input values for each of the one or more input factors by adjusting
the third range of input values based on a comparison of the third performance metric
and the predetermined performance metric.
[0013] In another embodiment, creating the calculated range of input values includes
the following steps if the third performance metric is below the predetermined
performance metric: selecting a fourth range of input values by expanding the third
range of input values based on the step size, predicting values of the one or more output

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

metric for each of the one or more output responses, and creating the calculated range
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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

det er m newa 20our3eiz4per f ormance netric for each of the omeTars20monas3eut put
responses, and creating the cal cul ated rangeof input values for each of the
one or nore_.input factors by adjusting the fourth range of inpyt val ues
based on a O BHYAYHLENObFAhIRE HOUTH PP P > Bt Sgriue (g range o
predet er m pgd PRNEQr BRRECoES rdoﬁlpaﬁ%&lafof]p@etﬁ%mﬁ%&%rafaﬁ@e "RAAE Aid hipput

val ues can include the following steps if the third performance nmetric is
above t he pradermmed medopeufiormetnice Greatmigethe selcuiatag tehge phinpdt valnegrecanf

i nput val ues equal to the first range of. input values, reducing.the step
Soe by STl B Ruling slbh i i IMPE aRibatRES RIS Ahot ST BB

val ues by e¥iFametndd nidigc:tRitig thangied @fngePuhpualaurs gagad 8o frfiqasdedr si ze,
predi cting values of the one or nore output responses based on the fourth

range of i rpwt vehlesasducngeeiieri pec Ry faopreddicpainéd pergerdecamselesting vfowtich of
th : eaf | ; f
ot var uSte Gy R Vel REBGRR«inE U FRPIR of Mg Sufily LG MG,

i nput val uestor e oF nore in

fourth rangeegfreiiopug valatsushbaseor @oreeowt@IPespbaRs bafedtdmethé datirthhrange of
performance netric and the predeterm ned performance netric. [0014] In

anot her entdHt mshtes t@ ([dSErMH ¢ ARUHL BFHOEHNEGMFEIH O fasht ofViAE UBS PThidPTfdes
the fol | ow ' (G
eto OWogg)u§ E&P&n&& aﬁlﬁecréa‘ﬁﬁggge 9&5&%% dr}r‘gg]iwft?va &1%? g(ﬁoéﬁ%h P?ﬁle one

predetermn pertornance metr settin ie ge of input

val ues equak rhoret hpusdaond bargaisohg ithpubunialraes, ofindpwessdocsabased an a
conpletion flag.with.the ingut factor. Creating the npdified rapge of input
val ues can PTHEFTRPE Phdhg dpyBwiPAGOLREISE rfl?tﬂfh@w@&tﬁoﬁarsdﬁ@wwﬁﬁaweﬁ 155 ¢ i
bel ow the prgdet erm ned performance netric: selecting a third range of

i nput val ues by expandi ng the second range of input values by a step size,

wher ei n t hé0&ldedn gnothengasbadgnentt acaaiggbe moddisslaengedbiriapyferables imphudes el ues,

predicting . val ues of th ne or re-.out put responses based on.the.third
Pange of AR VR 188 0f Bt st L Pe A, Radre mdts ieIHTuaEh of
the one or paEbEnMdE Phdtrit LSRONS R, n@ﬂiﬁe@ﬁ@ﬂ%& B idpHe van@k fdgesd toamgeacednd nput
val ues for the input factor by adjusting the third range of input val ues
based on ardwePAiiGNalyes.taRe asseciating acpmpiaing dlagetith the ampnt dfaséorp l@geltngr ni ned

e O TN LT, B [ POIACT B TRSHATER! s ALY Pl AR

i ncl udes t perfomhdnowinigris i€ pdowddt e ¢dcrirmincdagdnfobhaideemetnie: e¢ledtidipgea thiflut

factors ar ?an?gsesoofciingflte\gah\fést ‘tby gxpca?lggllget%ie %Qcofnldar%hger 89 %ln%iu‘? %al%ess %5% 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 each of the one or more output responses, and
creating the modified range of input values for the input factor by adjusting the third
range of input values based on a comparison of the third performance metric and the
predetermined performance metric.
[0015] In another embodiment, calculating the modified range of input values for each
of the one or more input factors further includes the following steps: determining each
of the one or more input factors are associated with a completion flag, reducing a step
size used to select the second range of input values by a predetermined percentage, and
for cach of the one or more input factors of the one or more input factors: selecting a
third range of input values by expanding the second range of input values by the step

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

input values to determine a third performance metric for each of the one or more output
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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 i npwofamieexrs sel ecting a third range of input valPaeaisbyro@spandi ng

t he second range of input values by the step size, predicting values of the

one or nore output responses based.on the third range_of input values to
determne APAMEE P F%aﬂ%é%e A Fagee é%fclﬁpbthaIH% et by, fctor by
out put r espPQRRSEng MBGhird RALL S'Qin?ﬁ'@vam%g ibhéeRn! PRSP0 HPHE (MA pErindhiced he
i nput factor by adjusting the third range of input values based on a

conpar i son nuftri¢ el thhipradeipemined parieenanse metriand t he predet er mi ned

per f or manc ric. [0016], I n anot hey. enbqgdi ment redicting the val ues of
the one. or T4 1 ngie” raeimsitedl inieficiid Ae PR arRg™a fsnoe eale) Bt

si mul at i onrespBket NBclhddsSperRRMiMY FBNIBReN®ANd SimiflitonS @EONHe FRE firfRMERce
metric, and the Eredeternlned performance netric are a neasure of the

nunber of vetieshofccopepouMIRCHBEGicCotrbilie Predsiromited prrformancpmetise aierii ned
limt values asqﬁg' ftcttﬁé“%u%%rf £ §£1u£sa{8?i9t%8f?¢]egl8ftm8 | rHS ue‘%é p%ﬁé’eg Qhinfhe one

or nore inpu ctors can 1 nclude Se g iTs ang I'nput " val ues
to a predetpesdricathepeingienilage SHlccting tivefirsotiinge obmputvaladsifer edchtdfehe one
correspondi ng i nput factor. [OQlﬂLﬂln anot her enbodi nent, the nethod

i ncl udes t 198 1819 RGUhgfasiPEpSan rigelydyissing dindistarages of e GHECSofO rfor e
| nput 1 act %Ee%?te%ﬂleag&gée%dfgggowgll&gér Bltet ?Su&ﬂ@al% Jihé c%er%End{n SRPLKS €S
e range o urt

based on t Irst i nput val ues er conprises adjusting the
predi cti on faiaorconpensate for the constraint. The constraint can include a

user defin limt on one or. nore input factors, a.factor distribution, or
any conb nd0VIGhTE HapBer Srenbintar dbs MdipbAEbOES SRIBR T R SR one
Or Nore OUlRAKiraliR SBOMR Che R MbRGhHAGadokab8E hrdiRSRBNARICY B UR ot S3RER Of
acceptabl e target response values, or a critical target response val ue,

wher e t he outppttespespobased onthefitshengbel mpoteilens fhhawotmpeisesradjustiag thear get
response value..In one enbodinment, the physical process conprise

ranat act ur PRgiBde SBEERRE TR fon BB 8Bkl G isTBFRL bF Joftnea

sem conduct@dit ph Qn€ G, mée iapyt ek, Aathten disheigioh; of @R 8dmBhetibmwgpddfon, in
anot her aspect, features an apparatus for estimating a design space of

i nput f act dihs taraef resroper critedeibes eacks ofrthe ophgemer] oyipwdesponscrisan dshdeat us

actors t ofNEoRyaRse PRl ZHOEE of Sl BRI BT b AR e ERFeh MRt
process, amghpotidet eali@. whdd€ ties blitpui fespmsk wdescithet B gbdva espelogetherdritieali on
for each of the one or npre qutput responses, i i
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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an estimated optimal value for each of the one or nore input factors to

achi eve the target response criteria, and an experinented range of i nput

val ues f owoeamh3efz4t he one or nore input factors, wherePeaalis20mpsiscyval ue in

t he experinented range of input values is determ native of an out put

response val ye {or each of the one or nore out onses. The Erocessor
e ot

[ t re
is further® Gisr &F Pb MO dRIATACtOR o PrdIRtng a&l‘iﬁﬁeo o€ V¥ Ffolers

factors, arcabgids a8l bANGE RSt LARUDLE VAWM U dRtdiRtheCo HrESRORRIABce
experinmented range of input values. Calculating includes selecting a first

range of i mpatic {aal aaels of reeastorohorchmitpn ecsponsasy andi erpatingf the colcslategrrenticct i ng
val ues of the one or re .out put responses sed on the.first.range o

Pput - val udl g gabes P sarn P opt SERREF FRnEERRE: PY et a bR i Tone or
nore out pulindi@SRRBSEScd 8RN conpatiiohdbithefiftbsirafafee matitandfa drodidmimddues
for each of the one or nore input factors by adjusting the first range of

i nput val uestfprEmge sretiac. c hparacswar bf further donfiguredde calewatscemedifisddargrd a
predet er m %?%‘P%&lﬁwp&?chf@%ﬁé Sne d Mo e@ﬁ%ﬁc‘%&s! ﬁ%ic‘d;atﬁ[ﬂg [nGOdtk! BYLEG Lo
calculate a ITied range of Tnput valu for each o e one or nore

i nput fact efijsut f{cadraxfltied oreprini@t ughes factaas, sercting M pacond adigebf dfput Rduats, or
nore i nput factors, selecting a second range of input val ues by exPanding
the cal cul &keidingndle sploulsfndy rangeuel 1pRutavE R Y e P nitsdefepaiped Hicagsatage,

predi cting gY&llié{ﬁ% Pudshgk tﬁ@%ngro_r héE &1('13‘;519% sﬂo‘ﬁ&go&%@é oR%ﬁ@tgec%ﬂdtrQﬁgeS@FO”d

range of input values to determ ne a second perfornmance netric for” each of
t he one or imprt eabuigs partdeteenimens escondipdriormatce ngettib fonpatihf ofether@rge wbra nput

val ues for the input factor bé ggjus.ﬁq? t he second range, of. in@ut val ues
based on a CUBHHEPPRBR™GRI CHalde OGRS A EPHEYH TS Hhiop it Tactor by
predet er m ngghsRES kIR TRRGE ARL of -inJl1evANQCEASQ o § éhdﬂﬁﬁaﬁgén oPnhé QuESH tO

predict a design space estinmate based at |east on the nodified ranges of
i nput val uestiomieacei metriheandpthicf predetcamiged reffoimpee watriges Tdacproconpr isse a

| argest region of wariability where the criterjia are fulfjll for,.one or
mor o of ¢ hautitsdent BipERh ridiebRtTek il oA ahdvhbpn dbp et
features ar&prpufeipupvalkanvRieluat méaAel Ringeeobathuedalubs adthi dngr¥Bta ON
carrier. The conputer program product includes instructions being operable
to cause aldaesh remiorebsirgildppdice s crigeriaceifyléillgdfer gngror gnere @f thepingut nput
factors for, 0Pghysical process, one or nore output responses for the
process, and criteria. The criteria includes a target response criterion

for each of{0019¢ Theénwntiomrie aasvthptdspe@sfansess canpest progplagdpropiidtmahgibbl ue
for each of the aone or nore input factors to achi eve the target response
criteria, éﬁ@ogﬁdek‘pé’ini HERTBY90a Sgichf  {Thgucomputer program product includes

instructions being operable to cause a data processing apparatus 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
cach 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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val ues for each of the one or nore input factors, where each input value in
the experinented range of input values is determ native of an output
response walzow/fBer24each of the one or nore output respomsediS2iln®3Isesput er
program product further includes instructions being operable to cause a

data processjn aratus to cal cul at for each of the ne re.input
factors, elavlgt?ﬁap fglﬂa%t uqsrfgma%fd%%ow PHNATS KEUL P“P&%ﬁbn@?ﬁ&g
experi mant &gk ﬁ@ﬂﬂlﬁg%f ﬂnB@WalNe@'bH&%i on%&ﬁﬂa%rsbﬁlgf ﬂh@@i‘ré%%%?foﬁ@in%g}ﬂeﬁgc ghdf 1 1 st
range of input val tues for each of the one or nore input factors, predicting

val ues of tarmedﬁh@’nmmedrmﬁ@rman@metms porsesnhagedogant pi@dﬁcrtr@tthﬂamgledcsf
i nput val ues_ to. deternlne er,fornance netri

h of h
more. out put FeSPBRIELE el b e Endeinna s rdmd Rt Smddie o

each of theaRefQhpuiBiafick TPUsach RS Snd¥r Adidmbunthctode Chlcglatihganggudk, | nput
val ues based on a conparison of the first performance netric and a

pr edet er ni deicagk it Mefrseofiie pnccor Mpve inpwhfaeters, priesginam weawlienes qﬁmn@tr
| ud
o cal cul ataRg b AR PuBRI O IO PRI AR | Ak Tyl SR’ BF °F L OB ARBRIE S

nor e

i nput fact pesentepd, Qﬂécaétlﬂwvalmldfd%oné or meachutpuripohsstiaseddn theesconel or
nore i nput factaors, selecting a second range of input, val ues hy expandi ng
the cal cul &neg afdpiys vakucs fpde e%zpaé§ewda>%ﬁ0€aw@rrmtﬁééorp@ﬁé Ohithggene or

predi cting yal %ﬁ%u?&esbgﬁse nﬁldoéreﬂﬂ{gethg %J?cﬂf“e('i ﬁ%@ rbsfelﬁ ReSHeks ABr ?ﬂ'éelngﬁtcond

range of input values term ne "a secon ornan e netric for each of
the one or faorebputijpisting dspemwerd ramedofcmpat lvaiges hasedowh ﬁioedlpaﬂsrgleoﬁ’thel nput

val ues for the input factor .by t|n the second range. of ut val ues
based on o UMM CERAGE oiHe Yad S An e ot e BE TR S i 1 R CompuiE:

pr edet er m ned AR FQIUBNERCFRINIIES 1n§ﬂﬁctﬁ91%'éfn%rop9fa@9§t%maﬁieoéj@@tﬁ pldtedshes
i ncl udes instructions being operable to cause a data processi ng apparatus

to predict aapadetss ¢ pspplatt e essigmnepec betgeate évasddeasltsaso entthe nioliiiéd wdgesaviges of

i nput val ues rein,the d fi ranges val ues each conm rlse a

| argest -t odish BRSaFRaa TR iy’ PRESCeL ol Rt SilF R PE% fofRls

nmore of t heediowpof vdrabiley ﬁ/hel[eQH@Qﬂlteﬂ[Q@rel fOMBRE if&ionel gt n@d}@bhﬂfe 1ﬁ1§ﬂ¢£dt0rs
features a @gsten1for estimating a design space of input factors and out put

responses fl$fi204 Thayrication. ir geeiber asres, fSyiyrasm Synemuge sstiresting af‘@ﬂSIglné@é‘PQn ng
data for one o ”@Et%rs %debutfgﬁﬂe%{ﬁnse?foraapﬂh?(rﬁlc&a{ﬁ?% %Ce?ﬁe sgé?l n gﬁ

out put respon cess e criterl

target respoiage f@rrneb@mmgrdafa)foreﬁne torahortHigparfactors fisb aephgsicpluprot@sponses, an
estimated optinmal val ue for ea%h of the ope or nDr input factors to
achi eve t h&QrarQy&rut IegBRe forr the eRTPeess amfif &ﬁteé‘ﬁpe?r PreftEl g dftanggput

val ues for r@sﬁﬁﬁ%eoéntétjftﬁl R%ad omfeeoﬂerﬁ}%o;ea&ftﬁutsresponses, 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 system further
includes means for calculating, 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 calculated range of input values for each of the
one or more input factors by adjusting the first range of input values based on a
comparison of the first performance metric and a predetermined performance metric.

The system further includes means for calculating a modified range of input values for
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where each input value in the experinented range of input values is
determ native of an output response value for each of the one or nore

out put r espanpes222fhe system further includes nmeans for Pcalusadiatsssgs for
each of the one or nore input factors, a cal culated range of input val ues

within the caorr ondi ng experimented. range of input. val ues. | cul.ating
i ncl udes S Efe! TR o5 i ofc MERECiFs. Gt Py Fordeh gt (et ghdcor
more input ohaek Mete iR FhGbisNEI¥MNEeSs@bnd Pﬁlg@%@i%ut%f&s YL RYPhndiks BRNSES
based on the first range of Input values to determne a fifrst performance

metric for celaghtedfrangveofongit orlueebie 2 putdotermimed porrsee e, amellicimgataluny of e

cal cul ated range of input val ues for each of the ope o re input.factors
by adj usti R PhEs PUpttERsBsaroastbp Thataetd gedl Broty b FEBRSR t ne
first perf QedonaGRroBhce ndiflc ForldaCH RF Bibest Meff APRIEHOARE! hifd crithgSyst em
further includes neans for calculating a nodified range of input val ues

f oreach of thh@ogitied sangerfanputyatucs futthe smpuChictoy batadigting teugeend mage efach

i nput fact f o) re | r e j ngd. e of
mput vl udt By i BRacSy e GupRRkh, b S Seorar biAeS AEEeLHhL
predet er m pedcpenardtpagormpice tatic. "Thy aystes figthet hehalde neand ol @ralidtipigta
responses based on the second range of input values to determ ne a second
per f or manc&SHBE pRAcC £Eimag bpscdfat {93at nide srodifigderapgaspdtinnué yplyas gdhergp ghe
creating t oai fi I t.he: | yeF-Te

adj usting ?ﬁgﬂggg%%%%fgﬁg@ESELP%g%?{%ﬁ J%g%ﬁg gﬁlﬁ%ﬂ%qﬁgﬁggﬁﬁéﬁﬁm% t%%e
second per fcatemancefutfiliad for amcoit thercprf eltkeinputnfacteds. per f or mance netric. The

e e BT P o R RSB Fe T
ranges of icgpytoN@ H%Saﬁgﬁg&ogpﬁﬁ@fﬁaﬁné AT (68dss "BOHOMIRE aVidfdedbidsidnyother e

the criteria are fulfilled Tor one or nore of the input factors. [0021] The
t echni ques vasihikty foncdahdeplidhétonantpdslicimg appabations esoutfesesioned viaesei n

can provide the,advant ages of .gutonati rocess. for.defini a | argest
Fegi on_of - P 1Y RERsS et hoarer KeBoP PR Hrar BET bRl et on
of output resgRSandahd abtritioRa6N0QPEtEEPINSS PANSECAN Beprascaitedan a wyeto of
probability. The largest regions of variability and the distributions of

out put r espesesrorytalalidbe didivrans cpicaigamdecansidgraiiay in en FiicinpandeaTest Wayhe
di ff erent The pEbRIY ’b%&frib%ff ’E%%e%?%ﬁlt hanidic ﬂﬁa@‘o Hﬂ! r%kp%rﬁgesaﬁ&uﬁﬁ{&ﬁﬁ% Wiy The
e e andl e nmany out put

principles Cri erern can responses si nuf taneously
wi t h di fferdéffidreqtr patdiztibo moddelfsr fdosigal espagn cstirastes, eshichatas be vilindledcan be
handl ed in conbi nation with expansion criteria. Additionally,. coq§traints
for the i nSORbmgHeR Vethy gEpagpiop faitesin pdrdditanstins eanstraintsptori the drHBracteE i nt o

the predi ctjg; fﬁ%%%p%t responses can be incorporated into the prediction models.
[0022] Other aspects and advantages of the present invention will become apparent
from the following detailed description, taken in conjunction with the accompanying

drawings, illustrating the principles of the invention by way of example only.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023] The foregoing and other objects, features, and advantages of the present
invention, as well as the invention itself, will be more fully understood from the
following description of wvarious embodiments, when read together with the
accompanying drawings.
[0024] FIG. 1 is a schematic illustration of a system for predicting an automated
predictive design space estimate, according to an illustrative embodiment of the

invention.



[ 0022] Ot her aspects and advantages of the present invention will becone
apparent fromthe followi ng detail ed description, taken in conjunction with
t he acconmpanyimg2trawi ngs, illustrating the principles @CTuse010/0836ti on by
way of exanple only. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0023] The foregoing

and ot her I features, and vant.ages of the present invention, as
wel | as thi&*ﬁéﬁ@! 'S @sﬁp‘fv_, K ?ﬂﬁg%% & Pyt fhiaerdicon i GHionteed
fol I owi ng dasgsivet H&'fgrpfs%éécga]bs%h%t& QLIRS . ahiBiNBRd ARl éﬁ*f Ttﬁ;e the

acconpanyi ng draw ngs. | FIG 1 is a schematic illustration o
syst em f or iprestioet i ng an aut omat ed predictive design space estinate,

accordin il yust.ratyd i t of the i ti .[ 002 FIG 2 i

T ow chart IR 0GR it S dlate e RER RSP Bleotimetof o RRTEN b RLt SRt thee © -
desi gn Spa@ehgﬁt VATBEC acRERRE & ATilTuGraAR ¢ ichibb8inicht bi@e exadbirent of the
invention. [O ZS]L[@FI G 3Ais aflowchart illustrating a nethod for

cal cul at i ngdd®7¢ G U Rieaillpwrrgart dfusitapug a Methoddor ascowee iggien carnsion for

: |'Tustrat I ‘églcﬁfé{ﬁf?g Iﬁrzgf}#ﬂa?efd }aﬁge bplxﬁgﬂg Yillles LQC%?(YIL 't:A g'ﬁ il?t%tr'at?veiaerL S 1m%gtart
illustrating a nmethod Tor a stepw se region expansion for calculating a
cal cul at ed of dregevaitionnput val ues, according to an illustrative enbodi nent
of the invention. [0028] FIG 3Cis a flowchart illustrating a nmethod for

a stepwi se (VG ShCeXpansflan chart itustrating miehod fonp EGPRIseAeFiaM BN Apfut
val ues, ac %ercﬁqa{gg% ta%aﬁﬂla:te{d]l ﬂé@%& 8t in)?ﬁt elrbad hg%p#iggft% tS‘F AsHUEH érﬂﬂodi%lg | 2}]'

FIG 4Ais a chart rating a met culating a nodi
range of i mptie ivednties, according to an illustrative enbodi ment of the

i nventi on. FIG. 4B is a f|low chart iJlustrating a nethod for a
topw se PR PaGrkRGY & ov i RRR hgneshorbr F ke Had BRaSBte: S ves,
accordi ng _tiﬂbu%'{}al'uké,!d@éd’r@ihﬂ&ar?ﬂﬁ@&'éﬁ%@n&ﬁirﬁ&ﬁ of eeMdn@Bn, [0031] FIG 5A s

a diagramillustrating a graphical display for displaying an autonated
predi cti ve [8039] dhGspRieea 8swiatmitt ellustretiog dimethaddona sichivisstregion vepaanion doment

HIRHERRIC T NS N LR ARSI I N
predi cti ve tgleia@iioppace estimate, according to an
[0031] FIG. 5A is a diagram illustrating a graphical display for displaying an automated
predictive design space estimate, according to an illustrative embodiment of the
invention.
[0032] FIG. 5B is a diagram illustrating a graphical display for configuring parameters
used to calculate an automated predictive design space estimate, according to an
illustrative embodiment of the invention.
[0033] FIG. 5C is a diagram illustrating a graphical display for displaying an automated
predictive design space estimate, according to an illustrative embodiment of the
invention.
[0034] FIG. 5D is a diagram illustrating a graphical display for displaying an automated
predictive design space estimate, according to an illustrative embodiment of the
invention.
[0035] FIG. 5E is a diagram illustrating a graphical display for displaying an automated
predictive design space estimate, according to an illustrative embodiment of the

invention.

DETAILED DESCRIPTION
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illustrative enbodi nent of the invention. [0033] FIG 5Cis a diagram
illustrating a graphical display for displaying an autonated predictive
desi gn spaoeossi3pazat e, according to an illustrative enbedirmsea100833he
invention. [0034] FIG 5D is a diagramillustrating a graphical display for

di spl ayi ng t omat ed d| ctive. desi space esti mat according to an
illustrati \I@}éﬁ%&%ﬁrﬁxe FheM Eﬁ?l}%gPt 686%]1“‘?11 @& PEgicfiye geyjen 5pash

i ITustrati Rgida@r PB'SE?%A d&bﬁrﬁh@d 6104 pﬁ&s?cpall %Yd)d%gs . aytRIRER Y, gelglr‘oGésk,Ve
desi gn space esti rrate according to an"illustrative enbodi nent he

i nventi on. mmmdmmmapdes@n[ PO3B]) hased omanputelrptions; puwrmb@@hpnmﬁrs,sanﬁf t he

i nvention redict.i ve de pace. est term ned

nverear s aBe Sy st TRl BaPRE Rl BIRLE hT0T s, bR e S bES e

desi gn projpeygp ieAsRS aOdlstiiBRdn Bﬁ@tn?hﬁ respoiRUal i8S RE@S of BH0oneabi fh@ﬁe
criteria associated with the in actors and/or the output responses. The

PDSE i ncl u@ethuaradpeses. blirg BIHSBfa sourgludesroas po meec laagagerssfonp obuanbaity dere one
|
Charons. o Rl FLEPRRIGES 1y e RR.h ol 08 498 SORRLATRERARORy oo

regions of ‘vari for 'each™in sone e

i ncl udes ameglmdbf/izdmhhtgzaahgasdorﬁtﬁ@dohargaﬁt négionaliiviatibyilignfbr @actonmpuntdiorar gest
region of variability for each input factor, both qof which are cal cul ated

based on t rbetth%wMO@u%rPdﬁlwiat%bwé e dpsofisEibypn @6 ouipus Ae5pense YHECTIO t eri a
associ at ed s%stf?gfer&ﬁtér&%gocflaﬁg& Qhtk tﬁ"éqlqé&rfaét?% ;OP ‘tﬁe &?@R?&?gﬁses[ 0037] FI G

1 is a schemat ustration o or per g automat ed
predictive [QIE@] @mGs pasae shtmaat e],lusaanm «bifragsyfstenaﬂoo Ifouptnfaiing aetobetkidrent
of the invent ;[he system includes a.data inp un|t 1 The d ta i nput

2.
Oni t 102 1 PEGHVE SIGH, SParct FETHS @Wogdﬁ%éoe@h rt%cfm dirgepnt & &desi gn

space esti MRlRHHPIhEsykn Maﬁidesi@aara lﬁlﬁ%hl\fqoz 166 thQ@nﬂL@'aﬁm@z tr&f8nitsS 1N
communi cation with a processor . The receiver 106 and the processor 108

are in comdataltoethfr d%lm sfhaca ed&n&b@wull_elm4 THec @frsagne&mw cstate snddnle 104
conmuni cat i.on a . unit 112 The processor. 108 i

comuni cat i'6AY 4%‘9 ahreﬁel?ﬁ?r {)qr The teeeivgin 5 ISAHLPSEFH?‘H%&OE ‘?ﬂlél% El p(%ceasor%ﬁput
factor dat ahamstepiet POS aﬁ@ﬁ]@@mc%smuas afedh cOmPiRERESN WitheUgfatahel et Bhd nput
unit 102 (e.g., a keyboard or a conputer), which the design space estinmate

modul e 104 PERsessor 0% bl ip GPamaInideEoPRYE a qoptreheniekidmplhe, pregessarilAg icelsa Br i a

are communication with a display 114.

[0038] A user inputs data (e.g., input factor data and output response data) for a process
through the data input unit 102 (e.g., a keyboard or a computer), which the design space
estimate module 104 uses to calculate the PDSE. In one example, starting criteria are
configured through the control unit 112, which are used by the design space estimate
module 104 while calculating the PDSE. The starting criteria include, for example, a
target response criterion for each of the one or more output responses. The target
response criterion specifies the desired outcome for each of the one or more output
responses. For example, if an output response is fuel consumption and the target
response criterion is 220 mg/stroke, the design space estimate module 104 designs the
PDSE so that the largest region of variability for each of the input factors best satisfies
the target response criterion of 220 mg/stroke. In some embodiments, the target
response criteria is a target response value (e.g., fuel consumption equals 220
mg/stroke), a range of acceptable target response values (e.g., fuel consumption
between 200 mg/stroke and 240 mg/stroke), or a critical response value, where the
output response can cither be above or below the critical target response value (e.g.,

cither above or below 220). In some embodiments, the design space estimate module
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configured through the control unit 112, which are used by the design space
estimate nodul e 104 while calculating the PDSE. The starting criteria

i ncl ude, wonomxaehe, a target response criterion for e&ch/uskomwiassene or
nore output responses. The target response criterion specifies the desired

out cone for,_each. of the one or re o ut responses, For exanple, if an
out put 1 espBRaENicEes dap @@ﬁsﬁﬁﬁa}?@&ﬁ%ﬁigtlﬂ%eﬁ ngfre?tb’s&?ﬁhé Tt i O i s
220 g/ str Qkfodinait, dpsd u%’@@%n?_ﬁ%s@?%?uﬁ&%) e Hith GBS GNs 1678 RRSE S50

that the largest region of variability for each of the input factors best
sati sfies thepuigr getem esgoredean ¢hd dasaiaon and subBequenily prokded torihg mapeiver to

enbodi nents,, the target response criteriag i.s a target respo val ue (e.g.,
fuel consufPTaseaoaras 398 TRt iy the deygn ucdr M BRI 0far et
response Vahosd$ it Serde embbilncaBNS URbEIT RPNt 2R0uABbSthe Pkisictd Prozdls

ng/ stroke), or a critical response value, where the output response can

ei ther be &bev&ndyptrigbprogess Haarufaqtingeg progesger desigp prajecty b¢fore geacwting ghiet her
above or bMZ I odi. L.an: esti .
nodul e104 ret rfe%@%exd)aep glseg {rggcr%ﬁﬁ%edgdlgﬁ %Hog%%lg @%ﬁ‘%ﬁ%‘%@gﬁ%ﬁ& di Crsalielc({ér%l/l% Tom a
user. | n oréaeninadi fewots, atthbatpac aedpbegts fshovldabelsesludedplit theed@ign. t Mhesat a
input unit 102) or froma conputer systemis stored in the database and
subsequent [SYPFIBIAHBE 46 tpdest Siceiolasionship etvsgn dhe dwut fagtars gpd thmpwtrrior

| ater use ' c [ ;rggj :

enbodi ment E?Spg&%tsj e%lgg)fs'%@pg?tle%n S ’zl}e E%r%ﬁ]fe%g%? %@gﬁ%fﬁf%ﬁ%@%@
(e.g., inddet varadusproncesaionsadubhpatt factongvabues ctesdeterannd ediag oufpuojrespbiscbef or e
generating the PDSE. The .experinents can_be designed by application

dbect al | ot 3l TeHEBRE i D CHREITApur TR CEBIuoas BplR FaBhRE te

shoul d be ionglute&Foksas bARd $and0n HRRIRtRRPEF {H’é‘%ﬁ%& fREt6rsUSR sl Onp @S thd he
rel ati onshi p between the input factors and the output responses for the

system Forexpstangitd datatbroaghdrd dagningutcemt. r un t he process or probl em for

vari ous conpi ibons of input factor wval to _det ermi ne what .out pu
Fesponse. vATLAE Thfay@harifer s Mol Btrhat Pre St SRRl Known
out comes f @écclvde 106! Piie dcSBAWPEES el nddukNANCAQIRENE bQtBated opfi@al Nput
factors. A user inputs the experinental data through the data input unit.

[ 0040] The vabisifeicash o€ theeiciommase pyt fastorpthapachinvee ederget Igepadise litcigei ved

by the recei .k j C i . 4.cC a an

esti mat ed ?811?%r%rﬁ'&\gla‘fhgec‘%}%?ﬁfgggﬁﬁg% %ﬁﬁ@%h@@%@ am)glé Ile?(n%eglfChf Z@f (%esa?%?%]t

achi eves t Rpadcagsgeiatd amdoRs B0 cart asd a.pchalty éxatiphe, Thddesigl spdcatdsdmaman be

carried out via a sinplex search, O the design space estinmate nodule 104
1

can use a pAe P4 ssHOPYRIntTHY e ght SHRanscsds g rdaiget and a high/low limit).

For each set of results for a particular combination of input factor values, the penalty
term grows when the constraints are violated, or achieves 0 in the region where the
constraints are not violated.

[0041] The design space estimate module 104 is configured to calculate a PDSE with
multiple output responses. Further, the design space estimate module 104 can calculate
one PDSE model across the output responses, or calculate multiple PDSE models across
the output responses. The preprocessed data only provides one estimated optimal value
for each of the one or more input factors that achieve the target response criterion. The
design space estimate module 104, using the estimated optimal values in combination
with the other data for the process (e.g., the input factor values, output response values,
and constraints), calculates a largest region of variability for the one or more input
factors where the criteria are fulfilled (the PDSE). For example, if a user would like to
run a process at a known temperature, the largest region of variability for the PDSE

provides the tolerance ranges for the input factors (e.g., pressure, gas flow).
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nodul e 104 sets constraints for the output responses (e.g., a target and a
high/low limt). For each set of results for a particular conbination of

i nput facworowaise2d, the penalty term grows when the cORSTBRMADIBEE
violated, or achieves 0 in the region where the constraints are not

vi ol at ed. 0 The design .space estimate nodule 104 js confjqured to

cal cul ate S0k RO Y @%&%ﬁ?ﬁﬂ%@ﬁ%%&}a&mﬂﬁﬂ%rlpﬂ il BEogOLpace
estimate mpdyl £2104 GaNMpRIGMAL i ADaPEREME&ircafy0S8 bhfpulltmirdware,
responses, or calculate nultiple PDSE nodels across the output responses.

The prepr odewsed, dad/ar seflwarprimypicdestednetles pravassed dpe implemeatiatien for, ferach of
t he one or nore i négut factor@ t hat achi eve tthe t(@r]{qﬁ%t rgz(pons? cr%[i on.
The desi gn SPEES Ret PR REYGIPE SR 48y ¢ h & Eet P HE P S TR “es in
conbi nat i oF1@i t Ndsheteo iR at-tiabar drdf 1020 &heRIc9iGa Shadc@sBmatet MGl POY, ah@etcor

val ues, output response val ues, and constraints), calculates a |argest

region of waRrtlbini 12 #soscpeats epepasentvoerse skalbst Inf the tagr cpnvithpresiathenag et er i a
are ful fillged (the PPSR) o JF:&feo %lfgg?'cfmp(k&en AR Bk cl@ﬁlﬂn%d.' i ke to run a
tenp e Targes g

process at a known erature, regron or variability for the
PDSE pr ovi qee3] Gt olienafee chamdissthadng hh@nipupitized acdtosds 2(@® f@-. perfor@ssur e,
gas flow).[0042] The data input unit, 102, the design space estimate npdul e
104, and t [&to RIedigiye depign spaee pdinaip|aserIdingdo R 1dnsgiatine cebedimenheic
circuitry, 4 n: t I ! o, i gl d with
o br ocessor PR, el 20 bR LR G B0} B GEPRRBLE: 1O, ARk
processor, iaclodesplatacfor oan et anormuhmit fhetowsdiop atreamsifaciiridgeoinGustdiali procss,r at es

the data input unit 102, the desi space esti mat.e dul e 104,. and the
cont 1ol uniohe Pi 1058 OUEHLISPAISEY 5 dG ARSSSo R SRICTiRed P9t FEDGHMGL, the

appr eci at e }ihal ifd8dds UWnelce ORAInY c@ferifN ForQuc 1B Be 8he bHGSR eagBh&scan be
conbined. [0043] FIG 2 is a flowchart illustrating a conputerized nethod

200 for perhestinagdaaptiormhtvebicpioe dadt Pl thedersi gnmopaowue fadtoratte achiceotii ng to
an il 1l ust I‘?ti ve enbodi ment of, the i nventti on. S%{eﬁmﬁozli n\lfol veﬁ rﬁgei Vi ng
data (e.g. WHTAHIRESHPEEHL A AogPeriRRae 1ieci 4 dP e URA (Y F96P O5RE Y nore
i nput fact @F sor®mpat MRt adiers ¢4t iRfut VAIIYSA HeAlxpBiAEREE ran@B 81 ApulDédlgesout put
responses for the process, and criteria. In sone enbodi ments, the criteria
i ncl udes alit delganineispohsa ewtprlerdsppnstoralexder edcht peé thmengor iveE euPPut
responses, r@s@ &%tsi mat ed opti mal value for each of the one or nore input
factors to achieve the target response criteria, and an experinented range
of input vaduesd Atctepedhthefdetiage spave eotimaReodulpUidd Edatlaesa lavpest ecgh@chf | nput
val ue in the experjnented range of input values is determnatjve of an

out put r espafdBlivalonsasthpf Hicncoer MoES St g?“‘?ﬁ%r erlotiegPo. 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 one 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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responses. [0044] At step 204, the design space estimte nodul e 104
calculates a largest region of variability for each of the one or nore

i nput facwore10/18222¢t ep 206, the design space estinmate mpduuS2@10433384 cul at es
(e.g., using the processor 108), for each of the one or nore input factors,

a cal cul ated range of jnput valyes within the correspondj ng experi ment ed
range of i APRANSIPRIQfLRe fagor Lngp WisR the predigiedoyipvs frse SESPIRREE e 4o W1 04

cal cul at es of &ye of ﬂ'l%ioﬂﬁbuft P&p&ﬁs‘é&e%@éteﬂ@ﬁé ef?p[di@féhfii 86he RPGLHAST thOgd oval ues
for each of the one or nore input factors. At step 210, the design space

esti mat e nwelut enpu@4aqbere dinct encabytesé gasis pdbe calsulatrdtlergbstgegiontof venshilipn t he
nodi fi ed ranges, of | t .val ues, erein the ified ran of .input
Vel ues. eaciicanp ek PN Y BRediR ant N tlels Spfheise o LR8O dBES L ¢ e
i nput fact ghScoMEh®l lhRstciehiof loff @addility Wrhihd inpek fabtBRAB] crdill mpuesieeES cdndo St ep
202, the largest region of variability is calculated wwth a stepw se

expansi on oRryzngetildplfdlghe petpyt responsospesfiicetiens; nput factor range. The i nput
ant . : . ) 95
exper ment 6T SIS ARG HBIMEINE e B0 1LY LeBER U aPio Y BRaRC

modul e 104 ispipaactsrst Raedenglutinfacactors amgeaby ard peflciinfiligke anchupatsponss
Monte Carlo sipulations to predict output response val ues. The design space
estimat e nmopeAifEcations. st W faspecdttepiiER ed%pdhs idstignspesfe chtipter mpawgelthen

the predi th%il}g]ul‘a‘ré"spéﬁ%_ Ea‘?aﬂé’[géera%{ YfSin tevﬁﬁés ey aﬁn%llgo{ MPF&ds op&ngut put

responses. e stepwi se expansion is done for eac e one or re input
fact ors on(amoiteadoyslghe Sthas2@®h isThacobddcinl Atrthdr Hetnd esith refgicoce af Fiar3ability

for each i t factor is e s.the starting criteria for the search

(ot epe- 206 Willresais Topted ALT B drviads Guinets ot Tk pleises e Fpebce ne

i nput fact Qfpe\W¥retfut hiued ARYhH iﬂ%ﬁ%&o?@ﬁ‘a%ﬁé% e vadit | StehvbR iid hesbhBeqout put
response specifications. [0046] Steps 206 and 308 cal cul ate the conbi ned

| ar gest r egh onthef dstait mathirtfetapcofo Flge 3Bnput factors where all input factors

can vary a i, fulfill th f put .response specificatjons. W.th respect
Co"st op 20000 ¢ThaV it (bl S LT it SR d Bt Fht B s bV o e
range of i mpifienyaicdeRgfc@tioimodeRefot Bl olftp@tesgontOartdigtatd GleMidobananus! y) .

Step 206 is described in further detail with reference to FIG 3A Wth

respect t o ofapatite, (cuhefanedl wius fstes axkvideally woflall gbhedapeReousin he
e 3048, Bk A0St Rl DB 5! 208,205 it o
Wth respeciodute BidequtéhbticallpealdehicgnhsPDSE 8iigl pradpecifiod ¢hieerih0Arheamitdrie
different include, for example, specific distributions (e.g., a normal distribution or a triangular
distribution), user set criteria on input factors and/or output responses (e.g., user defined
limits on specific input factors, user defined input factor distributions), technical
constraints (e.g., for mixture designs, the sum of all input factors should always equal
one). In some examples, constraints such as qualitative input factor settings (e.g.,
“good” and “bad”) or discrete input factor settings (e.g., “low”, “medium”, or “high”),
can not be processed (e.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 setting for the qualitative input factor, where the
distribution can be set to specific probabilities (e.g., 60% of A, 30% of B, and 10% of
C) as a constraint (¢.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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mat hemati cal regression nodels for each output response to estimate the

| argest range of variability (e.g., for all input factors individually or
for all ovothw/isegzut factors in conbination, the PDSE) wCrhuskamiwassear | o
simul ati ons. The design space estinmate nodul e 104 automatically cal cul ates
t he PDSE usjn respecified criterja. The criteria include, for ex | e,
speci fic dif& gt Ficars cedh gme _tqﬁdlﬂ%ﬁ@d&mswril%mlé&dg?d 3o, e Mgeip Ao

di stributi QRlulatditdo tﬁ@%urﬁro%ﬂ"fﬂe%nﬁlﬂffh&%teqﬁﬁ§?%&teﬁﬁ@é@[ oYt put responses

(e.g., user defined limts on specific input factors, user ‘defined input
factor di st048UtHIGNSN, istaeBbwmi abatt 10usistingianmsthped 390, fof ozlcwiatmgin ealiekitagns,

th f all in fact houl d . el . | es,
const 1 ai nt izt Bt e B rdas br Al B AR ARG o b g PSR 0 5 Rerh
"bad") or dischetssignpiice EaGhAE nfRuld TS (8 Wing thé PMICcesso 'f)Lsefectsqrﬁrst

"hi gh"), can not be processed the qualitative input factors can not

. (e.g., | :
be random Z&wead i ykiveslfor gack W%t%ﬁ epear B¥reimppuiasiorondt gep Mhitlee designo

si mul ati on i . S i i nput C i an be
Tl uded ¢ oPiserpERE IR a0 SRty E TR YEHR SRR O A FRES R
random set ohngsfist rapgabt it vauesp Wetchaticar Bst psfrmantd metyicffoneich ofi thes a

random setting for the qualitative input factor, where the distribution can
be set to PO FNFCHWHHDICHINPESs (O SED, SYpshodengn spacosstimatapedeiged G ©)

as a const i Al thEcdeulatdy rfh 'Igﬁtﬁl e BRI ROPUNBLY RPu b tbESSy et e
settings fgféaf{gshe c|ecnp?ﬂa %(r:t %E%ﬁ; t%ea’%si 1¥r?aI%a{:}lll st r%uétjl ona}selelt B%y %ﬁes
const r ai nt adjuktingthadgirgnmbogh ofanpw, vahues bhedhmi £ edmeost péthet f&sf @ fomxbaer es,

t he design space esti gﬂte nmodul e 104 normml i zesthe input factors each tine
after the oM AAPICEEFgHnP pgg%@’d‘n?%l?le“trﬁe Monte Carlo sinulation so the

sum of all [M@g WPRN GedhBGL B SeP 38R the @eﬁgﬁ% ARteslifralt mo@Me) 104l QAABL &G 3A
is a flowchart illustrating a nethod 300 for calculating a cal cul ated

range of i myge tpad persentage 6e.gi M§%4) ofathe ildigestnegion v earisbdityrdert cash inhat

the.pr ocesdro 0Byt dapgeie 5P AL Ife ARRGEVER: ppLTe TRRHkSorairbaiviop!S ho®

one or mor €arloRithulkAGisOREh a Aumbbesf Hafplest POcifies by S RRE €. £5h selihg stthsul e
104 predicts values of the one or nore output responses based on the first
range of i mpthe databases! 0o déande Gife simnulatiogs, QTéﬁﬁPtb@‘{EPaﬁ@eCOﬁ‘ﬁJﬂlfﬁU@nﬂldﬂetb@@Sh of
the one or [ r - [ - I At e
modul e 104 "7 i 8 itk RRARERpi i (LGB it RGP TE AU RR T e
or nore i npudthdnaatical) SydymadMisate Ogld dimufatioad are afige uedd wingit isvialfemsblbased on
a conparison of the first performance netric and a predeterm ned

per f or mancéMARBHIE to compvle W exact dePcyith ¢ detepnigbc Agnsityasi grmeyhe e

estimate mgife chid rbSas fvbIves 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 deterministic computation is performed
using the inputs (e.g., comparing the output response values to the desired criteria for
the output response values). Lastly, the results of the individual deterministic
computations are aggregated into the final result (e.g., the PDSE).

[0050] In some embodiments, the first performance metric is a criterion called a dots
per million operations (DPMO). The DPMO is the number of calculated output
response values that 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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range to a percentage (e.g., 75% of the largest region of variability for
each input factor. Wth respect to step 304, the design space estimate
nodul e 10WoOperoieezze Monte Carl o sinmulations wth a nunbecTafS2e@0pides
specified by the user (e.g., a setting stored in the database 110). Monte

Carl o sinul ations, _Qr t hod are canpytational nethods that rely on
repeated r gﬁ%ﬂ%es%lpﬁl\(lﬁgog@@&n% @tilﬁgﬁﬁ}r@% g PYUSHIRHLIUPY TSHRPSPCH  (and
mat hemat i cal)oosMI0TR0 MoIs &r S84 | Whieh AHORE KA %T%@ﬁ&@l@tédsﬁ@%%%ohk I'S
unfeasi ble or inpossible to conpute an exact result wWwth a determnistic

al gori t hm vémnetafalygutaddvbihthe spagificatonrhimiatringn andwbll\besohsidatd defeprableg a
domai n of pOﬁsibIe inputs (e.g., input factors for a physical process).
| nput s (orpF %ﬁ&m?%ctor val ues) are generated randomy fromthe domain (the

physi cal preessWith AurflRE IsPediits b 300 TRUbAL icbolind®, hQhntReh bigdd alifk@
inputs (e.g., conparing the output response values to the desired criteria
for the out@gech iappofaser pasadea) the sgleeteg distrbutiaasior the Montcheaile gimplafical
det er m ni st | 0 tJ. re a ] Jnal r tt..(e g . the
o) [ oobbf el 4 Sufhe o SUEEREUSHHAOE O S il Bler Ehitbluiody o
criterion ealdeede.a, tatBrspemgd) fol inghoape abbaass{ DP¥M) Mot eC doMimiutativhe

nunber of cal cul ated output response val ues that are outside the

speci f i cat RO sMbodigtiges. Agandenp ey patParn it Mlants eapR rodel oy is added
speci fi cat 't&@ac‘hy{‘%&ic&&lﬂ&?uﬁ@gﬁo&@e 60 Reo JLEHAGH OVdidribEREN ralESh Lol 2
| ower out put response value and ends at~an upper output response val ue,
defini ng a[0G2jeVol respeeptoaftbe 30a1 thet desespepse cstatesmbdule alfdoertget the

response. The Monte Carlo sinulations.are fu dth redi ct ed. out put
Feaponse. vATGHETE: BngaBrE b garHOPITa BIHES (Y0 0LPIIHIES WHEFrd He
sel ected fipt&forc@NQ8 pRifoMRde8 $ndnSe. AEGRREABICE theFaREiEY 3PRL @stiatPRMdueS 120, 000
hits out5|5% the linmts for a particular oufput résponse is

50, 000/ 1, 0GOMPAEs thedch&ilged BPRM Ghor theaMootesCdrtyy sislasfons lisomprseeti 3949 do eut put
response val ues .to ut si f_ pecification | ppit.ran and stil
be_bons: derEirsitahPBMQ Wer PRl e05pBREEe Witii-Rth phBe piCRRBeaRie<St op
304, in S0@%tﬁ@ﬁﬁﬂih€?@é@ter@iﬂeﬂ@éﬁ&rﬁéﬂc@l’mdtﬁc aditestivea i @eh. IMPRIG.fF3aisar
based on the selected distribution for the Monte Carlo sinulation (e.g., a

nor mal di stlombehartolustgatingiaf parHeros thei pethpdA00 dor astepwian gedien cxilassiph Beft i on)
and ranges . e fl . j V. / e %{bnte
Carlo sinufggP%H?gﬁ%cg%ﬁ%&%w%gggﬁéﬁﬁgfhggééﬁ 6@?1#§§$%§§§§§a%%£?%£ nt e
Car | o nodelof ehe dnvémsioadded step Sach thy €ditcpetbromah@limdues ponsempdaddus (e 9., a
Student's t-djistribytion randomerror). [0852] (th respect to step 306,
the desi gn PEsistcamEsd; pafamapefumstrios Hr gt Bt tnsgformance metric 1s 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 second 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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cal cul at ed range based on a conparison of the first performance netric and
a predeterm ned performance netric. For exanple, the design space estinate
nodul e 10Wocompders t he cal cul ated DPMO for the Monte CaCclraSgiwiobisbi ons
(fromstep 304) to a prespecified DPMO (e. g , DPMO = 50, 000). The

conpari son of t e first p mance netric predet er m ned

per f or manc &t ¢ 1EP‘?t i@ﬁ%@ frpomnarisaeof the éf* ¢ ORI SRyt apd the
illTustrati rﬁged%tepﬁ{ﬁeh%@rfgﬁng&gn{gﬁqgﬁod 300 for a stepw se region expansion
for calculating the calcul ated range of input values, according to an

i |1 ustrati (@05 hd%dh nesnpect o sttelbﬁe326ranér&2i80ﬂne dﬁ&lgs 13208 3Slt2matte meoduler Hi4 can set

performance netric i.s .¢Q the termn manc metri | f
Phe 1irar o Top it HOTPRORT o Lotus OG- SBorils s REERPET PR fot nod
300 pr Ocee(i@plit@?/aﬁﬂe@By%Z?andﬁ{g @E%st?raﬂge wﬁledse@p 8Pc. SPaCieh RSHEIIBRS Stepdy) € 104
Sel ect a second range of input val ues by reducing the first range of 1 nput
val ues by ahgdetist e&pmm@dﬂrp@tpc@ﬁﬂdge104:@ﬂnep@ifmmqunﬁe tGraloppiomlations apsger
than the s t er

sel ecting {a%%cnfsbe%gtﬁ%\érp\gﬁﬂ réPe%ence téﬂg ugﬁﬁﬁge3 9@%%98?03%1361\%60@ ég{h 304
of FIG 3Aof Hem3]or hioré b@tpﬁtlrreslionp@rfor mance rretrl cis beI ow t he

predeterm ned netric, the nethod 300 proceeds to step 326. At step 326 t he

design s pa&%ﬂSéi W IR FSDPRS dRiPSD 302 t&%@@C%a@ééﬁlg& iy éreﬁ@d&Yrﬁdé%P%Fhﬁ Sﬁé@p

per cent age ffocb IR vBfuct Bifcllloh ! odrBREiSoPbe InARL nwgd Tyt FUER aithe t Ne
sel ects a secx range of I nput val ues %y expancﬂ ng the First range of

i nput val U@sedlammedrpetﬂoﬁnmoepnsmzas déscrgted pn 330, 3CheFl§{bsi(gns 5 placeclest | mat e

nodul e 104 .predi.cts val ue ft out responses based on the
Cocond T andBiGifE R ab i ae: mstad B o ECs & a0tk B eud-f PR CRaDR S T or
each of t h%al@ﬁl‘ﬁtlf? aTBRICR1a04 RHE HERPANSATes, AcoPdifP tP 3P allds%tlé%e&h%ﬂlﬁgﬁ‘tce

estimate nodul e 104 creates tRe cal cul ated range of input values for each
of the one ofrtheronentioput Af atpod¥2, Hhie altpigatipage rhiemathi mddulagédodetempaes

b cdet er m A0H BB TG NRRCES RBrPPe MEatiou e PEiBer B e s TSy s2s

the desi gn psigaeanes nidtbé equiddtheerddieriaitdSbtrichteSh&Rod BB pktedoaftet he
first range of input values, selecting the second range of input val ues by

expandi ng A& fAtrsep ﬁéfhgbe gsigthspage epiimateemodyle 04 ssts dbe celeulgted jamz0of t he
desi gn spa rm Mnte Carlo sinulations as
descri bed ‘f 61\?251\31\,1 ot gwé%{:ae%?gﬁg]@élp‘e%% "of FIG 3A to determ ne a DPMO

for each of[()(ls‘ﬁqe Ibthe monmp@fmhmﬂ mé&ﬁ:pctms @6t cqA0 R prddétbmtiespartrid, chest ep

332, the calcul at ed ran%e is created by é usting the second
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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range of input val ues based on a conparison of the second perfornmance
nmetric and the predeterm ned performance netric as described in FIG 3C

FI G 3C iwoaofdee2ehart illustrating a portion of the neChas2@003364 FI G 3A
for a stepw se regi on expansion for cal culating a cal cul ated range of input

val ues, according to an ill rati.ve enpodi gen he invention, At step
352, the d@gfcaﬁtagepaﬁlée Bl RoRHcs fa gox i et Eﬁi&m@fwa @R
performances RARL it &%&@'byt&gaﬁbﬁﬁgﬂﬁ{e%ﬁa !Peﬁ%e R LR valubs bR DRIROGep size,
performance netric equal § the predeterm ned netric, the nmethod 300 proceeds

to step 354nd s ostep 354, the design space estimte nodule 104 sets the

(o0s) 110G Eabhet il i Rastiinidir 1E ried WabTBRTAR ohPbiatilt dFihiea

nmetric, thendmsia0d RO0QsprRaeekts DRV BRit3TRe dRbight PRcS2Gtimbtiemdasicgrosspace
esti mate modul e 104 deterni nes whether the nethod has reached a nmaxi hum

nunber of icortimch nexpang apg éesprihe ranga witioae opimare of 8 terinaEen ﬁ@é{ﬁa pEached,
the net hod sﬁtﬁs?feﬁgﬁé T D If"‘tﬂg Dﬁfl'\?lé ik 'ﬂ‘r’%hf%?{h%%{ Lt BEMETES: Ae Jiélfg%t
0 g va e na 0

val ues to the se range of i npu ues. XI mum nurber

i terations spag dIinateeasduledohsbrinkshibic Fadtdrotings bakeidsthe tass velpd &g Stepps 352
and 356 are termnation criterja to prevent the nethod 300 of FIGS. 3A-3C
from i nfinid08) (£-8-oBsi gt rameckdbpdastic steesige &y JiosiEee’ Bt Iat@tinBefui%e 104

det er ni nes . antdhﬁdstgﬁq?ﬂ{ihaagé LAGNERCS: HBLhE tdriiPBbR it é?% @Qi’stﬁﬁﬁ HedRd

per f ormance netri c. e~second perfornmance netric IS below the
pr edet er m 388 op EIG.ciBramten aedasciched weh mde¢rboat t8 (OGP B eddthotl 308 tamiB2S of

FIG 3B. If.the second performance tric, is, not I he, predet er m ned
ber for manc &S, MRE! ThehrueREqeproeaames e dages BN, ol tab Mg Uil
desi gn spagfnAsfiddiese HOM Ratd @488 Dratht Thidnu@N98mBEr bPRUlatbal Wesygaual
to the last valid range of input values (the |last range of input val ues

that was assobingt@udtheibicht calqpdatédrangneehinethlé torlsspavdindell pf deteorsr o merd

per for mance m%iritcé. tﬁt steB 362, the design space estimte nodul e 104
reduces t hd ¥ L5 PLEC BMS "BFedet er mi nedper cent age. The method 300

conti nues f@033PFIG28A0k Fhew St BRkefingng nietlcuad( féragudel fingt Hrend difddt
val ues by expanding the third range of input val ues based on the step size,

and so on. JEERTinmsvalegagptasdingite Ao Hisbateyecanhasimend of dha ingention. Hetstad 300
shown in FI I: LS. less . LM ] space
estimate rré ul tgg%gié%g n? i %g@at% %10&;{3 f)ealnoté1 h‘%{n%(ﬁ{spl EISIH? W%ét?gﬁé@ th%? P?S%fﬁlg&or P
more of thénguefattaat iAanstgy 40ethadaig saté sftinde (aldaps] BotandtedSGk. told t he

DPMO i s higher than the DPMO limt, the design ,
%redetermgled percentage of a size of the calculate% range of input values. At step 406,

the design space estimate module 104 selects a second range of input values by
expanding the calculated range based on the step size. At step 408, the design space
estimate module 104 predicts values of the one or more output responses based on the
second range of input values to determine a second performance metric for each of the
one 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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space estimate nodul e 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 362y 2ari3enzat i nues to expand and test the range ®aTiUS2@0®33364 NOr e
the termnation criteria are satisfied (steps 328 of FIG 3B and on as
described wth r rence to FIG 3B). .Method 300 ferm nates .either when the
cal cul at ed meéla@effféﬁwweé PEHEMYESE PQ&HWV@?& bF pﬁwt@_t%meg_r@iw?ot SMAf%t i ons
of the cal gul@t&did apges2or At Repesdl MMHALADEhacRf cstiffaf@ioQR . ARIC LS the
resulting on the best cal cul ated range achievabl e for expanding all of the

one or nor enddnfes rahge cquad tatha sesosdinage iofenpyt 080B8}. H Be s¢gondspaforingngec har t

illustrating. a t hod 400 .f or | cul at i nodi.fi.ed range of jnput val ues,
accor di ng. PR TR pital IR reh e e g B R SAE ArddE a0 e
desi gn SPage0Eds LA tnsepes Jm el &s%@‘kp%@é @s@ihﬁl_t@ﬂlotiﬁll@ut04fc%€&ﬁﬁnefs B HeR en @Rl OF

nmore input factors. At step 404, the design space estimate nodul e 104 sets
a step si z409 basrepehedatraprinyednyeba ohttergions 14 thejmaxighm Hnkes o€ fratiens r ange

foi | , ' I
a seoond 1 SRbE B orsia PoPd a00dfod el B AL RE R e Lo e T KRH PO 6,70

the step sisg@ndAtngd ep idfd8,valdee. dEsthgmspmam asihbermbe itedohe hdD4opbedi ct s
val ues of the one or nore output responses based on the second range of

i nput val udgched. ds BrihPA Brogeedsda P FePf ofsParel ahd e F arcrtgimialin GicHn® one
AnAL 4 { desi : i 104
or nore OUtepPér%gtlf ﬁ%@@@fﬁs& 400 ?fSFRPS. 4%4}3 R6m! ﬁﬁhﬂﬁlgﬁﬁﬁ%ﬁg?sﬁ Qﬂ%ﬁ Qg?‘)%' e

creates th range of 1nput values for t facto
adj ust i ng tdhegs groadstimatgencaiile Hdutetormlines svhotee theorcadgmnfoanasemafic ishe

second performance tric _and the predeterm ned performpce netric. [0059]
WUh T e pedtiono 15 B ETingh deHaaMca T Hhgell Be D edteRt BB D e 1
conpari son p@fouf e pRRCRRHIRE i A TRACRIBH UDE pAItdedshE bBX @OCLEEIG N If the
performance netric as shown in FIG 4B. FIC;Ip 4B i1s a flow chart

i |l ustrati secoad pmrformancf metres wendidetladp0hd predgtesmansdi metrice gicometd aH¥l on

for calculating, a nodified range i.nput .val ues, accordi t g, an

1 ustraci DRSO RS RSP Dl ROHsif URE 56 FolsBiEies dtce
estimat e mpghidifedlhod RF efiplit Rficwhghdlad thheass eaRMdaer JfohfaNeSudiBliid sequal s
the predeterm nednetric. If the second performance nmetric equals the

predet er ni digrgenet dmit Ydeesndehowsppedaigd vihsa esrfagpancar metrispbagy, thehe

design s paéged%?e%ﬂ%hﬁef\}gﬁ%lge ilx?e?ricf)etAst s&e@%@?&liefd;eglgnmrsiﬁ%g %st%ﬁé[’tg mddud 1t

second ran I npu hée secon per e netric does not
equal the predatsadongdctivatitagayitt the inyeit fatbrpr oceeds to step 454. [0060] At
step 454, t[(r)1()e61?eAstis er]g]) 4S6 ?tch% deegifglil rsrgéc% egtll)rglgtleemold?l?e ?Oeéf c?ertergrnqgess Meetﬁeqecﬁergglﬁeh()d
remaining input factors from the one or more input factors that do not have a
completion flag associated with the input factor. If there are remaining input factors,
the method proceeds to box 402 of FIG. 4A. If there are not any remaining input
factors, the method 400 proceeds to step 464. At step 464, the design space estimate
module 104 reduces the step percentage by a predetermined percentage, and continues
to box 406 to select a new range of input values by expanding the second range of input
values based on the modified step size, and so on.
[0062] For example, the method 400 is performed individually on each of the one or
more input factors (step 402). The design space estimate module 104 sets the step size
to 20% of the factor range (20% of the calculated range of input values) of the input
factor (step 404). The design space estimate module 104 expands the factor range of
the input factor with the step size (e.g., adds the step size to the current factor range of

the input factor) (step 406). The design space estimate module 104 performs Monte

Carlo simulations as described above, adding in random errors if appropriate (step 408).
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400 has reached a maxi mum nunber of iterations. If the maxi num nunber of
iterations has been reached, nethod 400 proceeds to step 452 and sets the
nodi fi ed warge/Be2the second range of input values. |f wPhe/usaxiomsddshunber
of iterations has not been reached, the nethod proceeds to step 456. Steps

A, T AT SR S K 1098, )P

modul e 104 jdetigr ik T80 RREN B tHeifpSeRORH bR&! {oMEBAG & BE JrGhd SicRe ! aNEd he
predeterm ned performance netric. |If the second performance netric i's bel ow

t he predet evith addPMéx below theeDRd danit @45¢)r ecdkeswciate Hoxing06 fagforFvith &4A. | f

t he second performance try i.s not bel redeterm ned netri t he
ot hog. 400 BiBlSRREaES 1R PriugTs Mot e PG LATELR ReEE (Beby fnal o
nmodul e 104 i$gfpSatbd %yr@?aﬁd‘i tHeafeter edngk %B_Htcoﬁl%hﬁﬁ? tiRAkA1tHS DAMEOI s theval i d
range of input values (the lTast range of input values that was associ ated

with a per Menafedosanvladonelrensat ﬁ@sﬁ%d?f%hﬂédwbéﬁefw}%@cwﬁ& ptens fAlt
260 . . Co .
i th the i AogAHPRkPaoBPPER BRI Rl G 16 i Sr FROREANED i ERRREMEN 0

104 det er mitigsarealtabgicididiew &h ar@nipdstivinagg Thypuhe Hadgosmct eaimitbencang or

nore i nput factors that do not_ have a conpletion flag associated wth the
i nput fact dP4 qlears g eompletipr fiaghi fremi thp ubrytaleors divides tha MEB §¥obEeds to

box 402 of Fl G edlahlohﬂﬁgﬁzla&i@idg\%){hgtasg% sg%zalﬂt% % 'd%géati AE LR Bod {e%t .

met hod 400 proceeds to step 464. esi gn space est
nodul e 104 repedisceps tbetisdwegh 4lé).cent age by a predet erm ned percentage, and

conti nues 06 t el e a,new range, of. i nput_val ues b xpandi ng the
cecond r andDe Refistee Pt it FlGoR o i hGPE TR e ShieB T on.
[0062] Forc®§QQQHQbrHﬁﬁnﬁﬁhhﬁ&fﬁgggyﬁmgﬁgﬁgﬁ@?ﬁnéHH&W%%H%héﬁmﬁﬁﬂﬁﬁﬁﬁbpf the

one or nore input factors (step 4 desi gn space estimate nodul e 104
sets the stépSsia8doa poihfoid mhge Baetculatedande iRy of cachef thal mphtafaedrs ange

of input values) of .t in t S . The desi ace estimte
modul 6 104 (edipaidtepnd Tl BFklos 3R58yp%0 AR MR s FRGARTNAL A IRRERERY o 2e
(e.g., addsftMentstEglcskatulitionshRr Gettée pleclsast 6f tHARDSEOT ThBeredydrnidact or)
(step 406). The design space estimate nodul e 104 perforns Monte Carl o

si mul at i ondeeernase masdel (aBoves liantnmyalug) fanderMente drasla simusionpris sce
(5t 39%) siighe SRR\ O L0501 BEIS b A1E 55180 BRYG,
t he | ast seidividgaladutphecdpandeonbr trrigghast DRMO DRMD foehlbwf tHeeouBRIVIzedponses.
(456), and II(;jl Ssso(r)ncei gﬁfmlglgse oitheeu{[im];tgl%t 81‘rite¥\ijataQG aused instead of DPMO, such as a
percentage outside of the specification limit range for the output responses, a process
capability index (Cpk), or medians and quartiles of the output responses.
[0064] As an illustrative example not intended to be limiting, in one implementation of
the invention, a user desires to optimize the operation of a car engine for the output
responses of fuel consumption (fuel) measured in mg/stroke, nitrogen oxide emission
(NOx) measured in mg/sec and soot emission (soot) measured in mg/sec. The three
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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conpletion flag. If the DPMOis |ower than the DPMO limt, the nethod
(met hod 400) is repeated by expanding the factor range and conparing the
resul ti ngowDORMO/130224t he Monte Carl o sinul ati ons (repeat ®CeAs2010831364 ough
410, where step 410 includes steps 450 through 464). The process is
repeated for all of _the. remaining input factors until they are al

associ at ed S ¢4 SBCLBRIREIA GR i pﬂﬁ‘f’éﬁntﬁf‘eca@%@%ws s&&%&qnﬁ@tr@n%ﬁm e
104 cl ear s i{ g veIQBD{S] | s%bsfjoagme‘ LRI FIGPYY. FRGhR%RamplcVind@8IchRBoR! ep
size by a predeterm ned anount (e.g., divides the step size by twd), and

repeats t hermrfooded en gir betvegpedr8 kgtheps!l Aa6certh isiRfh betvojen 0088B] 2%Redrel ri ng

cal cul at ed Yol HisEn omet of THor 8 Pl act BFS 4t SRise darB ot g ergmesy a
et hod 300 10 i@ BA1360 e O a0l ATGRy nBAbE LGRS pORow S o

each of the input factors (e.g., via nmethod 400 of FI 4A-4B), and the
PDSE i s cal280| mgédolf tle & Maxgeurnualient gespRpint ealtgr Pb Ki0mmastiakes fbie

better precg|si . P . rm.ned. per ance | C . 9.,
Che 11 m i Secuared) lfriRE TR ES RPS S kR E BE el G SRy i
is, for exdspihe spédifcdiioghsit, IRMDisvadroién thad exasid). f Diic grcifiviion Hmak ferut put
response, or the hi 8hest DPMO val ue for all of the output responses. In

some exanpled iHupde 05 mEseohnghuel Nist (42 resPaRed 4zl B8/ stpioNGulas sas a
er cent age i L £ j L4 r

Fosponses, ‘Gtiergns ARHERAR NI AR bl @R LSRR e o

t he out put [06S)dihs edesighOGadd chismate mbdulstliOdt jover exaphténatod howt tedmgut o be

limting, i.n one_.inp|lementation of the jnvention, a user .desitres to.

opt 1 m 26 ¢ KGR GRS BnOBPuG cuBmseht o ki i pie G Mste EEE st Sage
consunpt i omeffdR! the TRAKUTRE: | RitHYs SINOkRL 1R bEPBHE ResPIALCBMSFixON FNGX)
measured in ng/sec and soot em sSion (soot) measured in hg/Sec. The three
i nput f act orashanivdicalc fmcbien ¢otter eipeetdd foutput hi¢sporscamph durgtionadfr thi rdifikient ai r)
measured in_kg/:h, exhaust gas recigcul ation rcenta EGRY% which iis a
NOx 1 educt TBHTCRINNT dabs BHaTRRBRE<oEy PR R AN soPrain S rifeor
engi ne' s exhakistexbple, ta0clhiiecal REHiRET Y pchisRnt) (ustipdCaaed| @rhpdsité Nbdsign
measured in _degrees before top dead-centre (OBTDC). The desi gn ;gtgce

esti mat e médGPe) voh Igrexaedmenty vepgErfopned. hErandhose ppedncs thisesbiferspee

i nput fact n e res S royi h much
the thr oo THSSE Pt farged bl 2 RER e bR LRk 8 AulHAEHh Gy e ftln

si mul t aneoysInR)).Wiabks Sit-3 Iblelofwuktiow lthiag ck&raplary tiggdr acgrassidhenodbisefor eaghput
responses. To ensure the nodel is valid, a usercan set specific regions on
which to péf¥B8R¥h t he cal cul ati ons, the experinented range of

Table 1
Fuel Coeff. SC Std. Err. P Conf. int(z)
Constant 243.042 0.77712 7.68757¢-025 1.69319
Air 8.78614 0.674565 1.93059¢-008 1.46974
EGR 2.66658 0.656038 0.00156851 1.42938
NL -12.2052 0.646809 2.74769¢-010 1.40927
Air*Air -5.716 1.08892 0.00020466 2.37255

[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 component. 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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i nput values (e.g., steps 204, 206 and 208 of FIG 2). For this exanple,
the calculations are perfornmed on air between 240 kg/h and 284 kg/ h, EGR%
bet ween 6%O2nt)/1B22%# and NL between -5.78 OBTDC and O OBPDT/USIN®/083384 €
criteria for the output responses. The specification limt range for fuel

is between a mum out put, re nse .val ue.of 200 .ng/strok
out put res 669%’2@"@&1’%%?“2 HE;‘? nF%R%teWPﬁéS & SRESHSSCISET giye |t‘?n“ida ?aé‘h

NOx i's up tréha%ﬁltm %ﬁ'(‘cstﬁrﬁatg 7Thteh§%hﬁdé&erlf?temams%\f@lgb'@tof &5 &Bfiple, 95%
specification limt, which is zero in this exanple). "The speC|f|cat|on
limts for Csm‘&)denp@mhfm@lc(e@ 5m1g8§8614 Fudl46h84). a t ar get response val ue of
220 ng/ str as a tar re e /sec, and s t has a
Carget T esiiga IRk SR on BAlR] AcBRY PR cbEluRy Tre bl FotenBlh v

nodul e 104 ngAibed (N$ &JF) CEBt Mﬁ@hﬁ@nﬁow the Tﬁaoutegxfe@CdfOfréed@h{ €DF) tifie poptput
responses by devel opi ng mat henatical functions of the relation between the
i nput f act GKPYEREtH FELYSXG eaﬁtfstlhéh%mbé@)t Papmages peysurgmaents ynclyggc@” =

mat hemat i calqduneti S D¢ u t_resp. a f t he
di fferent ?n%fgtﬂfact%o@?g %d g?&;ez:’:]g‘granéeoﬁa 6 (5‘“%9%%{6 of ﬁletﬁmllw 8Pt n of
experi ment &xp&’rﬁﬁ@ﬁmdesﬂgﬁ dslaai)s e)wzlgplﬁle ao@draﬁe pexa%mmm a&aafre@xmerarmt S
(using Central site Design (CCD)) . with 17 experinents was perforned.

From t hose %8%géi0): %t Hrongey éh-;e el?lfﬁfl%t?foélnts hersens the pput dactaiscind dgpovset v,
were cal cul gl ﬁ]ﬁﬁiseg € Kher p\éirf% cbIdaSureBR ind1 6 gsrﬁlsg’ aodr I\Qg{;%:%ls hall&BBerl - 3

bel ow show three exenplary 1 near regression response.
Table 1 [0@6&11551’1@1/&%65 &hnmummemsen"ﬁﬂleareyidnelgstasmd)d\evmﬂdml (Rdeﬂ) if aé]249 Lol um

for

one, |abeled."Fuel" inclu he ﬁ { . ﬁ o ﬁ &del whi ch
are the condtighssongsefed tp R gedheriops” NE)tOO ?1& e>9 %?F”r P iRrfPwo,
| abel ed " CagffoonfRfencé pegglfgﬂtgé glklsSHis 808l ed and centered), includes a
coefficient for each f conponent. Columm three, labeled "Std. Err."
(standard error), incl udes a standardT@bk&r for each fuel conponent. Colum
R acos BT N AT OG0 A Mol SRR bl Y T
confi dence LConstant | fnr Azgré‘lé“%llpl rnWéﬁt A rﬁﬁé’gf%9§§ﬂqg‘é ilnt 1-4;54346ilq a
statistics|Ad# mused t 008heI%at e| t hd-¥EBV&biI 1]i t §-0904%13%st) i melt-&4479He
confidence| EGRrval |is tB€H&¥o get t00l48H0F exanph® 268998 conf i @&ddli ntler val
(e.g., air|Ng 8.78614 +/1-93D746984). ([ LDBE7} The 3.&UR6sH0DN [nDAEB3 @D f uel
al so i ncl udag4Ahe Tdl T ayyyg1ear afet grmg1dhe qunbengtddo of |CCRy gxqagpi ment s
I's 17. The §EGtAeGRT| T acinmy (DF) T3 35447 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 (+/-)”. 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(z)
Constant -0.279945 0.0288614 2.56008¢-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 4.18648¢-006 0.0810165
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experinments mnus 5 entries in the table). Performance neasurenents include
@ =0.958, R = 0.979, R2 Adj. = 0.972, and cond. no. (a neasure of the
qual ity ovothw/B22¢ri nental design used) = 2.978. The clPoTars2410®33364

per formance neasurenents are to one (1.0), the stronger the correlation is

between th ctors and the out put .respon Qh perf ormgn
measur errenﬁgdqgﬁgl ah[gi} FRGH 5 Sxqpp elﬂ\lﬁl Tegreston EfePﬂie“PObf 894 U%l fﬁéis or
measur emnt‘@oot’“ﬁ?clﬁc%'tﬂé’%iffe%rﬁ%%{&n@ﬁy'o@ttw '?ncfd'gﬁ[%)zhlbl% a?e 91%4&)ns%é/ﬂisc Biri s

connected to R2, where the closer R2 is to one, then the closer RSDis to
zero. The déi.iadnidle [Teblel3 oiludhethewdeic fowr Bnabking adlumng af JBBIB] 1, Tabkly 2

shows an ex aLy.,r e re on, ,deI Jor . lu one abe

"ncl uges EhE ORI Pl erte o ondht 47 CRRE TRl -wiPe P Siae ERe o dhe S s,
air, MNgredioh mfodl fare RGRI'X [HGR, 1 NIQ**= 011987 o= 6@37XRN1A<1J Fapbes Zohacl udes
the sarre four renmai ning colums as Table 1, narrely "Coeff. SC', "Std.

Err.", "P"nognd-498onfmiss i), RSP 0. 46%@n6éhfa¢?élfléﬁl$€ef1©‘rel phthenmdel isdk-8%si on
del 8 d.
rodel - ar . Mgt oo g, o SR8 el 82 L Ruli g B0 Ry 5

model is OpBalictddbuepuB[réipoRc Fabt ehdd isbwsmalica dismphar v flﬁgﬁa@s ireypongedel
for soot. Columm one, |abeled "soot" includes the different conponents of

the rmodel , Clikirion far eachiod theopiperiesponsgsy T@@q@stmedxmpﬂm%lma@ee AiEp §HEs t he
same four égﬁ@ ﬂ)'lrﬁltg: %@?E;&Eﬁuﬁﬁoﬂ?bﬁ" fre ljarge f%ﬁ]:ﬂ;lhtyslg calcu Rt foﬁﬁfr |

"P", and " ar anet or The 'soot regression nodel
are N = 17 E(Pramd d&dleGe (gng%ROMQQ‘F:I:GOZ)QQﬁ soiR2 cAgipples; the @ﬁ@latmdburhb =
4.498, Y-miss = 0, RSD =.0.4624, and the confid ce | evel O‘g}gtche m)&_el is
0. 95. ' [ 00707 STHEELE FAh BB a5 it S i s Pl (L R OGO ML S PRRSLI

factor thatgghymesoptimiedigt ed output response value that is the smallest

di stance to the target response criterion for each of the output responses.
These esti 8@ Fé@t Prals yaliagsgmaillesttdtimgst araphpel displdyod0t e dlBJSEylng an

cal cul ati ons, | ar.gest ,reqgion of variability is c atedf r a EGR
and need! elFPM %@ dlg%‘{e (sl spgee %ﬁt@at‘*z)accqrﬂmééﬂé‘né@%ﬁ%ﬁ% emP men
cal cul ati ofhd sml@utlbﬁ tR BRSSIMBAtMaindesE N whilpWonfcast @hic iafdefiSalWeritHes aitor Mal
distribution around its specific esti mat ed opti mal val ue. )&0071] FIG BAis

a di agr am idisplpyed aithnepramesy. sphir dambgrisg cagvosoons ean b syidayliaigxarmpleutiomat ed
predictive (desian SRACEr GSh: BERal8EEPHE A% 1P pRle ! URIEAL (e S4pgdirent

of
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
cach 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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the invention. In FIGS. 5A-C and 5E, while sonme of the nunerical entries
are di splayed with commas, other nunbering conventions can be used. For
exanpl e, wbeold/i8222¢onventi on of using deci mal s can be ugeu/usroiploaises of
commas (e.g., 250,88 is equivalent to 250.88, and either convention can be

d wh di spl_ ayi ng. I in th hi cal di_spl f th t
o Spl By B0GY BT tRBichrAs ise nelBps T 1B SHa AR B ACT SO ¢ abl e
504. The | it oRGHO503ABAGuEAZ baGh YOER, S nd SHICTRS, cal el Aion!1BGL OF

colum 502A, the | ow col um 502! e opti mum colum 502C, the high colum
502D, the $OaAJHHB dehiMl, onpetivaincald@Byelyhgaplsl ¥8¢0l um 502F, the

di stributi l um 50 nd the estimted cept abl ra col.u 502H.
The i nput AOECOEADEH SURR dicomimeed Rt Bl ohas Cofighy S HECHRSE™ The
| ow col um cRPEBndlitsiPtcaith af idudevalli@s, @adhai BRUVahacs10n bh@kh i valdg1dBwest
i nput factor value of the conbined |argest region of variability. The

opt i num colgamgialboie expspmeptsd gegighpd it wéush J1puEachagreph SPhanclpdestane

esti mat ed ] Ny £ T i gh I 5

G spl aye. a PR pBEER! s EASRUTR DRSS B e (R E Lo STRCRE Buch

val ue of t higpue dadoorned 308r(@estthe sigimpnt Gctor asw BlOb Al Hay an Ehemstbabpidmel wdwd at i on
colum 502E lists the standard deviation for_the input factors in the PDSE.

The rol e coldmh 260Xe/hi sHicasptimated enineal gplued 2 is fha Mk fastor (ebiekiar cah
f . The :di stri but i - i , iest oyt i t del .
ree) e fugiu% tfé:c'tcglfﬁe}tg)'aggeghfﬁgﬁf ﬁ%é?g@{ I%Qévcﬁ%éé cM%ﬁoﬂ ﬁ%&l{?%@ﬁ{‘fa%r._ EEC%FD e

The i nput ctor ta I nc aro or eac ctor air 506A,
ECR% 506B araphridadheluddést arbddGidwab ldrgsst ragpdnyof wplabilitadt 4 foroswsh 5061t fadtiorch ar e

listed inin factor col um.502A. . The estimated acceptabl e ran ol umm
502H 1 ncl udBS SRO8r APIFIEOAIE TSR SR GOt HEH FRLE 5k SO TB06A
506B and S@pfSE WRAPGSRY 'ré’rﬁ!li}ﬂin(glci%ﬂltef"a%ﬂoi@e!n?é,segfdggizéﬁ e{%@&?ﬁated Qgﬁ&tecﬁ%ﬁﬁmglr aph

508 in the estinmated acceptabl e range col um 1 includes an experinmental
regi on of ivalwat Baghgeaph 8 incldeogvcombined 3argest acgipylof valiabelity 108, foyendr al | y

t he experinented regiopn. of input values 510, Eac r.aph, 508 incl ud an
coti mared GORT SO arOR A HAVEST kg e ST ErE oo Rv bR TR Boac
for each i npditthd BEhUlUHNVSBOB fOf efbh, inphefaRior bWPsle (ALt Ok doawiRdbArdigs an

estimated optimal value 512 of 261 kg/h). The estimted optimal value 512
i s the inpatgiomet vrriabdityé16 & thaai inmp frctaraevo0oihiatbetyesn adeyivigbiced Otthe

200, eSRRRSEARL LU eyl B 11 R SRl graRh A hach e
506A, whi clndrs ifpgie ficdgs @bn Ot avgvhi@s wWidtin theecatsparidaigecbrbiped lak@st togidnhat
satisfy the PDSE while any renaining input factors are geérfér(r)natnpeehlremc
associ at ed o6 ¥niahality P léﬁvt)]l' |input factor-and satisfy the predetermined p
for each output response.
[0073] The output response table 504 includes seven columns, the output response
column 504A, the min column 504B, the target column 504C, the max column 504D,
the criterion column 504E, the DPMO column 504F, and the predicted response profile
column 504G. The output response table 504 includes a row for each output response
fuel 520A, NOx 520B and soot 520C, collectively output response rows 520, which are
listed in output response column 504A. The predicted response profile column 504G
includes a graph 522A, 522B and 522C for each output response row 520A, 520B and
520C, respectively (collectively, graphs 522). Each graph includes a specification limit
range comprising a minimum output response value 524A displayed in the minimum
column 504B and a maximum output response value 524B displayed in the maximum
column 504D, collectively the specification limit range 524 (e.g., the fuel output

response row 520A has a specification limit range 524 between a minimum output

response value 524A of 230 mg/stroke and a maximum output response value 524B of

-4 -



val ue. Each graph 508 includes a conbined |argest region of variability 516
for each input factor row 506A, which is between the val ue displayed in the
| ow col unwo208B3222d t he hi gh col unm 502D for each i nput PCaaiSee10/08386606
(e.g., the conbined |largest region of variability 516 for the air input
factor row 506A is between a | ow val ye 510A of 250.88 kg/h and a high val ue
510B of z7£%82n$f§tf?be§- Tt Sirefo s 28 eiiay iretaCamEsy iR &%pﬁ‘fm‘ﬂh& ors

can be aDYMtﬁEeﬁedNio& hho c&ﬂ?é‘sp%ﬁd[iﬁ@%ﬁf??Cfbf‘ga&lo&ﬁbﬁ'tefés%cﬁ{sg‘%é&z 928%in0fhe Qﬁrget
variability 516 for the input factor and satisfy the predeterm ned

per f or manceokmwty P04€ dr.geatbh foal putpur esspomserow 0008] hafhe tangetputlue egpiise
tabl e 504 incl ude even colum t .put put. response col ym 4 the mn
Lol umn S04 U AT PRt e iRy sl R SRR S AR Ot b
col um 504f5f thhéheRitVedieuiit r&Pbfse RRd 0EwRERH ht RImbARAANSEst REQbHY &
colum 504G The output response table 504 includes a row for each out put

response f yeraBRoyA(c.gOths2mBddisd Boees DL0o@put glluser iae|dgtesmingtive refs fense

osponse prb RS HUhERApBUh R  ERONTR BT BT RGBSR 5
out put respgrie lewwohdAS0H2ABd alnd hipAOGIume $PeD).i \Fel vadlcof thecdreved yoregr aphs

522). Each gragh includes a specificatjion |imt range conpri si ng% a mninmm
out put respP8HEE FEERARESS: 24 ATEISEITSG e BUMPCT 1€ PMtAVtRAPEBYCU YATUSD ATthiRg the

maxi mim OUtd%lt‘llilﬁftﬁ)ﬁ%%?pu\f%%ﬂgns%%"a%ég'552@ Y %q%w'ir{‘ He@%eﬁﬁéﬁmﬁrﬁ‘irﬁ | Hm. $04D,
collectively the speciticatron limt range54ze. ., the fuel output
response r dov th2 @Atfuasespospdeigh,iacpedaantingd penfangecdvtrive DA, & satisfigdum
out put response val ue 524A of 230 ng/stroke and a naxi mum out put response
val ue 524BIOTBBBURYYSERVRY) . Each graph 522 includes a target response

criterion 5@ W Chitdrh (i aRt 8GehinehR SRS 66 H%El@' VAK€ B0 Yor SdcheRpht
out put response row 520 in the target columm 504C (e.g., the fuel output
response r aewpsRBAthraspegificatigeiimiatangenf29 4@ eaghsautipk efspoBss andrthp argetic| udes

a distribution of oqutpu sponse val ues 528 for .each of.t.he e re
output ' ressontersldidhted FRERET Rub R Eime o aif JECoRhialpe oL 1y PDsE?

vari abi | i t heede@ign dpaee bRttt @tbdudnges sedrchddplel tN@lbb@Shpar Rc@etvard that i ve
of the distribution of output response values (e.g., as indicated for each

i nput f act 6esultevin OGNt bigspanec velnee o ithnthes epallesh ditiansc Hpghe cleraghmicshonw) . For
A T T e T
wi t hi n t he capeeifigueatiffencdt iseftingy forgke iddulhition dihde estirpattd bpspansdudseslg. , a
predeterm ggghownrifnoljrlgggﬁe metric, DPMO, is satisfied
[0075] FIG. 5B is a diagram illustrating a graphical display 550 for configuring
parameters used to calculate an automated predictive design space estimate, according
to an illustrative embodiment of the invention. The graphical display 550 includes an
input factor table 552, an output response table 554, and a results table 556. Input
factor table 552 displays the options a user can configure for the input factors, and
includes a low limit column, a high limit column, and a sensitivity range column.
Output response table 554 displays the options a user can configure for the output
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 criteria column of the output
response table 554, including “Target”, “Minimize”, ‘“Maximize”, ‘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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for the output response). [0074] The criteria (e.g., the experinented range
of input values 510 for each input response, the specification limt ranges
524 for esohloout3pazt response, and the target response cPCTAS2@N/033364 f or
each out put response) constrain the prediction of the PDSE. The design
space estimate nodul e 104. searches for .the best |nput factor val ue that
results inr%um(eﬂe%H%ecg FERON BT THE a6katp YHUg Ut SRoq e ﬁéﬂ%earget

response ChifRf iRondd: WEHmAe hhR.8StINBIQLORbARRLsHAIMES AR f4F each
i nput factor. A user can configure different settings for the cal cul ation

of the estinmxietenpie omputvigbposse K19, axxghigeh bised RinG NBBMUNYBIEPteE| @IusB i s
a diagramil.lustrati aphi cal display.550. far, confi i .par anet ers
ised Lo calblifa wese Bohs S4uf detmonie deefislids L AEuBR SRR di ng
to an il usttimhte VoI OEH ARP hoPEorshiRr tHARIMut @8spordReasGicaRhinc@b PHSH eay, 550
i ncludes an input factor table 552, an output response table 554, and a

resul ts talhe dssen spaputcstimetior medile HE2 can syiillapscditiethsppiions respesed- can
configure t‘%&cl{lgegi”l ﬂﬁ%‘ctatefsaﬁlteppséls’igna’l adegg%tﬁ%aﬁé %%tﬁlg%vtMOme}Eclﬁc?ésu{ﬁgbpgtpgﬂsgh

limt colum, and a sensiti Vi ange response

di spl ays t hespopdci fedis tiee RBSE (€81 tieadibiggupacd 3timatien aledpldt 1 (nepponsigacdiand
includes a criteria colum, a weight colum, a m ninmum val ue colum, a
target val (R QBPYFRSPOBA a nmaxi num val ue col umm. Numerical val ues can be

entered in gff?tgl]" ggg%%ﬁg 2at10556 R 1IdP Winef QFlRhs, %ﬁ%@reﬁi&g%?@g&ﬁ QiU LR

response t user can select entries froma menu I n the
criteria cdirstnthreaf cdllmenodigplty thesqbaudaed algiue b&dr; valned tiali egh” dfathgeinput
"Mnimze", "Mximze", 'Predicted", or "Excluded". "Target" indjcates the
out put. T osiHiRR Lhe Feonh ST el HESH GBLY TR CH b oY AL EaReus® THECHES, gn
space esti RRULOMRUb Byt UdspBnBisM 7S sdvREthOLT A [BHPRASRe hEmBer ofMt&atibied
based on a maxi mum accepted value criteria specifiéd for the output

r esponse) . penbuad foetheicalbubrtipeswhikke adesi @n ceplagec esthithaiteranodbdveSIuand

maxi m zes the.output response {e. Q. aximze ased o i ni mum accept ed
Vai e or b ARERRY yIBERRET S hE Sl R the? Bl o Ry BT
the desi gn cslRaleo®s tTNEtigthnaluhe d§aydons DENIOC Rshe@hlchREo®UIDUker @mponse
as active in the PDSE (e.g., the design space estimtion nodule 104 can

still prediselecttthe abiofipadinnssphepidhox. SO2Exkich gatre thadesien wace Retingis mpdubpace
SoLy e TG A R WSAAG SR SoeaRec A e e FBE gl L
sensitivity checkbox 564 which causes the design space estimate module 104 to add a
Monte Carlo simulation with small disturbances on the input factor settings for the
specific solution. For example, a DPMO is calculated using a Monte Carlo simulation
with small disturbances. The DPMO reflects how the solution can take disturbances on
the selected estimated optimal value(s) of the input factors, where the lower the DPMO
the better, with the best DPMO = 0. Entries in the results table 556 can be similar. In
some embodiments, the ninth column displays a DPMO value for a Monte Carlo
simulation with a variation of +/- 10% of the experimental region of input values 510
about the proposed estimated optimal value. A lower DPMO value indicates the
selection of input factor value results in output responses that are less sensitive to
Monte Carlo simulation errors.
[0077] The design space estimate module 104 searches for the PDSE from the
estimated optimal values 512 for each input factor (e.g., via steps 204 through 210 of
FIG. 2). The search for the largest regions of variability is performed stepwise based on
cach input factor’s sensitivity towards the output response profile, which is displayed as

the individual largest region of variability 514 for each input factor. The calculated
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[0076] The results table 556 includes nine colums, nunbered one through
nine. The first three colums display the cal culated i nput factor val ues
for each wb 20toa13p22put factors. The second three col unms Pdiraskay/0s3ses

cal cul at ed out put response values for each of the output responses. The

sevent h col umm. di,spl ays t he n nber iteration rformed for the .

cal cul at i oROMRHICE HREs EreIRmAT oY P@l@fé@?i]ﬂ}eh@%ﬁeﬁ%?a& PRt S880rakd t he
iteration gldnfigtd ﬁﬁodlsﬁfage B0ghth s6Rk %mbdhlﬁeﬁ@yﬁlet E&nﬁlﬁ&( EPAr ¥al Meiohoge the
cal cul ation. The ninth col'um displays the DPMO for the cal cuI atron. A user

can sel ect Vtahdolhitysblﬁjtisplawd i theh@Tkebisgiod 60 mpahalcéla@@unm f@tesaognlnpw'ace

estimte %ﬁ4 to not acc q% tS|de t |ter
Coer oan SOft Phasensttt saRECHRY, MePi il PRt bRuOF dFa LT &
desi gn spaggpestd (@56 chabilethbGbrdeatagdl @f ahdMRB IR £eIdrans 'tﬁé'cﬁtdlﬁtﬂbﬁ\ﬂldﬂ) snal |

di sturbances on the input factor settings for the specific solution. For
exanmpl e, aTbPwEculatieny ame@ewgrlﬂglrwlmbg@@mt@ the pradigted apspanschprofrd |

d|sturbanc%§4g£@§#§E§%%§¥ *ﬁm@ ue%@e solution can take di sturbances on

the selecté S) of the input factors, where the

| ower the [DPRMSY] tthasdbehi EdijustWhé Bettigs floesilciifl taePDSINt T &fnd ﬂnbdstﬁméﬁsul ts
table 556 can be simlar, In sone enbodi nents, the ninth colum disp Ia S a
DPMO val ue tHofesiemunee cxtianate maduls K4 Jlowsi ¢ Hses to adivsk the putsr b@)ﬂndsmﬁ/m t he

exper i ment %m%ﬁ%tiﬁ%\%g{t r%%{g}gof‘é et X?i% B3PoHL Hh%r [if ?HP&%E&

opti mal val ue cates t tion o |nput gact or
val ue resulatimsﬂsrhh&oﬂtmhouméspﬁmm mditatcomlbmekié&gessmegaoms ofevatriabipni ¥, @ar | o

simul ation errors 0077]. The d est mate nodul e 104 searches for
ho PoSE_ 1 AEvEe et trtmris mogt o AP ES bhy sorlibe tt FaEs: O 6. 4

via steps %Qﬂaﬁlmy%@rfogﬁig réﬁlalﬁln%‘m%)t fact8. FORELMAIONE ti?er |11%{1%e§éon‘[‘tﬁﬂéd)ns Of

variability is pérfornmed stepw Se based on each input factor's sensitivity
t owar ds t héaretstt pegiorn eépamé)ehtp 56 itd ealughivethin the dhisplatedddwaandtingh valdes/ofdual

| ar gest f lity 514 f ch in yi facto

cal out at eadbnprnEsT b EeL fdd PR SF Bl P ReSrE e A S stiprede ach

i nput fact Qbmbﬁledua&gmy@oﬂ &f ehiriapilidy 5 BO5hd J17iH0RE nfAROG tHE N¥fSer ﬁgm) enbi ned

| argest region of variability 516 displ aéed is the 95% regi on of nor mal
di stri but | semeipingeqevinedgansestaegions ofavargbHity aHO ss@ﬁxmmdeﬁdwett%éhec@mrmfd

|ar gest T eqhan, 0f (ALLAML Y G0l S JLSPLAKEI Sinfl rackPAILNG DG F e

per cent age e region an type o | on)

(e.g., nonteleciplayed iimtheablcodtdymy SOF & &t tdeFee &dFet @dnmps panselipitofid e

204G dl spl %%relgblflglrof%l?ecpon?bl{;[le&l largregtsr%glgrsl of variability 516 for the air input factor to +/-
10 kg/h (251 kg/h — 271 kg/h), which is within the low value of 250.88 kg/h and the
high value 271.12 kg/h of the combined largest region of variability 516 for the air
input factor row 506A. The design space estimate module 104 can expand the
combined largest regions of variability 516 for the NOx and soot input factors due to
the limits placed on the air input factor. The user can set the predetermined
performance metric (e.g., the DPMO) for either an individual response or all responses
simultaneously.
[0079] Advantageously, if a user knows a certain input factor can be constrained about
certain values (e.g., temperature, pressure), the user can configure the DPMO to take
into account the constraints for the input factor so that the combined largest regions of
variability 516 for the remaining input factors can increase. Such a calculation allows a
user to know how much the remaining input factors can vary when the constrained

input factor is kept at controlled values. For example, if a user knows the temperature

of a manufacturing process, the user sets the constraints for the temperature input factor
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[0078] A user can adjust the settings for calculating the PDSE. In sone
enbodi nents, the design space estinmate nodule 104 allows a user to adjust

t he out erwbaornds2f2er t he conbi ned | argest regi on of var ipabius2a1y/033B64 f or one
or nore input factors. After a user adjusts the outer bounds of one or nore

conmbi ned | argest regions of variabil.it 16, t desi space estinmate
nmodul e 104 %9 P tHE & elfaﬁ‘éesc%ﬁiﬂt anéréé@fs ngxeomm%%]ctwg% FHCPS 93'%’16 for

the remai nip_%lsﬁr@}?“ltf téxﬁﬁéré?tﬁ& iskQfy ®*RIRLE thd BDSE ‘ibfsﬁfjuétédp@otiﬁdi@atg QricnRer
| ar J)_,
gest region of variability 5I6 to values within"the cal cul ated | ow and

hi gh val ueshaofatimeine embuniebc haderesttorsggicontralfcan apiyatinlspimg efrbodimentyy the
clicking o end of a displayed conmbined | argest region of variability
S16° and s PHoFRG Roida % SRERET cafy Wb Biteor SRR e hior g Bliive

| argest regiastaefor Yathe akbst ictidcad ¥6r ths POSIHNAE dodt@inifle, th@cF 0418t fdfiMthd! aced
on the nodified input factor. A user adjusts an input factor, for exanple,

i f the rol sogitgpitainsd FDSE.Hbe pesi shangics Hie GO rfspoBse conpfiraifs @ cxclpgg one
exanple, a r.l4m riabili e, .conbi ned | argest regi on of
vari abi | | tfyé‘%ée%@%tt"ﬁ@ Q%Ply?%‘ﬁ%fﬁé"#"éfﬁ%@g?té%ﬁf 10 kg/h (251 kg/h - 271
kg/ h), whi ¢00803 FiGt 5Cnist helidgpan villusieatiop 2 othpBBak didplagned e Hisplbyivig! ane
271.12 kg/h of the combined | argest region of variability 516 for the air

i nput  f act GROMHNEASTENCHITHECSHISIPEEE SY5ARAES. @66qTHIEAO 3B dlpstratipy cpbedimepasid t he
conbi ned | gifans vard abi | 4doy: i t
factors dugﬁeggl%%nht{eoﬁ if}n{%t rgé)}}lgagé%% %h/] (%dr?gﬂlgl;t?at%snpﬁe{ng g@%}l%)%g&g\é@gﬂ# @%égtln set
t he predet emput Madorperd artpetnespomsd. r Tbe @eapyical tizplaPED)inélodesefitcherumns, a

i ndi vi dual response || responses Si anepusl y. 079], Advant ageousl vy,
15 User EGREoes PPafnen REGRORaGT Rt CIABDENE B rolinl FEFoLb GOt hE e
val ues (€. gegpohRMPEIART Mol BIASFHIRY, a NOX dbt@hn $BPDC Y b U6ttt BEMO to
take into account the constraints for the input factor so that the conbined

| argest r e@"lhergapiﬁcallaﬁfipéﬂaj $0Q }Jﬁams fagrenttyefor @ﬁf’l mmlﬁ ffitql\(piutairf@ﬁtﬁormﬁ‘_én_
put -1t SV TR Rt R Rl dh T B SRl A o Fp o RIS MO

control | ed ei@ Upshe il @XanPl662CI theaNasesol kg vs2D) ant efiPebet tslemaf 6(2E
manuf act uri ngfwi)rocess, t he user sets the constraints for the tenperature

i nput f act éraledediagEanhed00/: 60013) ad£0eEs repprctizelyefor icpghunpatdester cobectivily
manuf act uri e ( . r : [ e | yolye rol,
the posE | S RIRT R o R Bk R ELENAT R A EEE BB Ger
factors tovabpte08A Lhighwatug.608B, garsealBnihe dkpeithated RegiddRFEnpuitvalties 688 used
to interpret each ig(ﬁ)ut factor settin a user can determ ne which

factor is tHReh mrph ¢4 fnclugdes fagpcsti teld%S%e@gi‘%a,lu@f 610, exbifpIie Indcafekin &' ¢

fulfill t h%ptirnurn column 602B for each input factor row 604 (e.g., the air input factor row
506A has an estimated optimal value 610 of 261 kg/h). Each graph 606 includes an
individual largest region of variability 612 and a combined largest region of variability
614 for each input factor row 604.
[0081] Each graph 606 displays the results individually for each input factor and output
response. Advantageously, a user can use the graphs 606 to analyze the PDSE. For
example, a user discerns problematic points of the PDSE by analyzing the graphs 606.
For the graphs 606, the output response (e.g., the fuel column 602C, the NOx column
602D, and the soot column 602E) that is the most difficult to fulfill for the PDSE is
soot. The soot graphs 606 (for each input response 604) display the smallest combined
largest regions of variability 614. Of the three graphs 606 for soot, the smallest
combined largest regions of variability 614 is for EGR%. Advantageously, by
analyzing the graphs 606 in this way, a user discerns the most critical factor to control

for soot is EGR% because it has the smallest combined largest region of variability 614.
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constraints for a PDSE, the user changes the output response constraints or
excl ude one or nore of the output responses fromthe PDSE nodel. [0080]

FIG 5C iwoaodvagrzam il lustrating a graphical display 600Tfuseowdiosisbayi ng an
aut omat ed predictive design space estinmate, according to an illustrative

enbodi nment i nyention. The graphi cal dis y 600 jllustrates a
sensiti vi tﬁ@mﬁ@i gﬁb& r%t&cl!lll%?t e & &Eanst aLﬁ&pgﬁytﬁiﬁ Totodisenuas #he
graphi cal dj;al84 &@&cﬁwa&iﬂg%ﬁspfabe/@st@téﬁ MRSordg8 R iGNV 6ARBAinRRAt QPt i num

colum 602B, and a column for each of the output response val ues: a fuel
col um 602@¢ aveidone dirapincd O4Dayarid iaclsdes thus] anaphs oRHE. oriTthe PérSdpfoir cadh

di splay 600 jncludes an eptry for each input factor ir 604A, .. EGR%,604B,
and need| elolu#ptugég%& (ﬁﬂgi’cﬁei ﬁm&ﬁ & p%e%fei ﬁyetrﬂaé[lvﬁa?@b%(ﬁmpﬁ% KoSRP A 8K 't abl e
entry in theofitonClbplifrd6d?2 Cacht RRpIN@ictePInHIB REREd 2ot RRErefRt 5020 Hm
602E i ncl udes a graph 606A, 606B, and 606C, respectively, for each input

factor (colfl€chAkehy peadigsed sOBYnSe maefie Jernfisl 608Ai thel iekiated resoppssr pedil al
. o . ' . 1
e oxper i BhNO B Snd the Brick o BU® (B3R B AR WA Ey, ERRL Y

estimated @pRi nibe watidae afds065Mbi edehi GaphndsX aidedditdsrthé beurn pificmput cedponge 602B
for each input factor row 604 the air input factor row 506A has an

. (e.g. . )
estimated dpluEtmilhgdrrgomaloaxss 036 10fkgeh Erapbae¥ risstes dbws nimberRfeling for
i ndi vi dual | aliali o ' I r.egi on
of vari abi |e%‘t&{/&§%fa§t§?teg§tﬁg P‘é%%l%l@? glgltk%)gorr@%évl @ggt ﬁf%@g%aeggﬁ?ﬁd?g% 606
di spl ays t menmasuoltas G58diif iagpi@ptiytef. orFoeadtaniphp uhe ffact graphrtd2auimlitdes a
response. Advant ageou , ser can use, th r s 606 to. analyze the
PoSE. For SXHHE D Guba ditcBind B oRSHAED . BT COTgIot e PrBE WA
anal yzi ng Tdﬁk%l@%@ﬁf‘&e 8ARy r&iQhe fkerdh 3P08 iPRE mihEurRYbRMn SRIPBRNES(BuT. -
t he fuel colum 602C, the NOx col um 602D, and the soot colum 602E) t hat

i s the nostesgphifei tablea 508 6UIFIGI I5Af. or Eadhe gRDBEINchidspat maRimumobar §6@plis 606

(for each input .respanse 60 i splay th mal | est conbi ned, | ar gest, r.egi ons
0 Cvar rani FPEIbRAER P BRP Erathld, B T8 S ER PSRN o SR R pae Y BER 200D mog
| argest r e@imn&hh coatiidl td the e idsspled BER%enAd Y@NthaGROUSk B208Yn the
anal yzing the graphs 606 in this way, a user discerns the nost critical

factor to dwwimem cobms oD i thegmipus sesorse thhlc 384 Each givnh inedudes grivigpled
905t TeRROToARLANE Yo PAlalA0THL (GAR A R ARG RAL 10
estimate, #®62at diMyinkowhich icbirespondd ioviie eatodiispeayed i tHehatdyrfge thiei fael. row
@ aphi cal %Eaglig){hthSa?geit ggfulflrgneSSOZ;[ChEnet%egoru?p%r‘g%es?)ggseedta‘t?lg SJ[OQ.e EF;E)I?Egre]:p rfu?tﬁecrh
includes bars to indicate the first quartile 664, the median 666, and the third quartile 668
of the calculated output response values 670 for the corresponding output response.
[0083] As another example of calculating a PDSE, a tablet manufacturing PDSE is
made (e.g., in the pharmaceutical industry) for a mixture design. In this example, there
are three input factors (e.g., constituents) cellulose, lactose, and phosphate. For
purposes of this example, the three input factors are varied according to a modified
simplex centroid mixture design (a type of constrained mixture design) to produce
tablets. The output response is the release of the active substance. The criteria placed
on the release output response is a minimum output response value of 300 and a target
output response value of 350. The PDSE informs the user how the three input factors
influence the release of the active substance.
[0084] FIG. 5E is a diagram illustrating a graphical display 700 for displaying an

automated predictive design space estimate, according to an illustrative embodiment of

the invention. The graphical display 700 displays the PDSE for the tablet
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output factor (e.g., the three graphs are alternative enbodi nents to
display the information displayed for each output factor in the predicted
response woahie28204G of FI G 5A), the predicted respon®eTsediolosssbor fuel
652A, the predicted response profile for NOx 652B, and the predicted

response profile for soot 652C, . co]l ecti phs .652. The rtical axes
654 of eacMYPESHIBES PRglC L EENCA dlé%laﬁs@fmfgwf lrlegpfaﬁ%t% andrhe

hori zont al aﬁ)ﬁ%ﬁ)u@§&p9flseeﬁﬁlla ﬂ)ﬂapi“heﬁﬁl%u! Fh‘é{o?%‘tﬁé 7?)@%&]’&&@@% IRfcoPinE!r% fbpr each
input factor (e.g., the possible values for each input % Each graph

i ncl udes almplmfzmmn Qméumﬁ%%; the dpwrcopmira7@B, tﬁepp@nalmqméumm ﬁ@2(f?;uteb hgghaph

652A incl ude 30 b s ( [ stroke

cor r espond<oih RE20ailk MiregRa B for ALTEn( D3R spCHRB' FR GBS0 i »
the m ni nuRKE@bUHIA BRAR TORG,had okt ésuhla&esa@@ér&@olé ade8 coRof02fH. Grhe‘SAputEach
graph includes a maxi num bar 660 (if appropri at eéDSFor exanpl e, the fuel

gr aph 652Afaqten W@ndoﬁéxdlmlmsb@ﬁ 1630 aQtOIEG[bf HhnBDSkhi Eie ]@W paumondeBt o t he
val ue disply %é?ﬁ N A0E BPLs ut tfgﬁﬁlf H’e ?g\ﬁéaét il ﬁthﬁc&@waménbf QL
a ar

504D in the response i ncl udes a ‘tar ge 662

(i f appr Opl’cbﬂlbﬁl)ad 1drQést @b eyariabity u€he gptaphm&ﬁaﬁmh nolCidsplags aaxiuedon bar
662 at 240 bins, which corresponds to the value displayed in the entry for
the fuel r&ah5DOR ifaﬁtqrﬁhatt1art5%€steeqt%ﬁpfeeald4 e queeaékatnmt fadenohle t%lbl e

504. Each g %@g{h 105 BB e LiAe RorRALIDirh R hORY AR & O Righbd Hp AURRGIaRcO64,

t he nedi an quart| the ca ou put
response valf ﬂescoﬁﬁ@na‘ddargestefegion o€ spdabdliityg Thatsputlandelepanse colﬁlﬁihSB)]ZEAssts

anot her ex cal cul ating, a.PDSE, a tabl et uf act urj ng PDS made
(g B snG et Rt (he ST dePEy Tn i RDSEe. 408 iTgls CiimnT T
exanpl e, t '&?s'bﬁay@rtﬁe e @8 thd Riput ff&%rodi&ké@ 09 free?o%%'cflé{ﬁﬂﬁt%n &5l 026
| act ose, and phosphate. For purposes of this exanple, the three input

factors ar disptays ¢t dstdbutom@fitlec modeldi Tlilfedlpgt qutm%alde MOR oheduddsxd tave f@tESi gn

aspopee’l S EbpEESE sy Dt TPt JRBrRT oS LS so Rl B ¢ he

rel ease outfpiér FRSPTOEE whicha afd Mikidt MnO HpRY tfadte:s RORGM TebAe q&leS&ﬂn@t&i a
target output response val ue of 350. The PDSE informs the user how the

t hree i nputeceeptably mnpaeelyamci)2bhiachereassanst 7485 788Biand K§bstornred inpyns4]
FIG SE isg z?ctcgj B AEA LhSSLERYHAY rgséa%&%’e@ {:c%hecglv%gJ %Pﬁpﬁé)%é or displaying an

automated pre Blive aési gn spacée€ accor illustrative
enbodi ment [@F85] Bach pvapht 7@ in THeeewinapdl eadepbiplaaye zamndu SHhysclide #DSE

for the tabl et manuf acturl ng exanpl e. G.aphi cal display 700 jncludes an
i nput fact SrPgrapgndal 7rsgionn gl input values, with a low value 710A a high value 710B,

generally the experimented region of input values 710. Each graph 708 includes an
estimated optimal value 712, which is indicated in the optimum column 702C for each
input factor row 706. Each graph 708 includes an individual largest region of
variability 714 for each input factor row 706A and a combined largest region of
variability 716 for each input factor row 706A, which is between the value displayed in
the low column 702B and the high column 702D for each input factor row 706.

[0086] The output response table 704 includes eight columns, the output response
column 704A, the min column 704B, the target column 704C, the max column 704D,
the criterion column 704E, the cpk column 704F, the DPMO column 704G, and the
predicted response profile column 704H. The output response table 704 includes a row
for the output response release 720. The predicted response profile column 704H
includes a graph 722 for the output response releast 720. The graph 722 includes a
specification limit range comprising a minimum output response value 724 displayed in

the minimum column 704B with no maximum value since none is displayed in the
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an out put response table 704. The input factor table 702 includes eight
colums, the input factor colum 702A, the | ow colum 702B, the optinum
col um 70&Q20t0s2324gh col utm 702D, the standard devi at i @0TaSan3386LE, t he
role colum 702F, the distribution colum 702G and the estinmated

accept abl e range colum H. . The jnput.factor. columm 702A displ.ays . the
i nput fact BEITEN C_Phlé‘“bﬂéﬁi vieh }Sdh? oo BllJrg géafg]a?%emigl%}f'{eseach
i nput fact grafoBatsdonisd feHONeSd addPEkbAEELEF B PonthEric@mbned | ar gest
region of variability. The optinmum colum 702C di spl'ays a val ue for each

i nput fact §9087hatThes target esspansat @demgt (/A isvedtimstddowithaehmiodgistd fiaplaxr . The

hi gh col um 702 i.spl ays val ue for, each input factor t. 1S the highest
hout ot oPTOa oENER D 1B s nEnt s B Bhie B 0% VI2tpt Byh
standard deydt@t tRNicSigh Upate e9dhateintdduld Nt &l @iy Hle POSEMdAnsB)s (8.8€ viahput
factors in the PDSE. The role colum 702F displays the role of the input

factor (| odiedtryorl4p theeyombined Hirgest ragian ehvarwbuin 71H2e efchphpyy Jagtpe For
di stributi : ' 702 f
o | ot M 2L ybE PRl T Rk [RELRTGHICLE R Ol Bobpi! o

col | ecti velbysddnguéachaap@rfactonsargi, withiacthiaggudar distri@dtiom atonpdtits fadgicttedc ol umm
702A. The estimated acceptabl e range col.um 502H i ncl udes a graph 708A,

708B and 768tn#ted wwsER! vVaPGt 7 actlbE qoavbingse larecsb sezionid off geicabiiys ek picvel v
(collectiv r : 00851 +:Eac r i I

ccept abl 6 ot L RUORIE U OB AR el T Bl IR AGr the

val ues, W trédleasel shows ahaidisfidiidioa dfi ghpwtatesyngd OBlucg &a8rfat input Hectex pdnesrent ed

regi on of input values 710. Each graph .708 i ncludes an estinmated opti nal
val ue 712, 1%Hlei08n1%ﬁmdg[%ﬁg8ﬁr?g%m?sl@e’&ﬁfﬂ?l m col urm 702C for each i nput

factor row(g) EarchaidlaRBscfiB8d kihhides caNbd RApIERRY ih AISEE hnd/GiGkRNLOf
variability 714 for each input factor row 706A and a conbi ned | ar gest

regi on of hcirabiclcirtyitryl® iheompatsh hindpate, fiampvere, soliw 060, inghinbmatignbef ween
t he val ue Qkifs | ayed. il’ll thet\ tl ow conurm 702B and t he hi g{a col.um 702th or
each i nput "1%4&t or'r B FBE A BoGE] OTAE 2o W HORBAL MM b &764 R tldes

ei ght col U@E’(ﬁgraﬂlh@lgﬁblgwboﬁ%ﬂﬂﬁ RSBadhdFsadatié fordgb Qleich, o0 kksvutidh 4B, ot he
target colum 704C, the max columm 704D, the criterion colum 704E, the cpk

col umm 70410 cerHel BrMDCssion v, FddEproaptingiePpiRayi ¢ 8 ed Prasspomsbleprecsios,

colum 1011 o LR LRRICRPLARE AOLAMGLAER S L il P

graph 722 ffetn bheomptiuior mesgamatng ¢dngasde, 12Audiifsogicapodd,2énpikdushds, a
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, e.g., a FPGA (field
programmable gate array), a FPAA (field-programmable analog array), a CPLD
(complex programmable logic device), a PSoC (Programmable System-on-Chip), ASIP
(application-specific instruction-set processor), or an ASIC (application-specific
integrated circuit). Subroutines can refer to portions of the computer program and/or
the processor/special circuitry that implement one or more functions.
[0090] Processors suitable for the execution of a computer program include, by way

of example, both general and special purpose microprocessors, and any one or more
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specification limt range conprising a m ni num out put response val ue 724
di splayed in the m nimum colum 704B with no maxi nrum val ue since none is
di spl ayedwpreotoseanti mum col urm 704D, which is the speci PCTAtS2@0/0B3363 t
range. The graph 722 includes a target response criterion 726 and a

di stribution of output respanse values 728. [0087] The target respanse
criterion ‘Pi%eﬁsaorse%f Yhekia Oai%iéﬂta Oﬁﬁl&ﬂsl% é%FnE‘i[‘tﬁrpl éﬁnfifglfpf’ Ao 8P 'GRW h 10
runs. Fromi{dectisald dfsRONS§ rEdd-SRY i} Zrf PFanBBmNadcBRUherh8St &F hothhe
desi gn space estimate nodul e 104 cal cul ates the PDSE and displays (e.g.,

vi a di spl ay'ht t4gentidlelaneriss oled compyjersire nggoansaflonercebig instyuctiods fmgh orgach

i nput factor. For this exanq;e Lhe.dgﬁ% n sgﬁpe qst%gate deule 104 is
conf i gur ed °f SLRMEMOLY 4V fs TROER IR SRHUGI S ARHOF ARt MARTSAVEFY SR W th a
triangul ar adiashd, ichi b @Re@tPkRotdrBy 85O ahtal edeasty dRIRY cOPLIsE®e 14ad e 712.

The conbined | argest regions of variability 714 are calculated with the
m xture redeng-icrmeiata sipragpr GgnEeldy a exspmtigealyy wreludes, poatppasptivehecouplasas e

shows the djstri {0 f o) e o t

val tos. wi t i PocEhS ekt Be s TAREE B T 8 e o BT
above- descridpidg daeg Ry quiesnetianmiagndtodobecat nliskd, dbmorsticgl URks. amdt@hp@aatag
electronic circuitry, or in conputer hardware, firmvare, software, or in
conbi nat i 0#¥0oPe t FREFH!IVPHEe PHPIFE NN LaLPBRUSHALNS AP OFer Bt GBcaYR
product, | ifsmcfpRAHRUE Q:PROATBEEARTE BhyoPIPOMSRY ihdnRrBREDING-dgagad! e
storage device, for execution by, or to control the operation of, a data
pr ocessi ng tiappeatvatkls , Cemputer-eagabde stemageb Hevigrs oaeabloer for eentdmnrigingecqomand/ or
mul tiple conmputers. A .conputer pr am can be.witten in any form of
Comput er o GEHFHHEN ith GHaAN e PP ol pde g onSRASIT GeFriste,

i nterpret edhGRAR; YL oMReOLAE LRHONIBAG: HRE1FPHRVICE!, JAF OBRANICERANE,

deployed in any fofim ’including as a stand-al one programor as a
subr out i ne EPR@vehEPROM,ainH dlaslumictmosyiii¢vagsisempgnetigslesks re. @, mbarpalthiardydisks

environnment.. A conputer program can be depl oyed to .be execute

computer o SHRUIRY s e BRELTErSidy BuaT B NEReh il T OB R RBF ot eps

can be per VDEandBICRE BIskiTOIMhcPHOERSSONE Seehbinbng cah GOMRPpIeMcRteyam t o

performfunctions of the invention by operating on input data and/or

gener at i ng addfepucoparaicd msppad RS lamhciagudisy.be performed by, and an

appar at us e 4 . | al 0 [ GGl LEry, e.4d., a

Phoa (11 o1 A0BMEC ATREEIELE Mt Fh BusBriRORE,: SFLE) IEHhBIY ot

array), a GRpBn{camdpbex @nogranimbbemuaghdordedihce)disfaP3eGcd,Pe.ggraaarabl e
o AS| P % 50 FTHN )

el e b g b a phg, or 1O RhiGuid crystal Gispiay) Monitor, for dispiaymng °

information to the user and a keyboard and a pointing device, ¢.g., a mouse, a trackball,

a touchpad, or a motion sensor, by which the user can provide input to the computer
(e.g., interact with a user interface 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, auditory feedback, or tactile
feedback; and input from the user can be received in any form, including acoustic,
speech, and/or tactile input.

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

can interact with an example implementation, and/or other graphical user interfaces for
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integrated circuit). Subroutines can refer to portions of the conputer
program and/ or the processor/special circuitry that inplenent one or nore
functi onswoO[200003222Pr ocessors suitable for the executi onPofi/is2@i0npasser
program i nclude, by way of exanple, both general and special purpose

m croprocessors, .and any one_or noreprocessors .of an ind of digjtal or
anal 0g conpuPERMIEEReNaNey. HopthRes o idc B RgIFns i Bt %léfhtaa from
a read-onl YieiREY Bmpatih@ NIR/MHAGRERS $ndRIBY ¥nyP cof@idhtion NEF &38IEbdcRlend,

el ements of a conputer are a processor for executing instructions and one
or nore nemvd¢lcdere cegoftemdsooponents.nst ructi ons and/ or data. Menory

devi ces, s S cache,. can be used . to tenporarily stqre.data Menory
dovi ces catttrls The GEig R ¢ 8 Ehoi it BTBY BRasEr B R I o Bt o1
al so i ncl udgsgerRFallySreded BbhVE&IcH dtRIn@dypieallyeaRéri& Hafugh far mMnikitamnst er
data to, or both, one or nore nmass storage devices for storing data, e.g.,
magneti c, magyeko Thegelatenshy) ekelicnyang seivenprisgh Hivsvirtye ebapUPEEr pRAraSso be

hat ruct i ot G PR NG 3o e RRTTRNERL IS SIS SR ST bR BN Bach one

and/ or dat athep. t he networ k. Conput er-readabl e storage devices suitable for
enbodyi ng cor%uter programinstructions and data _include all forns of

vol atil e an®PMbn-Ths e@ninoacie ebERe, canputingisyyemycaidy 1BCT@RAGR5TEDYS any E8Mduct or
menory devi . , %EQBA P%g\% 155?*39\0: and IRJID, i ces;
magneti c diogﬁrze,dug?g).f,dl nt g%%a a?% I'SKS or1 reni%ﬁgb?inhrglﬁ@ﬁs; fiobwBiRy
magnet o- opthxemiplediof kenmandao@t nawbrkdiisdede @rogit;batid anld\fidck dHDBMA, ncawdrkBl u- r ay

di sks. The processor and.the nepory.can be s | enent ed by.and/ or
 ncor por at &40 DaHEARIOTEY LSS goE CEPRIE e NiTiEio8 £TIRh e RigtoFe}
Interactio ’QIPW'nTeRV@fk Ysg! lodah8re@BeNM&H - ?EﬁNb,b@Qieta%&hﬂt&H&Z(\gﬁN)g&gﬁ%ﬁB lL.gnent ed

on a conputer in comunication with a display device, e. (cat hode
ray tube), nptvegke(CAQY), nGiropbligni atea mytstoek (WAN), dyomarersat matworkoftHANSplaayi ng

information to the user and,a keybpard and a infj.ng device, .e.qg., a
muse. & ¢ PaeRedr oo dBrpa AT Ban e AR R REBRO By SRR 6 can
provi de i npatiio ta@cdsh@IcBRIRURANY 809.11 dcbl&kagd2 Wb trletviorks 8éndrdlt Rick@C@dio

el enent). Qther kinds of devices can be used to provide for interaction

wi th a usescagewWsRS)f mtweskahperLANe @bk optcs \ageat-taged hetwigelesr Easulbe any

orm o segatypLaghecl, o, 8 Sahgleofllye SO LaRbIIR

i ncl udi ng #RSNN},icpricpedach @archaage (RBX), lewirtlpsd netiOBOR] ¢ TRAN dwgooth,

described tcg ehgfvgs?gnsmgﬁi?)lebaecciesrgp(lc%rl(/leﬂg Ielgtwiopk, ?ingei c?igirsgo?lur}u?lgiple access (TDMA)
network, global system for mobile communications (GSM) network), and/or other
circuit-based networks.
[0095] Devices of the computing system and/or computing devices can include, for
example, a computer, a computer with a browser device, a telephone, an IP phone, a
mobile device (e.g., cellular phone, personal digital assistant (PDA) device, laptop
computer, electronic mail device), a server, a rack with one or more processing cards,
special purpose circuitry, and/or other communication devices. The browser device
includes, for example, a computer (e.g., desktop computer, laptop computer) with a
world wide web browser (e.g., Microsoft® Internet Explorer® available from Microsoft
Corporation, Mozilla® Firefox available from Mozilla Corporation). A mobile
computing device includes, for 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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conputing systemthat includes a back-end conponent. The back-end conponent
can, for exanple, be a data server, a m ddl eware conponent, and/or an
appl i cat iwo 28wne224 The above descri bed techni ques can IpeTiuspdiomesssed in a
di stributed conputing systemthat includes a front-end conponent. The

f -end . f | e, 11 en] havi n
ront-end SRR S8l LSRR RSt on P S SR, S e
with an exapgle. iRl IRBLALARIngARSH Afc IS SRR dtackShicd hhesf a0RS fora

transmtting device. The above described techni ques can be inplenented in a
di st ri but edorcgrpgtcimbgdisysitseare tthaefornts bedemsalayedcio rabl nespactsrillostragive mather

back-end, mi ddl eware, or. front-end..c oneng s. 93] The copputing, system
can' | nol udd NS STAR iguptio SENER FEREC aniog oL BBy iPe SR eror o
from each ofhRE agadéy Plafidd, Irthbith@h 3Gtthé REregiig dckPipTbmi HatdllofhaigdsRaK. The
relationship of client and server arises by virtue of conputer prograns

runni ng on come witsp et nganinohmsuregsoemiviisncn §f thectlaiantarg heradererigieadddonshi p
to each ot Q‘ff’e e%g&gééthfl& , conmponent s of the conputing system can be

i nterconnected by any tormor nediumof digital or anal og data

conmuni cat i[@097( &Vt is dla@euariskni cat i on networ k). Exanpl es of communi cati on
networ ks include circuit-based and packet-based networks. Packet-based

net wor ks can include, for exanple, the Internet, a carrier internet

protocol (IP) network (e.g., local area network (LAN), w de area network
(WAN), canpus area network (CAN), netropolitan area network (MAN), hone
area network (HAN)), a private IP network, an I P private branch exchange
(IPBX), a wireless network (e.g., radio access network (RAN), 802.1 1

net wor k, 802.16 network, general packet radio service (GPRS) network,

H per LAN), and/or other packet-based networks. Circuitbased networks can

i nclude, for exanple, the public switched tel ephone network (PSTN), a
private branch exchange (PBX), a wireless network (e.g., RAN, bluetooth,
code-division nultiple access (CDVA) network, tinme division nultiple access
(TDVA) network, global systemfor nobile communications (GSM network),

and/ or other circuit-based networks. [0095] Devices of the conputing system
and/ or computing devices can include, for exanple, a conmputer, a conputer
with a browser device, a tel ephone, an |IP phone, a nobile device (e.qg.,
cel l ul ar phone, personal digital assistant (PDA) device, |aptop conmputer,

el ectronic mail device), a server, a rack with one or nore processing
cards,
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speci al purpose circuitry, and/or other communication devices. The browser
devi ce includes, for exanple, a conputer (e.g., desktop conputer, |aptop
conput er )woaizbto/i2209r | d wi de web browser (e.g., M crosof PCT)USkoH®EIB6L

Expl orer(r) available from M crosoft Corporation, Muzilla(r) Firefox

avai l abl e from Mozilla Corporation) bil e conputing device includes,
for exanple, a Blackberry(r). IP phgﬂ’é ncl ude, for exanple, a G sco(r)
Unified I P Phone 7985G avail able from G sco System Inc, and/or a Ci sco(r)
Unified Wrel ess Phone 7920 avail able from C sco System Inc.[0096] One

skilled int L] 4 i - he . . O . i i t her
Kt ' o NEo Tt SRl S R RN R TR0 o
char actregpostdsdsr 4 pleyseaf protess, dommegaigng enbodi nents are therefore to be
consi dered i rBCaI |. respects illus raéoi ve rat her, th?fn | i r}jti ng of the

i nvention dd&LiCFHERSNER @ioCCEG LI PRROT MOEHRPYHAF SRR PNt at ed by t he

appendedo &l @IgiE or hidkhGliphid1ahoRYestibeht BFRIQ., B GRSAL RS &:RBria 881 &ihg.Changes

that come wthin the neaning and range of equival ency of the c?al ns are
t her ef or e i nt endedtatgst tyep@wb catcedn féraraeh nf thk 000 3t mdtadutpe redpansesd i s: CLAI MBS

1. A conputerized nethod . for. estimating,a design space of .input factors and
out put 1 b ponses PoriasAeSlma Vitos Set R PR TRt tsl bn 105G 2 2
processpé tar@Rr@&pbe BiR@ia@hndOr € i nput factors for a physical process, one
or nore output responses for the Frocess, and criteria, the criteria

conprising: a tardjerpeespypdenge bt Bphovrlnesioreach obthetane opmoroinpbr e out put
reSponzfgcfS[grsg&ng%tehaf%l g %ﬁ’&ge‘eg‘%he gx?eH&e%%ﬁ.r%%%?)g?ﬁpél&] gglué’&% dRfer IR Yée gput

factor cnl eve response cCri an experi nen range

of i npuin cugdus eSpbae vahrfoodach BE thRwc@F ntdE Suthiiespdndst or s, where each i nput
value in the experinmented range of input values is determ native of an
out put respdRsEIQHIING. PHRE BEIHOEHSAHET B3 B thg1oeeordiRIgiRPY Eihdes; (b)

cal cul aéalcﬂﬂlteﬁhgg?ﬁei ﬁutWaﬁfég %v?t‘ﬁfn thfe QBH%SHdiﬁé\je{zﬂaﬁiﬁI?{ﬁﬁeﬂang@éfqn%lﬁgﬁd}nugs,

factors, a ca range of 1 nput values e corresp
exper i nentred calangangtompyies: val ues, wherein cal cul ati ng conpri ses:

selecting a first range af input .values for each _of the one or re input
factors: predi ct RGOV fUEt SR REIGHE VaretBr BBl firoteae Bie B b shEon t he
first range of inpedictif) Hgesto? IR Re Bulblif REpdRRES RLEPHE Bre TR thipd OF
each of the one or nore output responses; and
of input values 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 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;
(c) calculating, using the processor, a modified range of input values for each of the
one or more input factors, comprising, for each input factor of the one or more input factors:
selecting a second range of input values by expanding the calculated range of
input values by a predetermined percentage;
predicting 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; 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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creating the cal cul ated range of input values for each of the one or nore
i nput factors by adjusting the first range of input val ues based on a
conpar i somoabiortse22fii r st performance netric and a predet ecwiuseaopassbor nance
metric; (c) calculating, using the processor, a nodified range of input

val ues for each qf .the one or nore input factors, c rising, for each

i nput  f act or(dbPregitEng g haBiosessHip dtdes zR trscs ?S@Bﬁﬂ@@ﬁéﬁ@t leagangh range of
I nput %ﬁ&&ﬁ§dQMg&%HﬁﬂﬂhQQthQmﬁﬁ&ﬁ%&%h@@ﬁ%@ﬁ%%@Q&fh@ﬁHhh%@%MﬁﬁxBﬁnﬁea

predet erm ned péercentage; predicting val ues t he one or nore out put

r espondegefiasgdn ohvarkbilgpedat thangeriefird fuffutedviat eresortroordef drenipid a second
perforﬁaqce nmetric for each of the one or nore output responses; and
creati GC?We nodi fied range of input values for the input factor by

adj usting the second range of input val ues based on a conparison of the

second:ferfornance metric and the predeterm ned performance netric; and(d)

predi ctd-ng, Theimgfhehe! drist besharsinshaidesiggripagarsémett futhercopsises at | east on
the ”Dddilthﬁ&i({na&%% u?TresPS'IPs‘étvatﬁ%L HStRacO¥ahE bl 8{)\% EEDO%%?& 5@%9%&%111' nput
val ues eac conprléé a targest region of varia |P|ty eFe the Criteria are

ful fil lteendodifiedrenges offipat afludshee dapimiindtaetoditise didtribhitien oduied rédposdeai m 1,
wherein the design space estimate further conprises a distribution of
output‘@€§%onse val ues for each of the one or nore output responses,
wherein the nodified ranges of input values are determ native of the

di stribution of output response values. 3. The nethod of claim2, wherein
for each of Thvenahed of clamr 2 whiargutfor @shofiteone ar proespaputfregdnsasnier of
out put response values. within the djstribution. of output response val ues
are wi (RPRCHHEHBUEPH AN FipoRravalses pafin e distipdion PLSBHSETNSE he

pr edet af 08 WRKih PraRRERITER Ui vAIResSBE IRTuGit rédporkR8f B HRQE(pthiehai m 1,
wherein predicting the design space estimte conprises predicting an

i ndi vi dgalortharcgesdirie ssgiatsfiedf variability for each input factor while any
remai ning input factors are set to their associated estimted optina
value. 5. The method of claim1l1l, wherein predicting the design space

estimate condm&Bodbeelhigd 1 NGhdreis Prdireg thad spabéshita@f conasrisabi | ity for
each input factor, wherein values of each of the one or nore input factors
can be raedioiner @ infividusl tapgesicisgioa 9 spdaility dendrch éeput Stcgssyhileagiy gemeining

vari abiil ity Q0L 2p&lt & el & oBRLEIRSBRLMASHRG! fAqLance metric for each

out put

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
cach 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 range of input values
comprises selecting a third range of input values by reducing the first range of input values by

a predetermined percentage if the first performance metric is below the predetermined

performance metric.

7. The method of claim 6, further comprising:

-36 -



response. 6. The nethod of claim 1, wherein creating the cal cul ated range
of input values conprises selecting a third range of input val ues by
reduci ng wbeofo/xr3g124r ange of i nput val ues by a predet er mPagdSpanosissage i f
the first performance netric is below the predeternined perfornance metric.

7. The nmethod of .claim6, further co r|5| predlc |n es of .t he one
or more out dﬁ?‘ﬁ?é‘égp‘éﬁ%‘éeé§fﬁ§s%’&°6ﬁn°€ﬁggfﬁ’ﬂil}e ﬁ‘ﬁd rdangaef ¢ o

det er ming . &ahidl fdRGHTIN mepe%hha&efn%m@ ﬁ%a@ﬁ of e oﬁ@sr RbrdWitsutout put
responses; and creating the cal cul ated range of input values for each of

t he oneeﬂmnﬁmreuinput factors by adjustlng the third range of input val ues

based on a co ari.son, of t e thi ic and the predeterm ned
T o ranae SR RO G Aytd Robr b MaP A S I RE A fiche BF ot g Bl RESHS

cal cul adyadjistingehcthird RNt of HPUESal GATTRKEPESa EOBpLrRbh OMMHRGNISH BBiForkfanthe fir st
performance nmetric is above the predeterm ned perfornance netric: setting a

step simeric gnéthseeistammadayrioanemwatagiec.of a si ze of the second range of
i nput val ues; selecting a third range of input values by expanding the
first range of i nput val ues based on the step size; predicting val ues of

the ones.or rteanetiddof claies ponisesinbasedg ait dahaldidi tadgs ahigputofalicaput val ues
to determine a third performance netric for each of the one or .nore output
r espon<@&PTigeithe f%lmlﬂ@ stepielf ¢ st parigmpagrgBeetHE 13 #hove theprgdaderipedeach of

the one oL hdiput factors by adjusting the third range of input values
based on a conparison of the third performance netric and the predeterm ned
per f or mance segtgiacstepXizelioea preddoaohiodd erantmg8 of ke ef thearemidi rageet dfenput

cal cul at ed range of input values conprises the following steps if the third
perforndi® netric is bel ow the predeterm ned performance netric: selecting

a fourth rangrc@fgh ﬂf?ﬂ&traﬂgé MER @Waﬁfé@ﬁ?@kﬁbﬂdf {g‘%hé hist finbaBsmpaf vdigut val ues
based on the step size; pred |c¥|ng val ues of the one or nore out put

respondE@ﬂbas@dswnS&he fourth range of input values to deternmine a fourth

per formance pqg 1£t|1ncg Va? es o?'(t:he one otr rr1neorg &?tpﬁ{ reglg)orngesqbasg&j on the third range of

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

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

metric and the predetermined performance metric.

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

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

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

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

performance metric and the predetermined performance metric.

-37 -



responses; and creating the cal cul ated range of input values for each of
the one or nore input factors by adjusting the fourth range of input val ues
based on woOcompaeizaon of the fourth perfornmance nmetric &ad/ush@0/033364
predet erm ned performance netric.10. The nmethod of claim8, wherein

creating the cal cul at range of. i nput val ues, copprises the follow ng steps
it the thir _hﬁéﬁﬁﬁ?ﬁﬁﬁ@@fﬂ&%ﬁ‘éﬂf@f%ﬂ%éhet% SsFetines oh ned Por mance
Met ri C:copfhisidle FRWilE Sdpd AMGEHA prBHﬁan\éé‘h{ég% RAY&N e the pidastefrhingll range of

i nput val ues; reducing the step size by a predeterm ned percentage;

sel ect ipsgformdémpgmadirie:ange of i nput val ues by expanding the third range of

i nput val ues pas n.the ste i ze; reg'c i val ues. of the one or nore

output | espoitde s feeramnd yF ek Rt e PRt Shirhus HEeGec er i ne.

fourth perf geamneethBBichistet9ra BaddiertfinddiRr@ntiger nore out put responses; and

creating the cal cul ated range of input values for each of the one or nore

i nput f act orssleiynge favsthraggerafaniw yekugs baagrengmgjthpihirdyanaged iad sglugh a

conpari fourth performance netric and the predeterm ned

per for %g%eggn%l%gﬁg.&%l. The nethod of claim1, wherein creating the

modi fi ed rangedieing vibhuts of #HeugR oF e bePat fehgorked hovd ogthstfensh fahgt b8 second

performance netric is above the predeterm ned performance netric: setting

t he nodnPyte@lucs iydetgmingy frurhqerfasmaganctiie farkachsefctbp ang angercdiuthyput

val ues; .apds@sspei ating a conpletion flag with the input factor. 12. The

met hod o cfal’m 1, wherein creating the nodified range of input val ues

conpri ses t hecdtiogltiodabanlgtdpage 6f et whosdor geh bothewne er mete inpui factoed ow t he

predet er m ned rf or mance tric: selectjng a third r of i nput val ues

by expadidhs PR BHOR 6 RGPYE VIS RSP CBror PEBRPHE wher i n t he

step siz@roWashd$earié bk PrddcldBiRaeRdh ARG @c.i nput val ues; predicting

val ues 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

e P RO RS S 1B SR g oosbdhied 208 PnBl LR cokBhtES or
the following steps if the second performance metric is above the predetermined performance

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 performance
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 each of the one or more output
responses; and

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

predetermined performance metric.
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range of input val ues based on a conparison of the third performance netric
and the predeterm ned performance netric.13. The nmethod of claim 1, wherein
cal cul at iwgQ 20tve13a2di fi ed range of input val ues for eachPofi/ush@omssseor nore
i nput factors further conprises the follow ng steps: determ ning each of

t he one _or re i t factors are soci ated wi.t.th.a conpl etion flag;
reduci ng- a %@@Fg of dagn {-oviegeipsp Ctlﬁen%&@dﬂ%ﬂlﬁs%&@gﬁgp NRRL alygs b s by a

pr edet o, pedcBRE 6PALANG puABdof TR BRtistNfe ARuafi BBpe [ nPUL factors of

the one or nore input factors: selecting a third range of input val ues by
expandi ng t histewmgong cachrd ¢haodnei arpodre vgiut Estdyy atchesosiatgl wit e coppletipet i ng

val ues of the one or nore output responses based on the third range of

i nput Sues to deternine a third performance netric for each of the one or

nore out put $88p siad dscdrt6 ale@dhd fRon®einkt 8finpanagu@fbyiaiput val ues for
the input factor by adjusting the third range of i1nput values based on a

conpar isefetaminddepcresntageddf or mance nmetric and the predeterni ned

perf or mance (L) G ukdune TG B F o ChAhTb e oAGESR R RGGAI Cting {he

val ues of the One or nore output responses conprises performng a Mnte
Carl o simul ati on;sckoting hehifd asge ganparvanres by eeiantdhg thhisccord amge peinpatr mance
nmetric, and_the predeterm ned perfornmance netric are a neasure of the
nunber YBfucy &Y tssStF sigdie one or nmore output responses within predeternined

limt values. 15 'prg&lgtéﬁ\;a@?é;togfthec&%io%re %@ﬁ?ﬂe oﬁlsése&tsécflgn {hréqhifr& fa%%e range

of input values for e one or nore inp actors conprises - setting
t he fi rtinpurangacotfo dengputinevathird petformmanpe ethitieforcaddofibe cendragercautyat | ower
outer bound val ue of the corresponding input factor. 16. The net hod of

cl ai m TSPOIPPhEK conprising the fol l owing steps: receiving a constraint for

the one or nore idi‘&lﬂihgfﬂ?ecﬁ@&i%d b RF BHuELAIDG MAlHaRp Rkl Bihg MO €
out put responses based on the first range of input values further conprises

adj ust ithgthitdgapgeediioputonlucn bssedpe nsatmpafigm aflibe hadgterfaimance hretrid ed et hod

of clain1(§ mhg{eig&thecgonﬁ%raint conprises a user defined |imt on one or
more i APEACTF RN ReTTOrMENee MAMiGi st i buti on, or any conbi nation thereof . 18.
The nmethod of claim1l, wherein the target response criterion for each of

t he one or
1 The method of claim 1, wherein:

predicting the values of the one or more output responses comprises performing a
Monte Carlo simulation; and

the first performance metric, the second performance metric, and the predetermined
performance metric are a measure of the number of values of the one or more output

responses within predetermined limit values.

15.  The method of claim 1, wherein selecting the first range of input values for each of
the one or more input factors comprises setting the first range of input values to a

predetermined percentage of a lower outer bound value of the corresponding input factor.

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

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

17.  The method of claim 16 wherein the constraint comprises a user defined limit on one

or more input factors, a factor distribution, or any combination thereof.
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nore out put responses conprises a target response val ue, a range of
acceptabl e target response values, or a critical target response val ue,
wher e t hewoubput32r2esponse can either be above or bel ow Phe/usee0i083sb4 t ar get
response value. 19. The nmethod of claim 1, wherein the physical process
conprises a manufacturing process, an industrial process, a design project,
a sem conductor project, or any conbination thereof. 20. An apparatus for
estimatigng aryleqi@sd sPALE PfwhdBHkhd t%%e@fe%pé}{&_@ cAHLBH Y SSPEPERINE BF 2

physi cal process, conprising a processor configured to: (a) receive data

f or onemaic outpue rdspgsts Earoproes afragetacypiopsd walie, prawesy acapebdr targst e out put
responses for the process, and criteria, the criteria conprising: .a target
Feapondeneniy u St EFT ALY hetS el Ae B fePOtR T stfery

esti matdyvost bRl theadriRaf @FgcERGHORE vhlae. one or nore input factors to
achieve the target response criteria; and an experinented range of input

val ues for each of the one or nore input factors, where each input value in
t he ex [ ' - u ' ] . t put
responag var s ehOLdefln b Ph KRR IR AEEES AR BB L e
for eaqhto@ks,tahénduseiad protedsea dewdgt propet, arssmic@nda@dterirajeed of ang@neifindtivput

val ues within the correspondi ng experinented range of input val ues, wherein
calculé?@ﬁgfconprises: selecting a first range of input values for 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

per f or rnce Ambppacathofor egtrhatofy a desigaspacrof nrue fatdrp ahd owpptarsEssesdica
creatiqg@phﬁ cal culated range of in %; V%Lues for each of the one or nore

i nput  fEASPIGHPBFSHGPHRPRE APRECHIF SPPHEREE0f i nput val ues based on a
conparison of the first performance netric_and a predeterm ned perfornmance
metric; (c) (@hiceeivadaa forpagior made mputkctors for gwhysigal peaccsHPNLACMOBY t he one

or nore,j i SING:s~f.0 < . tor of the one or nore
E‘ou@@ﬁ’ 'Iléspéﬁﬁ%g Arine HIYTBS! aﬁ‘fdgﬁ’rteria the ﬁdp%giﬁg

i nput factors. ecting a secon ange o s by expandi ng the
cal cul at ed r ange ahrgehpaponsaktiesiobyoreeaplt efltht enobnedrqarnpentspgesespr edi cti ng

val ues of the one or _.nore output responses. pased on the second range of
i nput val ues to (félteéPW?Wg OBU%EWAEF %é F?%W\féﬁ%%ner@trp‘?r@ PR3 ?@é‘lfﬁ (QFCHHE one

Or IOT &he 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;

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

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

(c) calculate a modified range of input values for each of the one or more input

factors, comprising, for each input factor of the one or more input factors:
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out put 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
conpar i somoabiwizee2saecond performance netric and the preserarsndnsst3cs
performance netric; and (d) predict a design space estinmate based at | east

on the nodified rapges of input values, wherein th di fj ed ranges of

i nput val ues eacwe@gm?g@oa ragegesprbyaltes bafexvamﬁ%"ﬁﬂei%ku%ﬁéﬁé §4Rf
criterijgyanaldedbf blpt&did-QincanerRhtapore of the input factors. 2 1. A

conput er program product, tangi bly enbodied in an information carrier, the

conput er progr ampedcing valwes|od therapeionsnare otfipohssiysisergbaspromthicsctandcause a
data processi.ng appar at to: (a) recei.ve data for. one. or. nore input

£ actor J5tg o AREL R dieshlint MRkFEFrRat BertioPeEn Shube e o i
procesSoutpidespbndesrdnd, the criteria conprising: a target response criterion

for each of the one or nore output responses; an estimated optimal val ue
for each of the cHeatige thpmedifigduange € inpus valoesdfontheveput fiecterdrypsliustisg ponse

criteriag; ri e ' I f.or f one or
o) PRSP RLTEL S aNaE, b Reh oY FLUES L RREDE e 7
i nput \vaal viesSprc8etotediesdpdrfdrind@ccohetaio; angt put response val ue for each of the
one or nore oqutput responses; (b) calculate, for each of the one or nore

i nput f act or(@) Prgdicht Eenigh YCr anigarte basca ticas ap desmarlifing manggeot®Pilespondi ng
experil %ﬂ}eg,q?ﬁ&&gqhé)ﬁlohﬂgptr?n\r%g HP&BPB’%% 'chlf;@drﬁﬁHs?ta'tlﬁ%eﬁqgngﬁ 3fS:

selecting a first range o ut values tor each o one” or nore input

f act or svaripbibidi whemghovaltadsaroffulfiled doreonoor mareoOtht mptut faegponses based on t he
first range of input values to determne a first performance netric for
each of the one or nore output responses; and creating the cal cul ated range
of input values for each of the one or nore input factors by adjusting the

first range Qtomperet prégtaneprodasednLBlPerfSIR&T inSANnBtmhtsh ddrfi&t theer f or mance
metric and a predetermned performance netric;(c) calculate a nodified

range cnipupuprogatesodust ingladimgdnstrugtonsmeeing oppsabae forjausce § date prosessing
conpri fsai 00t f Q. each input factor of the one or nore input factors:
selectlﬁa 4""¢e%ond range of input val ues by expanding the cal cul ated range
of input val (a ersecebl ¢ Jath rfglrdoef{[e%qr rrrrilorllrg gnp?l? fa(c:teo?st f%g%;physical process, one or more
output responses for the process, and criteria, the criteria comprising:
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;

(b) calculate, for ecach of the one or more input factors, a calculated range of input
values within the corresponding experimented range of input values, wherein calculating
comprises:

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 calculated range of input values for each of the one or more input

factors by adjusting the first range of input values based on a comparison of the first

performance metric and a predetermined performance metric;
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predicting values of the one or nore output responses based on the second
range of input values to determ ne a second performance netric for each of
t he one owormoroa3eaztput responses; and creating the nodi PCedse@egas3ed i nput
values for the input factor by adjusting the second range of input val ues
based on a co rison of .the second perfornance ric and the

pr edet er mi néﬂ)ng’i‘%“fl%? ﬁﬂﬂf’éﬁ%ﬁa%ec?ﬁaﬂﬁ V@Iﬂes ﬁree&%gf e i PHROLHRRY estimat e
based %ctbﬁ?@&mﬂﬁiﬁé}%ﬂ@&@ﬁ Tﬂp‘ﬁgfaﬁt%!i‘gﬁﬁle%e'o?%?e Ml@hﬁ'ﬁétors".‘her ein the nodified
ranges of 1 nput values each conprise a |largest region of variability where
the criteria are stlgcfing & sgbohdrangnef opuhmlecsdfy exipendingthe chlvotagadsran@2of A
system.fort estimati negi & desid n sgace of input factors and out put responses
for a 6Pi%ivél esg?&% S HE %Cte tﬁ\g%onpri sing: (a) neans for receiving data
for one or nore igedttideaed@sDIHY o dP MYt 6ApuPicOFRSEs baRBEoRtheFBEMJOUt put
responses for the ]process, and criteria, the criteria conprising: a target
r espongengerafiiepyt yaluppio desgrming a sasendpaiamapey meigigtipigach o€ ggrne o1 mepre

esti natoei&huw%shgﬂe ;va%ldue for each of 'Fhe one or nore input factors to

achi eve e rge§ response criteria; and an experinented range of input
val ues for each afrediing tin@odificdargeiofipiput alaéolbs theviligut€a@@dy ddiptibgval ue in

the experinented range of input values is determ native of an output

r espongBe YEPHIAEE OEHPH! GHUSHESHHE DFOMRATECD At hGscsnd psrHeraance gictilgans f or
cal cul afjy Ifeé?éte&ﬁ"&iﬁgr FRen QNG JRre input factors, a calculated range
of input values w tﬁl n tﬁe correspondi ng experinented range of input

val ues, wher(d) predmt & désagn spgce estppndts based seleast b nlge modificd rarrganglinpfit | nput

val ues for each .ofhthe @_mé or nofe in\%;ft fac}{ors; .prgdi ctin va{_/ues of the
one or ‘RO WRATpThs OAied swgsa abiirhyalyRs cpch ML gdargEStTREaR Obal ues to
det er m\RGaBilify WRkrc RRY SrREMRAE FultBEA K& dnllor BRENoOhe i}t BRErOT NOre out put
responses; andcreating the cal cul ated range of input values for each of the
one or nore input factors by adjusting the first range of input val ues
based on a conparison of the first performance netric and a predeterm ned
per f or @nce Arsystém for(@limatans désdgn gabeof aputn@ctarsrandioliped raspoxges fifr ai nput

val ues for. ;ﬁaCh of the one or nore input factors, conprising, for each

i nput frbypis %?C%%éhw&tea}cmrém?gﬁput factors: selecting a second range of
i nput  val uegaPesxIBPRELAYinkhRtCRl 64 SREriANTFa@brs for a physical process, one

or more output responses for the process, and criteria, the criteria comprising:

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;

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

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
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i nput values by a predeterm ned percentage; predicting values of the one or
nore out put responses based on the second range of input values to

det er m newea 208¢i3er4 per f ormance netric for each of the omeTars20monas3eut put
responses; and creating the nodified range of input values for the i nput

factor by adjusting. the se t val ue sed on conpari son
of the second perq%t%ﬁ%cai%%%tﬁirag aOfﬁla ‘?ail&ét%frwﬁegt S0 6F RHC@PHet ri o
and (d)paBRTY fdﬁfstlﬁé el gk ﬁﬂg@oﬂﬁﬁdt%l&&’ﬁ&s‘éd%ﬁ%‘c@ﬁfpﬁn&ﬁﬁﬁ%@ﬁrs'teaSt on the
nodi fied ranges” of Tnput values, wherein the nodified ranges of input

val ues L@afotmumerpmatsealaiaalregetstmlme@pmﬁorofanvamﬁamI ity where the criteria are
fultilled f 0(r) eansIor gl%u?atﬁlfg a;[ r?lgdilﬁrelg lfla'{ngfe aoﬂn%'ﬁ’? Values for each of the one or more

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

selecting a second range of input values by expanding the calculated range of
input values by a predetermined percentage;

predicting 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; 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

(d) means for 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 the criteria are fulfilled for one or more of the input factors.
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