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formulation, the optimal control law for the chosen model form can be derived in terms of the unknown model
parameters. Then, system identification techniques can be used to determine the values of the model

parameters that best explain the observed system behavior.
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Ar=ryx Ak, +k,x Ar,. ®

An apparent change in the value of r can be expressed as a change in the estimates of r; and £,. So, it
is necessary to classify the changes (using an analysis of variance technique) to determine how to distribute the

error between the two parameters.

30
One simple method of distributing the error is to apply a linear filter to each parameter.
rO,new =r O,measﬂ’r + rO,/asr (1 - A’r) (9)
kp,new = kp m«.mﬂ’ + kp lust (1 /1‘ ) (]0)

The lambda values are varied to reflect the confidence in the parameter estimates. In situations where
35 rpis expected to be changing, A, is high, and in situations where k, is thought to be in error, A, is high.
As an example, for a well-established product, there is a high degree of confidence that k, is accurate.

In addition, r, is known to drift over time. Thus, the relation /1, >> ).k is used. On the other hand, for a new
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estimates. Measurement data associated with an entity in the manufacturing system is received. The state
estimates are updated based on the measurement data and the uncertainty values associated with the state

40 estimates. The uncertainty values may also be used to influence scheduling decisions.

-7-




WO 03/ 023538 PCT/ US02/ 28872 Anot her aspect of the present inventi on 3 ﬁﬁen
in a systemfor nonitoring a nanufacturing system The systeminclu
control | @o ¢sankisgured to define a plurality of observed F@aien0839CI at ed
with the manufacturing system generate state estimtes for the observed
states, generate an uncertainty value for each of the state_ estimates,
recei ve measnethesgrec of te assepicihyepié iwiephingrpygaa fof {poriqr ‘t%m%ﬁﬁff"%tstﬁ%g

system TaN systdﬂdlacthejeﬁ a tchrofidr &Bﬁg&st itoradras ahﬂ\ﬁeﬂ‘i@z efnobtsdaed NEates Lassedi@dat withadha and

th t f. t { at h t
al o | nEPUS A e UG IoRE SR R o Lot Toy Bk bR Syl RkalPm M2

deci si oths stigssighaien recmeema&ytemdméﬁawgé@eﬂ with n@nttm@élretr@mfwlrvmym angypdateE
DESCRI P?He e CHrimIteFoalRON L NeSasdbtfent MHQRA !h@ﬁhc%iﬁty@%lué&%@d‘ﬁéd&ﬂﬂ ttQ)(tat@ est.aat@ﬁce to

t he fol description ta unction wt a
it i e PART A Hor RS ar S1-GH ok AL PSR TR ety PP dechicre Smed iy S
whi ch:  piedjttedchingesto the sncapiintyfvalpes. bl ock di agram of a manufacturing systemin

accordance wit h one ill us,;lﬁﬁf-bﬁ%qume]ﬁ{AWh@g)r esent invention,
Figure 2 is a sinplified block di agram of BEortlon of the manufacturlng

system of Fi g b‘? faveption rypajy e, pnderstgod by EerSIBe iy the eYTPUOR LK B FOMYBFIB B 1 ity
densotytie lddft6ﬁ1pﬁy’i8g drévﬁné§] ig) Whi€isliké rdfdiéncdigimera idantidly Iée bisménts| anglrettichng t he

per f or mance ?’ uf 15 1 &E‘ﬂeg Elﬁ& d:llf LW n‘ljaml:fgztuﬂpéj ggter}{ ﬂ)r 0(9) nce Wit 'SR 1i1\%§z-1tlvcand

Fi gure 30 reprgesen ramon a s m 1 nc I'ng a process
contr ol Fetodwoéthsen@duwengn cont roller in accor dance wi th anot her
enmbodi nent ofngtula@@rsmmd bﬂo@l\f&iﬁ’grdno«ﬁf'ap&ﬂﬁh dfitg wamufRihrifOpst@s &MFgared; si npl i fi ed

flow di agra or, f hed ies ina 20

manuf act ur i %gg?gt‘%arﬁd? aréé%%qsag W?rﬁba'b de“s'(tg’f')élecr"’ Bhbodi ment of the
pred&nt i nverfighond thighgh 29 atghaphsi mmm ﬁinpqrbﬂmg@épt—‘qnbtlbr ofdiigpeerlito upsler various
nmodi f i cggehép,% and alternative forns, specific enbodinents ther eof have

been shown way of exanple in the drawi n nd are herei scribed in
dotai | It Siasan THESHRGLNE A VB TEHGEE £ RESSLCEFIE: o1 HEPORh o

speci f i congnied thianm@rkuge wvith motheriemb@ivatdthf the piebent itvettive; and nvention to the
particular f (%fgql% :ql gljesgt?t? q 'si hecp fov Qﬁgrgrg Nt @ hdthodt 3L fdrrgcﬁe@ﬁling Qlctiv?tle; 91 gover

all nodifications, equi va , d alternatives falling within the
spi PPt Averfacpispesygem tnneown%wth ﬁhana@efdettdﬁ@at bipe prrEnBSRitled cl ai ns.
MODE('S) FOR QARRYthd\Ghvehtibn “HEuécMMTio@énbhd usdifiaitiony eané nddeokative Nfosnsp fspetifie

I nventi (gx?lbo%Fn%ng 31%1%5# hg‘fe%eé?t%no%b wé'yengQ ﬁ{hgﬁtgwﬂ%s aﬁ\’(] &L ﬁe#an de&m)ed%l cletaic e@t ure fS

of an ac tion are cr| Icatlon

cour se Brouldbp pedsisiqeds Hovrengis tht Fhe nerlpﬂgohetfévé Islt?ﬁ‘ﬁ%ﬁ’tb"é‘fne’éﬁ’? ngt insgpdeg te Llfat e
enbodi MaREntion WBE gmcutamhmmoaad; B 0B [iR Gotiasy, dl@ﬁlit&xh@ﬂﬁ toTuSkr demevi@ioh
achieve the devel opers' oal such | an

system Fialeay ot (a)l% Gté‘iesneaslé‘g r let‘"gtt%(fplclg%ngts?o ¥ Arse e a%&'] tﬂ’%g‘? Vi FrEMh one
i mpl enexki@tsi on to anot her. Mreover, it wll be appr eC| ated that such a

devel opment  effort mq.%nb@ m&r@hﬁkvﬁn@lotﬂrmumm but woul d
nevert hel ess S‘ aro n

e u e t aki . t.haose of
art having tH Stbaé’?ﬁee?’lt’ I8‘\"“tst° 5’“&?‘@%’1 ages‘{ﬁcéﬂ?edigé‘“ﬁelf‘ehre r"lt‘ﬁﬁt %}a{alg—k?' dﬁtralfef{ures
si npl i f ofgh SheCknplinergtiannre fesanibed lin this tspeaificasion. Nl wilf aefctoursd bryapprpsateintha B the
pr O\ébdeQevefoPm%bgf dnly 15k Lol %ﬂb&tt#eq%mtu uﬁﬂ?&eﬂ@tﬁ“%ﬁ’c@ﬁk"&é%n§%§& @mn;& tb s

adapte ricate sem conduct OI’ devi ces. (%P i nvention
descr i batieysth fevalgRprshwpesifsralivatsh é%F°P‘H"a&°°§‘é‘Hﬂ§Eﬁdﬁl€§t d P%tw‘r‘ts [ iah 6?Ps‘raéﬁ5% lity,
t he i nvemich Gl vafy ffoaitons ﬁtplemﬂﬂtitﬁd toalﬁdhdi’faMoxb@/elap pill tedpir@iaet ltersuceadafephent i Ng

environ The hn| ' I - ety
of wor kg? ec esght e cortnﬁl act ur e(c’insglﬁﬁ h?ﬁ%@%&%&sg’g{a Eogtl%ﬁlﬁlﬁ%@gaé ?o%ﬁ%%
m cr opr eWEgyskil in theearteyingdlen biereditof thig diclogire- si gnal processors, application

spegsfic i nt egfeahedh Cight Ul b Sin(phdCG8dck dgramBof-anSilSEdive @dufacturing system 10 is
provided. In the illustrated embodiment, the manufacturing system 10 is adapted to fabricate semiconductor
devices. Although the invention is described as it may be implemented in a semiconductor fabrication facility,
the invention is not so limited and may be applied to other manufacturing environments. The techniques
described herein may be applied to a variety of workpieces or manufactured items including, but not limited to

40  microprocessors, memory devices, digital signal processors, application specific integrated circuits (ASICs), or

-8-




WO 03/023538 PCT/ US02/ 28872 other simlar devices. The techniques nga;sgpmp
be applied to workpi eces or manufactured itens other than sem conduc

devi ces. vﬁ)ﬁb"}*{fzﬁ%k 20 interconnects various conponents ofpdhgsaBigshact uring
system 10, allowing themto exchange information. The illustrative

manuf acturing system 10 includes a plurality of tools 30-80. Each of the 5
t ool s 30th&Csimitey déyéces oTipl teddinitiups max dspplst applied troworkiiesemdr nfapyfactumddiems etherghapi t h

t he net wghikondRtor dd¥Rest 00l s 30-80 are gr ouped into sets of Iike tooI S, as
denoted by lettered suffixes. For exa he S of tool oC
represent tofI"EMEF 2 BEFMTH PYPR O n}t)eﬂts ﬁg %\m&W B Sy?‘r"é‘bﬁ °évéﬂg them to

pl anar i zadhamginfopudtion. AT difubtragvd reanufovifrieg system [l @inclafes aeliraitsof tqois3B& Fesoftter ough
the T500|t<§;1s?398§9xa>ﬁ§e c'o& lédﬁo ?&'mfa&erw%%)tfb& iRt eacikd \fv#h tﬁ?&@voﬁ&@' TiRQ60830-80 are

perform ng a _specif function in rocess rocessi ng
bool s f GrOtBEddunteE oA Fcty SdeieaEy F'a%?d. %‘gt‘ﬁsoﬁ‘“éﬁmpl&o‘h"n‘é?ﬂf t°°‘_fé°/¥ A Ryesent

et r ol ogypistodaleatainpire) ek 5s|‘mgérﬁlﬁﬂnyleﬂlhlﬁ¢lpﬂﬁrﬁnzae&ﬂbolt AQaBiculdeyats bt lotafl wafesl S,
pol i shi rto S etc.
The t OO{BQ)g\%%Qs { rou%halm R)IOE 2?!‘ Y e'cti lSIpDn g%?agdn%gx ed Q{th ?acll Q;Qﬂ ﬁ%‘}te}f?ﬁmg Q&L&lf ic

i 11 ust r dticyea ipihe progsassilayn | Bremplaty pracegsing degls f?rr?ﬁF'elﬁfE‘ﬁ‘!C&’E riqme faPWé“‘t"GBY‘@mﬁﬁ*y be

ar r apgeGhclude MeoIRY 6B, ﬂbtomhsgwhmpperﬁaeh fob1§) raaﬂolsxuon bhre psqramge@m o8 thehyeen

the tools in a particul.ar I oupl resen connecti ons
ot oo REETEICDD, TP RER e e Mo ARR T NS BB SR ok AS° T aF SPRg dor o
manuf ac tiliwstratigp BxERers oilpn Insgnsacmmh ifiN@ESntaticay the tool§ ag be erwsedtnh@ymcghorlgecmemg

operati g@dmsnaﬁ,h Bie coMREUERGLWE 7Y to%m @;mftll\Qar Tgm ndremSRI 1Y RpreSft o Bdrh&kisnst he
status of the 'various entities in uring system 10 (i.e., lots,

tool s 30 ‘96‘)"% ’i?ﬁf”'(’ﬂ“é““i‘??@“eftl'°6§/\}’38‘fee‘h ‘Tﬁ"‘é‘f es of manufacture (e.g., lots
of siém conduct ernufwaikieg Skechtion cygdm t(MESPsDCeSs dileaw.theAhighatiaklagerager vethe100
i's pr OVIHQFIQ ciug g %{sﬂt%' Ggrﬁ%ﬁs JeFva‘%%nﬁ&s &19 toﬂh’é% rf?)fjs 3& A h@UScik! L1 es
and artic nufacture 1 n ia"l ts)a 00

process se_ server
may st orSIéStef“nlt‘)df Greeth G3p1s9-80hang ﬁ@trelus thﬁ@P\é oaefl%kesgf BP%‘E*‘“I‘?E@‘* 8- TR ofsaigongjer
i ncl ude wafe®) mfoeg}ﬁsepradad RS A-daiacasSerTed i Plotigd fetatoting danodiataltahe Status Jf Qe
grels 2; : :)![vlgrlooﬁs %hbtges Sr'gcfe) aé'téc:l] e%né?lfxfa%turg mlthnev ?o@ésg ﬁ%wwaalﬁlg ddtadh s%?esrf)e? %‘r{!ﬁ stglgtmq d'l-ngtgﬁb i
r epri@serit Qe iconge éfta Bgres 0.1 Breslaty maxdinglede pretpsoced @rﬁupﬁstvaroe%mmo@gy Ww@?lwatesrh es e
descrlphmgn@maﬁgcrepresentatlons are the ones by which those of ordinary
skill in the art e ectl convey..t h subst ance

others. of - or dPHaAyT U vt AP ane ARl SEERRRA € ek Bl P ale
here, anigorthmy endj symbelgerdprepemasions pfyopeiations oncigiaviile Wibinke canpgiet memansiBirsent
sequenc %es@tﬁpﬁ%ﬁs%@ lrebn%ﬁzgﬂamls 510 th ofle Sj' (vﬁigl th&se Uf drdina ﬂ(lltﬁﬁm %Qsart%f;f&tweim%% the "
requjirin ysSjca ul a ysical .quantitjes. u oug

not Mec é‘g"é‘g’icf’ P hel‘c‘ﬁ‘gg ©o ‘éﬁ% ‘?rg‘f‘a@és il i gfl‘é”f HeP ¢t ?%’F‘Pﬁ“o?s ey se ‘E‘F‘ra? TS, or
magnet i osdiggrallg icapaivedto ot a kedficogissitaeqachee dfrsapsibading éoh deemdrtﬁsu‘le Cr,he stcpsarpar ed,
and ot h%{ow rgcﬁurmg Bf\)@m\l%aﬁgulatioks & By sl anﬁﬂleg O@sYxﬁ[}' ﬁa}gh bt nLc'eggﬁy, ’d@{e qﬁ&l‘tn@a@l l'y

for reasons to refer hese signals as bits, val ues,
el enent dake é’%ﬁrﬁ%‘f of opticaly 5@%%& or magneic m&f@lﬁfé?ﬁéle oS rbeing gtorerly anstprped Fgiingd: e
bor ne i rompared, ank OtherweE maﬁnblﬂzttedahd ha®proteh e@Reradntlat $imes, paiciphlr fiBrea6r8 of Contadn
assogi a [ uan
con\c}gnl té’%? Waglhr b Bl%se S%Ral?sda?? s \%ugségem%ﬁgﬁs%?a?se‘% &{} gezmssaél%le’g{ss) fca[lféy st at ed
ot her wi se, ot sa%uld l:z,e tmsarr aird, oveys, thhfeall@f thesyg 9rd Yynilar feapspge 19 (pe pssqgiated with the
"proces %bﬂ?&]mat@ fahysn@a@ Em#l&ﬁeﬁl ghd a@rmerelmh\ema@tabagappm to A28 QaitiBd. M@llessQpecifically
"di spl ayl ng ref r to the actlon a ses of a conputer
35 syst éﬁﬁe P‘e’é"u'sﬁ*n 1’ ‘?s ‘élaé?f‘f% PR e HSET PR g TE eas tpﬁ"zi’fss‘ﬂ%n?'pﬁ?‘%‘%“g%g ahd
t r ansf of‘erbeuldtriz3 or &fsteosining”cd “displaying’s orcthd llke efee ot thoadtion guigmbdessésed avonpritan t he

conpyt elsysys Bresmuﬁr Eile@osit @Jnﬁufﬁ@qw\n&nmﬁt'nﬁﬁnpﬁlﬁ&s%@trmgfonﬂ%@ reﬁi‘e@nle@'%g physical,
represent ed . as gqesm cal quantities within the conputer system nenories or

regi st e FECHIPIC Giareies wifip the ﬁ?’?ﬂ“ﬁhﬁyftﬁﬁ s ?F’B‘F’ég'é’ me"l"F‘%fd%‘?tf’@"sﬁdE)‘ﬁ Sigflargy;r Pepd

devi ces as pliysieat quaplites ithinftipr cabitonysxchangies anegierocesisr eehtinfomaton amepgr k
sui t abl e”{mr H{S&dl 40 manufacturing system 10 is an Advanced Process
Contr ol \ ' n}g\ﬁémcessuch as may be inplenented -9 - 8 SEP 2004

An exemplary information exchange “and process control framework suitable for use in the

40  manufacturing system 10 is an Advanced Process Control (APC) framework, such as may be implemented

-9-



WO 03/ 023538 PCT/ US02/ 28872 using the Catal yst system offered by
~ KLA-Tencor, Inc. The Catal yst system uses Sem conductor Equi prrent‘ﬂaﬁﬁa 2004

Mat eri al Wd Ri@sfgtional (SEM) Conputer |ntegrated Manuf geirdidonasses! M
Framewor k conpliant system technol ogies and is based the Advanced Process

Control (APC) Franmework. CIM (SEM E81-0699 - Provisional Specification for
Cl M Fr ansnohk Caelyss paremofitred Boklf-ginceintic ABE qagiyn sysysusgotrgrcondopten Eagipeesl 5

Speci ]{ | st MQ&laiSQEteerMuﬁ"(Sﬁmy\@Mﬂwéﬁl mgﬁ@al Mhasise ©M) Fr@thev@ﬂ{’fmmﬁdﬁt Jystem .
specific ns are. avai Baad red in
Mbunt ai ﬁakﬂ g’ S B ‘s%ﬁ%ed rfg%éfi?ﬁeﬂ?ﬂ?&“ C°’s’tf°2%%5%rf"§ew°r Fh\gés a g%ﬁa‘@%l | er
130 ex edfmvxsngal Specificatior fos CBM F@me\&MJQDOmBn Axgkitsetpieliad APG (SFMI98109YetPadvisiopad| ow,

t he §0nfsiséeldc%n 303@11\@?xta%E\mrlgﬁ&va%@f’:@@e‘s%nﬁ@@oﬂ&n@lﬁ}sﬂoécﬁfgatfoﬁd'arér{r%ibii%aitaglg| s
30-80 in facturi ng brevi ati ons and synbol

nonencl gf”ﬂrs@Mué” I‘fé’F"@ﬁ‘ﬁ”%{ Fﬁﬁ‘ﬁ’h 7¥d‘bel ow in 10 Appendix A The
di stributi on Toé mhhdacioricgsten N1Q) alan thelddes a cottoilaga kxenging oms varkstagmt140.nds

di 11 o1 Bl ARRRULELP4R bebOSLAINANS0 ehnfih 84S IeEipBRRRE A loGaRABLHd L O

provi de n e endence and centra orma Ion storage. O course, different
number s nghe ’é@jﬁfﬁﬁft‘ré’tg§>’s§ﬁ’d‘°d ﬁP‘?T@’Faé?fts a‘?‘ﬂ YRPR) BofReATIUrRHSTd preein e ymmitize bRy Row t o
Fi guoe Appeadigiaopl i fied bl ock di agram of a port| on of the manufacturing

' ;g?: |e£)nn18f OI helrgrlétﬁh lgl’(l:t(){j%le ﬁrochlrﬁ an%ec%%} Ol'aéf u:.lectlnoln% Ius(t):n%§ d%lﬁgg?g&g)‘a{g}s’ort he
pr ocessivagkstationt is FOG lain aenml@/ qowiuefF‘f warqvige widenandepre aedbesntrad infagpatipn gloraged Of

conf i guigke! BrrdARF dudbEr oﬂaﬂm§ dlﬁ'El‘eﬂt e Eerrfthi a‘n@r&medpr oduct s (A B and Q
The nunber of_tpols 20Q, 0 anﬁfdﬁ %ﬁg 1S i Se sel ect gtg ner e %\1 al(blo|fl tate
the di scussi gHMI&ROY %“ée 8?1’%’ 199 P Piagiem plfgiegion glothe BN SY SR S may
be usedFiglid is prodeds betke Hantrhted embdditpynt,ttheepottivn bSthQO@uiaptiring sesfembd lwé#dfscﬂfwed in
any pr OQWEJC&QC]Jmc&Qﬂ?'t&ﬂtiog Mind Ihﬁlng%ﬂg%lheﬁe EOhurdiR® IB(nQAdUQ)ﬁﬁgu?edCtQ 'ﬁErfcﬂh I aw
conponent 132, ‘and an observer conpone The aob seréer cqug g

est i mat 8LCeSHEHGN G’ffdé‘!%é"'“‘sﬂ’%ﬂ“‘é‘%(%# f“ﬁ’ec)rrgﬁﬁf‘ﬁ‘thf'ru‘?f |“f?§ 200,41 @ AIREOduGh S SRt of

| aw conaerend faditing tiehlissussbrataF coum‘eocrtmtuntmr dfeols@ea, @ kdnd erodyemaly bergsed. Gk pe

par At SfcBesteberbfeaf BleSock O, 27y & ih bR ERA HALMBRITRIFHBIN

that th or a at1 ons,
devi2@t i dA&inglydshi GOBFAT HAICOMRORENY BI2. B pn LEEYST eBmeEnit! 3¢ lfe pheerys §?ﬂﬂ°b€@bl=swt°€ he
equat i 0Rkd Waatkl stes of th¥ bibifatthi@g QystemOfoatTG: {chitdl lawYcbBpeiiefitfubs isl &t ioformadéretd O

(12) Yigc —rofot -r i f ot o+r of =ro fot+rzfoto +rO f4to (14) Yea
= rof ot dgrter?f OBera m%?eweé)a ?rgg’b%g%ls—%?%of ot + r2foto + rofcto (16)

where the suBlsign finearizpd fqrrefa@r assumingtthas theye dsesipgle prglina Joint fopafl sombinatioss B pt
"2" 1 ef Qbatb® foRSoRMmAGESallie @hch 2ibxt chNB: R&Eibed By fhY Squgihean be conbined into

a single state-space nodel, - 8 SEP 2004 WD 03/023538 PCT/ US02/ 28872 Xud~
R f A B Sl EAL R3S o an
Yig =rofot + 1 foto +70 f3to (12)
Yic =rofot +nfote +10fcto (13)
Vou =t Sot +1, [oto +70 f4to (14)
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where the subscript “1” refers to the process tool 200, and the subscript “2” refers to the process tool 210.

The entire system can be combined into a single state-space model,

-10-




0
0
0

—h—ho

bi ases (r, and r2),

hypot heti cal -
si mul t aneousl
unlikely to 4
under st andi ng
It is clear,

all runs of

OOOOXadI
000001fc 1 foto

fc kt ( 17)"&2 ‘Pré@gwﬁo °

t
r
£

01000O0T,

i IS

1 fOto
roto 00 O

eOaId
e sane in ut

e in|Prdct?®ch,
he i nppeacti gny b@

r G(rjuct A&nﬁg’g%r E?té)sts&]

roto 0 O
ere the states consist of the adjustnent (
(fA, fB, andfc). This rmdel is of a

and pr oduct bi ases
i tuatip

?f"‘ﬂw th ﬂ
\rfi s

s hu

e
7p

t/ o0l

tt| Ags.

001000r2 000100fA 00 1
1 fOt0 O roto 00 0O fOtO r‘@t%?f?gﬂlro

roto [4 XIQZT/U%).’Z/ZﬁS%ZfA fB
Xa

conbi nati ons run
Al t hough this situation is

ef u? [from t he standpoint of

Aot bl

fferent processing contexts.
duct factor fA is usedl®or

oc gs,i ng tool. The observability

test calcul ateff herel0 0 0 0 1 0| f,

10

15

£ 00000 1] £] LO

L Jk+1

Via 1 fita O 7ty 0 0 ||x,
Vip 1 fite O 0 rty O h
Yie 1 fito O 0 0 nrtll n ’ a8
Va4 1 0 fifo nte 0 0 S
Y 10 fity 0 rty, O I
Y, 10 Sty O 0 rt | fo

where the states consist of the adjustment (x,4), tool biases (r; and r;), and product biases (f, Jf3, and fz). This

k

model is of a hypothetical situation where all product/tool combinations run simultaneously with the same input
settings. Although this situation is unlikely to arise in practice, it is useful from the standpoint of understanding
the interactions between the different processing contexts. It is clear, for instance, that the single product factor
1 is used for all runs of product A, regardless of processing tool.

The observability test calculated here,

- -
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is rank deficient by one, so the system is not observable in its current form. The reason for this situation is that

OO O O O ke e e

<o

-

all runs are confounded by both a product bias and a tool bias. An additional constraint would be needed to
lock down one or the other. One method of adding additional measurements to the system involves the use of
qualification experiments. During these events, standard tests are run on the equipment that can include the
processing of specially prepared “reference” batches. As these tests are standardized across the group of tools,
it is convenient to declare that there is no product-specific bias for these special runs. This means that the tool
bias can be measured directly during the course of the test on a particular tool. When such experiments are not

an option, it is also possible to simply select a reference tool or product that has a (known) nominal bias. The
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tools, 15 it ] ' . ' L C

bi asf or ¢ he i SARHEREGE ol QfREHAL Golihlped BERE nbF B0 BLAGHE) TERTEMML S
di rect | yaudiipné-ng the course of the test on a particular tool. Wen such
experinments gf£,not an option, it is also possible to sinply sel ect2on
reference tool_or product that has a (known) nomi nal bias. The,,;;11 - 8 SEP
2004 WD 03/ 033538 PCT/ US02/ 28872 primary di sadvantage of this %t hod is

t hat it wireryyiloed drdpfeseptthe deyigtiongifom pomjnapremevababeenved dyring nuabificafnegigels 2001.ea

Mmanyh actjjnh B ENh, FQPIBRTy. [fIRtqudiFicfioNSbaiichty aré RARDL Y exahBR sjs@M, thaltiR new
though, is to find a / to make the system observable. The only ways to
do t hi sO&tP‘@e‘i"G‘w&%H“ﬁé%‘&fdé’(ﬂeﬁdis (measur enents), add constraints

(effectively T[);ed}uci 1gny-ye nynber, of ystaggs), or change the formof the
nmodel to soneth ng compfétely dffferent, |5 In the exanpl e above, tool

qual i ficati ongapul jlapfp‘ear Oas Owo 7hew ¢ ag&s descri bed by the follow ng
equations. Yyj Vie [ 20)}1);))(2 pr2o (20) n?e ery, and y2 represent the

devi ations from pom pal .renpval obsgrve urinhg qualification of tools 200
(i.e., 10 1)7Yan{ 21 (|0. e. ,0t°2)r9t0re pecti e’fly I f the qualification(s
experiments ane, addetl t 0 t hir,ex@nplrg, syetienf, t hen the new output equation
for the conbi r}ed sysjemyi s %}OA % B Vi %toY %VzB

y| o 1 0 0 0 0| f
v 0 0 1 0 0 0

NP =S (N

The observability matrix for this new system is

1 fit, 0 nt, 0 0
1 fit, 0 0 rt O
1 fit, 0 0 0 nt
1 0 fit, nt, 0 0
1 0 fit, 0 rt O
1 0 fif, 0 0 nf
6o 1 0 0 0 0
oo 1 0 0o o
O=lo s, 0 ry 0 0
0 fif, 0 0 rt O
0 fit, 0 0 0
0 0 fit, nt, 0 0
0 fto 0 rty, O
0 0 fito 0 0 rg
01 0 0 0 0

0 0 1 0 0 0 @9

15 is full rank, so this system is observable. is full rank, so this system is observable. However, the system here is
still the fictional case where all possible runs can happen simultaneously. In practice, one run happens at a

time. It is necessary to determine the appropriate way to update the model states after each run.
-12-
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0 0 The Qke@lqaddg! ity matrix for this new systemis 1 fot JoPhs7® 0 1
ftoOOrotaggalfotoOOOrota 1 0f0t0Orota 0O 11)8: Otoo/tzo rota 0 1

0OfotO O Orota 01 0000 001000 OfOtOOTrota 00O 0OfoOoto o0 O
rota 0 0 fofSwudrdlythiseyseem Bse@bieDt Gak system Gvhee thg differept Geagurengenty a@ sampled £#0t o 0

0 rota Qfel:lmtq:reguchn& VOlthosugh 9 )Qterg tMSeWJbIIIW Jhgngeiover ténﬁ asdefereﬂthJﬁblﬁ:Rﬁﬂs df24)

15 is fu rank, hi s_syste bservabl e. system
i's obsel“\‘/'%fb‘le’éemsl-%?/@'ﬁ‘éarble Pl%““gif@]t"ér’ﬁ‘ g E?q‘i'“?me"é’ttmughf atf é’fs%r?ﬁlobsﬁ‘%{gbi ‘ﬁ%er e
al | pos sfiellin@ing caaswiserullipasgsiple mesimmbrtsaronads htyveryt imegteact i ce, one run happens

at a? time. L Pésﬁnﬂa@ 9b%§§l§§rt){e éqQan R85V IDE pbstifle ARRTOPIidcRE %imdRYteOnddRdALE t he
nodel states after each run
only a subset of the possible measurements are made at each time step. In such a system, it is necessary to

make state updates whenever new measurements arrive, integrating as much information as possible from the
new measurements into the state estimates. In general, prediction errors (deviations between the measured and
predicted outputs) drive changes to the state estimates. In the illustrated embodiment, the primary case under

10 investigation has a measurement that is affected by more than one state.

Conceptually, such a problem appears impossible to solve, because a single known measurement has to
be used to update more than one unknown state. However, in the illustrated embodiment, the controller 130
uses additional available information to handle to state updates. As described in greater detail below, the
observer component 134 maintains estimates for all the states as well as a measure of the certainty of those

15  estimates and applies a statistical analysis to determine which states are most likely to be the cause of an
observed error in the predicted measurement.

The discussion now focuses on the design of the observer component 134. A major benefit that results
from the understanding of optimal control theory is the realization that the control actions may be separated
from the learning about the system. This general principle enables intuitive possibilities for controller 130

20  tuning. For instance, the response of the control law component 132 can be made more sluggish without
affecting the state estimation routine. The control law component 132 can use the best information about the
state of the system 10 to make whatever decisions it needs. The following discussion focuses on the state
estimation problem. Once this problem is solved, any type of control law may be used to take advantage of the
state estimates.

25 The following discussion addresses the problem of performing state updates when not all
measurements are taken at each time step. In addition to the control of a semiconductor manufacturing line, this
kind of system also applies to a traditional chemical process where some variables are sampled more frequently
than others. For example, a flow meter can be constantly producing flow rate measurements, but the
compositional analysis might only be done every several hours.

30 It is necessary to determine the best guesses of the true values of the system states given only partial
information. The first step is to ensure that the system is observable in the case where all of the possible
measurements are taken at each time step, as described above.

The system states are generally unknown quantities that are affected by noise and disturbances in
addition to the known effects captured in the system model. From the standpoint of analysis, each system state

35  can be treated as a continuous random variable. For convenience in this description, it is assumed that each is

normally distributed around its current estimate with some variance, ol
At the beginning of an estimation procedure, all of the variances are initialized to static values based

on an experimental analysis of the process. The probability density function of each state is then given by

1 _(x-x)
f(x)“mexf)( 5 ol )’ (25)
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resenbles a real systemwhere the different neasurenents are sanpl ed at
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prEthRgEn

illustrated bogi el t primary case under 10 investigation ha
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f or contpdznjopput ¢@ELIA@iIveRY ng. For instance, the response of the control |aw
conponent 13% qaf be made nore sluggish without affecting thejate
estipati on routine. The control |aw conponent 132 can use the best

i nf & mat"'¥f about the state of the system 10 to rmake whatever decisions it
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measur enent's, but the_l conpogi jco_ 2 a I_y)?s' m ght only be done every
sevepal hoursf(x3e satly-Ho da88 the best guesses of (he true
val ues of the syst Stvates Qi veboonly pardi information. The first step

is to ensure _that the systemis observaﬁle ‘IWB t he case v\/r,ler.lff all of the
possi bl e  medStPERYEREEX EpRIng Byodprastrementy, Ruti oply qup jsgbtained, fisSHll pesesinLB408. The
Syst em st@tigiteaAeogimg &rtbd doyatiomslebyeymhegpuedioted vale Sorthaditst measuraricheis gieal bpy noi se
and disturbanges in addition to the known effects captured in the system
nmodel . From t¥& &hdififoi nt of anal ysis, each systemstate 35 can b

treated as a SfdalufiRnSs 5,2 RABEMYADL! A Rlef the fildictoRBYeRRI ence in this _
description, it is assuned that each is normall y distributed around its

cureént estimgteyw ¥h-some variance, 62 At the beginning of an esti@ion

procedure, al oJ the varia a8, are tknirtri %zeq%t 0, st aat' C iﬁl %llesbu})lasced on

B exper i rentf ST SETRNF - F B B aTor Penalep Mot Ttd o SRS FEUPRRNED o

of each bgtémeplished sifme @ lige /Nragliedly the rhdasuyement? 6 exp (2 0.2 (25) -13 - 8 SEP

2004 YVim=a1x;+ azx;, (34)

is contained in the space where the probability density functions for the states are defined. The projection of the

30  joint probability density function onto this line / provides an indication of the probability distribution after
receiving the measurement. The line / may be visualized in Figure 3B as the intersection between the plane, p,
and the probability density function.
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WD 03/ 023538 PCT/ US02/ 28872 where x is the nean and 62 is the variance.
plot of this function is shown in Figure 3A. For an n-vector of rarﬂd&?ﬂlﬂﬂ&
vari abl egyo §diRsg3g0babi ity density is given by f(X)= 1 ~pEprpdez2d872
(x-.2z)TV-1(x-.x) V (2 g)det V where x is the vector of neans and V is the
covariance matrix given by 5 V =E((x-X)(X-x)T). (26) (27) A plot of this
nul ti - di nensiTeRahpufiiRagbcled afueslenmis stags, st e 4, kQrepréents mopsintion I Koghtt@( B35, ). f
there is nothing initially known about t he interdependenci es bet ween t he
st at es, THH&pns 3@86& fargenyerientr as dGRislp oparyling /- e o iSAgFiyed fere & g solufigpdo de i o
est i mat @dlowihperoBxpect ed val ues of all the states are needed, given the
measurenments taken at, a parti,cular tinme 10 step. The procedure w il be
descri bed formm(él‘rﬁn) e"(é’xaPFp] e case and then generalized. For this &8nple,
assunme a system has two states described by x= X11 (28) and an out put
equaski on gi venx,Ba C X, (29) 15 where c=[ a' a2]. (30) b, b2 At @wny
given tine step, 5 22 are the current estimates for the states, while
O and 62 arelfhél er ances associates with those estinmates. Assum ng the
states are |nd39en ent and normal ly distributed around the estinmates, then
t he probabilit¥ldenstty function is given by 1 (xI -2,)2 (x2 -x2)2 29 AX)
4 26, 02 exp4s 243 12 20,22 (31) The output matrix contains two
measur enent s,g but i f.onl v one {5 ohtained, it is still necessary to do a
state update. Acco o'lh {0 the quat| ons above the predicted value for the
first neasurenent is g eﬂebyyA— +a222. (32) If a neasurenent ofyj,,,,
i s obtained fmnf, - %)t Fddi-éffon error is 25 ey, =Y1 -A., (33)38 The
observer conpbftent 134 |§br| utes this error between the states x, and x2.
Thi s,di stribuyti; be. . i ceallnellrrplledbythe
rrea:lur enment , %\}&ﬁ%hecényaupeewlﬁﬁ&g&p%xﬁ?g&iﬁél?}s contained in the space where
t he probabi I i ty densi yaf)yncj;llmons f_@,r the states are defined. The
proj ecti on of2(&heX) 88| ottt proba F‘i’TF)Q density function onto this Ii%e I
provi des an indication of2 t hé pro abili ty distribution after receiving the
measur ement . gkagink the8, krm8PaPe vi sualized in Figure 3B as the intersection
bet ween the plane, p, and the probabl lity density function. -14

x,[m_ g, ah )

2
a, a, a,

Therefore,

A a ax
+ Y G%

1 2 2 24
a. a, a a,’ x, +a aa x
15 X = 2 B B 1y1 1%t 41
1+ a, a2 a, + 02
az
By symmetry,
2 A A
_a X% o) —a)apx, @2)
27 2 2 :
a, + a,
So,
22 A 24 A
_ a, X, +a,y, —a,a,x, a,'X, +a2yi —a,a %
(xl,o ’ xZ,O) - 2 2 ] 2 2 (43)
a, + a, a + a,
20 The line, /, can be parameterized in ¢ by
x,(8) = x5+ at (44)
x, () =x,, —at (45)

Now, the unnormalized integral, 4, of the probability density function along line / may be defined by
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WD 03/023538 - 8 SEP 2004 PCT/ US02/ 28872 To conpute the expecteq3v§#u@@.of
).

t he states,

let (xj,0, x2,0) represent the point on 1 closest to (X,,

Thi's poiag)('?]s%zgg},gsen for convenience as it exists for anydif®23ss77he point
W ;

is deriv ere as the solution to the followng problem5 10 mn(x, - z,
)2 + (x2 - x2 )z xl,x2 a, x, +a2x2 =Y,,,,, If a2 00, then -a,x, +Yi,",
=xz . a2 a2 Substityting i 1p40 uation 35 yields z z ax, yi,n, - x2
mn(x1- x1) =] eﬁ%ﬁLgL%§;+QE§a+%i— "' -x2 -a, 0. a2 a2 &)

G oupi ng the x1 t@érfegjel ds 180X, 1+a?®2 -x1-a, 2' +a, x2-0. a2 a2 a2
Therefore, ay, al x2 + a22 - a2 a22 a2 1 +!2 a2 = a2 zx, + al yl - a, a2

2 a22 a,2 +a2 2 By symmetry, 2A a, x2 +a2y, -a2a,, x2 = a,2 +a2 2 So, 20
(xt,o )x2,0) o= a22'xl +a,y, -a,a2x2 al2x2 +a2yl -aZ2a, z,

10

® 1 x.()-%)  (x,()-%,)>
k= | —— exp[—('() : ) _ &0 22) dr. @47
o ,/4ﬂ 0,0, 207 20,
Then, the expected value of ¢ is given by
le 1 x-%)" _ @O-%)
texp=;-j't . exp[— Ls 12 s 22 | dr, (48)
|~ 4’00, 20, 20,
and the expected values of the states are given by
X =X+ Ol (49)
‘x2 = x2,0 - altexp : (50)

Conceptually, the update will distribute the prediction error between the two states in a way that the

change made to the state estimate is larger for a parameter with more uncertainty (variance). This is because the

expected point on the line / is dominated by the parameter estimate with a “wider” probability density. This is

illustrated graphically in Figure 3B. The plane, p, cutting through the probability density function represents the

information contained in a new measurement that is a function of both x, and x,. The intersection of the plane,

15  p, with the probability density function is the probability distribution given the new information.

The discussion above has a similar goal to a derivation of the discrete Kalman filter. It is desired to

use uncertainty information to obtain better parameter estimates. There are multiple ways the Kalman filter can

be derived. The formulation above treats the measurement information (/) as an absolute while in the Kalman

filter derivation it carries uncertainty just as the state estimates do. Mathematically, the line / acts as a

20  constraint above while in the Kalman filter formulation, it corresponds to a penalized term in an objective

function that is being minimized. The Kalman filter approach to this problem will be outlined in greater detail

herein as it is a much more general approach to the estimation problem.

Consider a system where X is the current vector of state estimates, P is the error covariance matrix for

the state estimates, and y is a vector of measurements described by

25

y=Cx+v, (51

where v represents random measurement error with zero mean and covariance matrix R.

index

30

Given the system described above, the discrete Kalman filter essentially minimizes the performance

J =';'((x_i)TP"(x——i)+(y—CX)TR" (y-Cx)), ?

over x to arrive at the new state estimate vector.

This weighted least squares performance index minimizes the prediction error while penalizing

changes to state estimates where the confidence in the current estimates is high. This is easy to see if the

covariance matrix P is a diagonal matrix consisting only of the variances. A highly confident state estimate will
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a, 2+a22 a, 2+a22 The line, 1, can be paraneterized int by x,(t)=x10+a2t
xﬁ(t) =x20-a,t (35) (36) I(37?< (38]2 (ﬁ9) (40) (41) (42) (43) (44) (45)SENGHL

t he unno ghei Nt egra ,, of the probability density I along
line | rra%@géégefsl ned by - 8 SEP 2004 WO 03/023538 k | expéﬂﬂ%‘hhg&z
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of t ' S ng:hs\ﬂ E‘ne sy arl releile tgie)/(z?f«% (vgllhteﬁ:h)l %w dojeévt hin¥foh 2n SHeorddnce RS JonBfce EXP
= kr 4 expect ues of the states are given by x, =x,0+a2texp
X2 —xzo‘%(elf@iffte Jhydsoprisgesroms ide marxR)( 418) (49) (50) 10 Concept uaIIy,

t he updat e wilib usdfhstbhtbtblﬂﬁt&'héthteetﬁmdehtewﬂ’yﬁma’lldﬁmmtmehb felvg musttlo sp@tigd i n a
vay shaby LB la]%ngssu&?gs Il et 310 BRSPS ith Benlu PEAES 1o g{aegfwmft er

w th nore unceft ai nt varli ance) his’I's because t ol nt ‘on
t he | i néhere i very|Bifle pReereenthip thehéeawsenﬁ#éw?r Yedt F‘ﬁﬁi‘t@“\%ﬂsﬁ t@ Sow'@eﬂpvroaches the
pr obabi |chsE whaemssutta/esm}méssnd p on kHe libkS(of laineﬂieg{eapwhs@éawemdﬂts & igBGataB4. THae

pl ane, obtumz ttlon prgolem csescr gelzi E&al?oﬂx%? g‘attjllble Isotl\'yed {}gca l)y b)}c sléI u(l:gt J?fferreef\lggl %J'st% Qéré the

dJ =dx"P™(x-X) - (Cdx)"R™' (y - Cx). (53)
10 Thus,
0=dx"[P"(x-%)-C"R'(y - Cx)]|. (54)

Since dx can vary arbitrarily, the term in brackets must be zero, and it is possible to solve for the optimal x

algebraically.

0=P'x-P'x-C"R'y+C"R™'Cx (55)

15 0=P'+C"R'C)x-P'x-C"Ry (56)
P'+C™R'C)x=P'x+C"R'y+C"R'x-C"R'X (57)
P'+C"RC)x=(P"'+C"R'C)x+C"R'y-C'R"'Cx (58)
x=X+(P"'+C"™R"'C)"'C"R(y - CX). (59)

In the two-variable case described above,

20 C=[q a,] (60)
and
st

2

Since there is only one measurement, the matrix R is simply the single term R. So for this case

-1

el [T M2t | 2] cm o

2
g,
25 Equation 62 can be further simplified by
-1
oladd +R  aa,
2
o, R R a 1 —
x=x+ - [ '} [—][y—Cx (63)
a,a, o,a,+R| |a | LR
R oIR




information contained in a new nmeasurenent that is a function of both x,
and x2. The intersection of the plane, 15 p, with the probabili tdeErﬁSZUﬂLy
functi ongices E)tﬁ?ssﬁ” obabi ity distribution given the new i i qiyRthen, The

di scussi on above has a simlar goal to a derivation of the discrete Kal man
filter. It is desired to wuse uncertainty information to obtain better
paraneter estimates. There arfe;2@lLtiz pl e MRYS the Kalman filter can be
derived. The fornulatipn above—’t‘f-§at HTéQ_/TTE t information (1) as an
absol ute whilg gn thed Rran | fPefer deri'Vatj é&n fmlﬁ?r_ S uncertai gy | ust
as the state esti s,d:fa%rly{athe&'raztl ca}fby,u{t s as a 20
constraint above while in the KaI—Rrr'an i or mul ation, it corresponds to
a penalized termin an objecthve funct?oh that is bei ng mnimzed. The

Kal man filter approach to thlseg& blemw |l be outlined in greater detail
herein as it is a nmuch nore g approach to the estimation problem

Consi der a system V\hem',%v)? s rrepd vector of state estimates {;

the error 00\7‘a_r?‘ zrlz l:i’ é te estimates, and y is a vel®d
measur ement s descrl‘bé %5 y=,$< v, (51) where v represents random
measurenent error with zero nr;% nd covariance matrix R G ven the system
descri bed above, the discret n f| I ter essentially mnimzes the
performance index J = A (x- x)'FFrUll &x y CX)TR-' (y-&x)), 30 over g t 0
arrive at the new slAte adt ct or " (52) This weighted | east squares

performance i ndex mnimzes t e redl ction error while penalizing changes
to state estiThiareyt %ﬁrens@atﬁsrf@wa@rﬁnm@mfé i the stpfe cippteed thednepsgemeny affest fie gh.
Thissisyppgy to see |f the covari ance matrlx P is a diagonal matrlx
consisting o of t rlac A _hi conf.ident state.e wiII
S08 V0 037 09 e s e 6 S B s S UAGRRLY. R Bols ‘r‘ﬂ:‘g" 50 t he
corres pmdtich@ydieecrbmi verbio®! Hpjely} is e vousarpf measygemenisipbtaidedl, Ci entaing the WWF!IH@)I e
measur ertﬂ%pé@e tﬁé’rﬁeaglﬁ&xﬁht\.{@gameﬁ hay Rak Ghe WGt a0t A8 réabde@.e& bN&asqu:ﬁi@rttd gp in
accordance . with their confidence levels (as determ ned by the variance
terms |H“Stsl‘ﬂéa“ﬁ'hthF‘ﬁteP%)datel‘stg“’?’ébyusefuI to note that when the terms of R are
very.smal | i pt-l VTR t_@g)a good job 5 of explainigyg the
magur enent ;%ngcausget #é Fj} T x;‘%tsern’s)are heavily penalized for Parge
R''. If R is Asdiffelent mebsn@ments ase toign,\thd effedtiveC enddemataden thandePinch te effegtive peprint

vect or Ynatdxr]s M? %orﬁl)éﬁtrtﬁémarﬁ@% %stlmtaiaﬁ(aﬁtp l]érl&e' tﬁ@ef@&ﬂ'& Qﬁ&t}eﬁe@hﬂ?nevﬁa&@h H\'tt@«fd? t he
state estinates end afB %‘ F’g def | ne r%/ geasuge nts
as in E§8%t§ehvaR th"l’f?émnﬁbf?iorﬁ"? § B bsfeBSm B@s@?ﬁr‘ﬁé&’ pﬂ""E‘qU’ 5 B/ can
be sol vehhngm@ilt%hm@ahdgxodegsmgmmdmgest he differential dJ to zero. dJ = dxTP-'
(X 1 Z) - (3 anﬁz vana(uye estuﬁgs are a';?latl-é] Htstwo(d%ﬁ%t Qﬁgsx-g[ ae p((:?c(es&g gﬁand(\yhep() ]

(54) Si nce z can vary arbitrari termin brackets nust be zero, and
it is pesamsment inforgigiop arivesy Tthhépdatﬁtaf %Pm%m*&ﬂg@b? % prediftivg, updgre usigg. thg knowp,
CTRy +CT:Bdel GKthé %}m I5thif case, &}B-modet efcdr R aséi)néd to hive' zets mearGhBRkhown (cb@iance, Fl:he

+CTR- X eEtrgate and V2 Fiancpés_&l gg%r te bRth—pCaTseBthrAug}( %Z)state( t%nsmonqﬁ'lx Qﬁf’rlve z{( new

+CTR-'

estlmates The update at the measurement step (the innovation) takes into account the new information learned
20  from the measurements by solving the problem stated in Equation 52.
The evolution of x in time is given by
X, =Ax, +Bu, +G,w, (68)
where u, is the process input and W, is a random process error with zero mean and covariance matrix Q. As
above, the measurement taken is given by
25 Y. =Cx, +v,, (69)
where v represents random measurement error with zero mean and covariance matrix R.

Any time the process is run, the state estimates and error covariance are updated using the following

equations:

=Ax,,+Bu (70)

new
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x =R+ (P-"+ CTR'C-'" CTR-' (y - CR. (59) In the two-variable C@%EPZ[][JL
descri bed above, 20 C+1 a2 | (60) and (61) O Since there is only on

measur e oz/hbggmatrix Ris sinply the single termR Sq,dﬁsomgsszcase (r
1612][]" " +[al a2l 1a2 R0 0 1 W2] 2 25 Equation 62 can be further
sinplified by cTa;+R al Ral a2 R ala2 o aZ +R R a2 Ra, 1 R[y-C]. a2
111 (62) a' CPe[wY;Aﬁ A'G6@pGlaz -17 - 8 SEP 2004 This result denongfijates
how t he uncertal nties in the state estimtes and t he neasurenent affect the
5 updat e. | nTheseeqyativas yakee te eximgte £r 3 awRine Bere {sihe npigs Bl s Fatsaintaroataipet iai ned,
Y, R amdnceadell AglmlelaGitaiirmnt takef HleaGl dstitited MO efr @ AbNeAShcd/ BE HUARISIsIng BES Y,
is the vector of neasurenents obtained, C contains the rows in C that

gi ve t h&1RE%Eur emrent s obt ai ned, and R, is the covariance matrix for this

reduged set qf rre,asqrér?nﬁnLng—tc) IU‘TIRel(§|_I@§t hon, the state update igpgiven

by 10 X = x +"{P-1 or) (y¥'-C x) . As different
measur enent s Iare:(t[akem(;w;effectl ve C and R nmatrices change. Sincesfhe
ef fective out fAtrix is not constant, the variance estimates (and hence

the effectiv quwgt@nm\ghthgt)thqf@v@pnma@a)éh reflecis theyppgasurement data, and the uncertainty

contained in P decreases. It is useful to note that the measurement update changes the off-diagonal terms in the
error covariance matrix. These terms retain a memory of how states are related to each other based on past

10 measurements.

So after each time step, the error covariance matrix is updated along with the state estimates. In
general, a processing step increases the uncertainty (variance) while an additional measurement decreases the
uncertainty. The fact that different combinations of measurements are made leads to different patterns in the
covariance matrix.

15 Nonlinear systems can be handled by using the matrix of partial derivatives of the model equations
instead of the matrices A, B, and C. In general, the same analysis still applies, and the process model is
linearized around the current operating point at each time step.

In the nonlinear case, the model equations are a more general relation between the current and future

state values.

20 X, =f(x,,u,) (74)
Y, =h(x;) (75)
At a given time step, these equations can be linearized to create the corresponding terms from the
linear model.
EACA
o ox,
A= -al;— a—fz L (76)
ox, O,
M MO
o %]
Ou, Ou,
25 B~ —af:"— éfl L 7N
Ou, Ou,
M MO
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state, even when the controller 130 runs for many tinme steps. The observer
conmponent 134 is constantly changing its gain as the processing ik JtP 2004
changes. whhshise and variance estimtes are updated at tppg,gloshégast tinmes:
at the processing time and when neasurenent information arrives. The

update at the proceSS| ng time is a predictive update using the known nodel

of the system thlg,lrcase, the nodel error is assuned to have zero nean
and known covarl e current state and variance estinmates are both
passed t hrough staéte transition matrix to arrive at new estimtes. The
update at the r@h;anﬁ_T step (the innovation) takes into account kﬂ; new
i nformation &% bm t he neasurenents by solving the proble St at ed

d
in Equation 52. %’e evolution of x in tine is given by Xk+1 = Akxk +BkUk
+GkWK WO 03/ 023538PCTMUSO2{ 28872 0' 2 a2 +Ra, az +0a2Ra2RRa, | - Cx] (64)
x=Xal2al2 +a2a2tRa, aZ2a, a + RazR Ro- 1 2R a :x+a'za2Ra2R- Cx] (65) [ Xy
a.a. t6ZaZ+Ra2 +la; R -C X a'~ x= Z aZaz_a,
+azaz + R (67 ("HS’}‘"%%P%WUR“"E‘@S ‘E‘ﬁése of ﬁ’éé%‘%a“f”hﬂ%ﬂ”t%swn @Kﬁm?%ﬂ%mbe

process ertor wWth ze e, the
measur eNeAt” tAkER" %0"%(?\?1@“ nﬁ%, watgg‘ @gl\é&%%p H% ﬂg?/\??%Hﬁ?hvmlr egg'égrgnita"s ¢ andom

nMeasur ere@kstigate @écuwiaﬁchhezefcatamaranfomaﬁbnccwmadMeembdvmnR magixy Whemi isttime

FLgC gls lt(; %0115{)“{3 settt n& f%{' gtpgru@\ﬁérl rmit fe> b@é}ge %B&wnen? q\ﬁirrrluﬁnfﬁﬁ 1§Jn§fy L[péj @Lt@sdanus I'ng
measurements that apply to the run. Since the objective for the run is to achieve a particular value of the system

output, the controller 130 must calculate the effective output mapping C, for the given context.
Given the correct output mapping and the current state estimates, the control law component 132 can

compute the process inputs and allow the process to proceed. Also at this time, the observer component 134
10 computes estimates for the post-process states X,,, and covariance P,,; using the process model. Using the
effective output matrix, the observer component 134 can also predict the output ¥, E

After the run, the observer component 134 receives a measurement y,,,. The observer component

134 can use the current state and covariance estimates along with the new measurement to minimize Equation

52. This results in new values for X,,, and lA’k +1- As new products or tools 200, 210 are added, their state

15  estimates must be added to the states already being stored and updated.

Due to changing process conditions such as the addition of new products or tools 200, 210, it is
possible for the number of states tracked by the observer component 134 to change. It is beneficial for these
changes to disturb the controller 130 as little as possible. To achieve this minimized disturbance, the
information about the new state is merged into the existing state vector and error covariance matrix. After

20  choosing an appropriate initial guess for the state estimate, a new element is added to the state vector to track
the new state. In addition, a new row and column are added to the error covariance matrix. These new
elements in the covariance matrix can all be initialized with zero except the variance term, which should be set
relatively high to indicate that the new state is not well characterized.

The tuning parameters include the estimated noise properties for the model uncertainty (the G and Q

25  matrices in the system model equations) and measurements (the R matrix). Also, the initial guesses for new
states and state estimate variances must be determined. By choosing a high initial guess for the uncertainty in a
new state estimate, the observer component 134 will be forced to update it preferentially until it more closely
matches the performance of the existing states.

The choice of the R matrix affects how quickly the estimation scheme responds to measurement data.

30  Larger values lead to a more sluggish response. The choices for the G and Q matrices affect how quickly the
relative uncertainties in the different model states increase with processing. These can be used to cause the

estimation scheme to favor updating certain parameters more than others.
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equations: X new = A Xold + B U (70) -18 - 8 SEP 2004 WO 03/023538

PCT/ US02/ 28872 P,,,. w- _AP,,,, AT+GnGT V (71) These equatd &ffs200
update t @3?&2 te for x assuming there is no noise, but, LI'lJ?Iﬁ tainty
contained 1n I'ncreases. Any tinme a nmeasurenent is take gﬁéht%gte

estimates and error covariance are updated using these equations: 5 X new
= X ol d + (Pahdetinl Giifg bfd)evin G4 Rollel fofm-defiend) déaglily) on frodessenanditiofPoTiebre is ho C
R 10 Lperfefit Lmﬁo?é)bu;fJa&aeong%@s& L3P P Cen'sL13E prbIR cBHHoRsS A IR riltanting

refl ect e neasur enent nty contained In
decr eas efthe qxpecied digturbanges lgags tpa fesien fhatperfaras weliady BRESoUTSaSEe C hanges t he
of f - di agonal 14 ek Rfte iehintaigh scRImeQlescEibBddabidNh@e AR itwvd XimesTh@ Sl dasr a8 uhettdhtn a
Tonst e puPe wEAET Flef A h B bPmER S IR R R AR AT hcesdene e
updat ed Talfemtgpnygoirdstly, hie sttezestamation @lwﬁf@smamtﬁms yeomplets| histogy pfraficws $hiehbpve b@p
:j 22; 222 gé)c{sﬁ@m'e'l'[léiﬁ‘grJll%hmn%nefaéﬁ?eﬂdeﬁﬁﬁﬁ)mg\mihkxﬁ 183 baslHdrieht@f 1A ceIMBENE RFBR ith

e

oSt oRBHETSITE IO B e o AP P BPHETERS PIS S Seren iped

mat ri x. edtBelhoinisineressary ®esuenimt bastatb estinaordbreatibassembleniyje infoematiant it feseive infoant i al
derijyat Lyes. Bfocds i HiRGe! equations instead of the matrices A B, and C In
general , the same anal’ysis still applies, and the process nodel i

li neari zed ambRIRdPleHEs B‘tﬁ“\’lémretb‘béF‘é?ﬂk’t’ﬁgpr?fﬁﬁsﬂ% h‘&‘?ryé‘iiéfﬁ SYS{ e CR R TS tqer‘f‘pt“ﬁe
nonl i neaskd @@ﬁ@forkdmpm&ebeig r@(| UIAérn, @hs: aafeesumED hreiveg Sinie simbly irgdr@d innhethistoyeen t he
current 5) At
201 von "B et UL Tkl R e S vl oY Sp T B ol s od
cor r es péerating ghrevgh pagh www@e higtgrnear nodel. L A;z 25 BL MM O of af,

15 Such a method requires very large data storage capacity. However, it is not always necessary to store

all this data to calculate the correct current state estimates. In a system with 100% metrology (all variables
measured for every run), the results from all of the runs will eventually be measured. If a record for the run is
created at the processing step, it can be updated with the measurement data when the information becomes
available.

20 All of the complete (process and metrology data available) records starting from the beginning of the
history table and continuing until the first unmeasured run can be collapsed into the running “initial guesses™ for
the table. This is accomplished by performing both the prediction update and measurement update for each
record. Nothing can be processed without making a processing record, so there is no chance of acquiring a
measurement that does not correspond to a process event still in the table. This reduces the history table down

25  to only the period of time where there are still measurements missing.

In the case where the operating constraints do not allow every run to be measured, it is necessary to
define an expiration time. Runs older than the expiration time that have not yet been measured are discarded
with the assumption that they will never be measured. This allows the standard collapsing described above to
go on even in the case of incomplete metrology. An unmeasured process run only has the predictive update

30  done when it is collapsed.

The adjustments described above allow the controller to treat the measurement data as a continuous
stream even though the data can really arrive late and sometimes not at all. The following example shows how
the controller for a multiple tool and product process would handle a typical situation. In this case, it is
assumed that the tool and product names are sufficient to determine which model states are affected in each run.

35  Table I illustrates a list of process events for this case.

40
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aul au2 aft aft aul au2 L1 L MMO (76) (77) WD 03/023538 ate, ate, L
axl axe ak ak L aXl 3x2 MM O - 8 SEP 2004 PCT/US02/28872 (78) Thej SEP 2004
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covariance matri Xx. = i conptte ! r a particul ar
A P 'trbl QG P
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134 eneficia hese changes to disturb
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Cor m - WAIBHBHS ronSbBe St oyl B AtPyhiet def RekmSE 5 aaat Triiaidf o
i's not weklallghvaavent inforingtivg so THakthe mmprh@e bawam@r@nannmdm;éhet lnfen@g@ﬁ peaanies]
noi se pLEREL IESrmb@h 1std?e%dr§9£&howaﬁernntaddatmﬁg&mgeﬁ and Q 25 matrices in the

system nodel equations) and neas ts trix). Also, the initial
B e e b e

guesses for new states and stat es nust be determ ned. By

pplly t

choosing a high i nl’LIEIVéht IDgUBS IDQDebckiftiodNCer t al Nf Yontrhlled Actibe st ate esti mate,
;[ Pemo)Pze(r:?/ggelc)o/npo ﬂntl 134 -144 %n%%{i&?goé”f’\oof"? jg}%é.:ct:sjgate?r efferentially until

2 2 Run Product A on Tool 2 | Predict States

3 3 Run Product B on Tool 2 | Predict States

4 2 Measure Update States

5 1 Measure Update States

6 4 Run Product B on Tool 1 | Predict States

7 4 Measure Update States

15
Let x° denote the set of state and uncertainty estimates before any stored events are included. Then x*
can be calculated by starting at x° and iterating over the stored events, applying the necessary updates.
For the first event in Table 2, there is no dependence on other information. Therefore, the state
estimates can be predicted, and x° can be updated. In this case x* is equal to x’, and the event data are
20 discarded.
The next three events (2-4) in Table 2 are incomplete because the measurement steps for earlier

batches have been skipped. In this case, x° remains constant, and the data for the three events are added to an
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may be used to construct a probability density function for the predicted output using Equation 26.

v

Confidence intervals calculated for the predicted measurements can then be compared to specified

operating limits to determine the processing and sampling requirements necessary to stay within the operating
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three events are ad
assumption is made that the bias consnsts of a component from the processing tool as well one from the product

being run.

25 In terms of the simulation, product refers not only to distinct products, but to the general class of
features that make one run on a tool different from another. In other words, each product/layer combination in a
real environment would be a different “product” in this simulation.

The process model for a particular tool and product can be written
y=x, +pr +u, €))
30  where y is the output, X, and X p, 2TE the tool and product biases, and u is the chosen process input. The target
is a particular value of y. For most of the simulations, a value of zero is chosen as the target. A further

assumption is that tool qualification events are available and capable of measuring x, directly for every tool i.

This assumption of qualification events results in the system being observable.
A traditional discrete time state space model is used, including the terms for process and metrology

35 noise,
X = Ay + B +Gw,, (80)
Yi =Cixy + V. (81
So, for a system with m tools and » products, a state vector is constructed as
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Product B on TodlO |®r&dilet 1§ at es 74MeasureUpdate States Based on the

anal %()SI %vh%(g}}/%fs thg?aq;lhhegkoq gx?dgbg‘od'u& &r%ete%?a?&srﬁﬂlmau%w e brgceg Jpﬂﬂ?&%@m‘é@f i abl e

equal to a function o the states. "Thus, I's possible to
define éﬁB¥@ﬁhth?FVC@%ﬁ%ﬁfy+ﬁthWﬂUﬁeﬁ6¥@Fﬁéy predlcted values of the
vect or of ne ts. i X has an error covariance matrix P, and the
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construct a probability density functidon for the predi cted output using
Equation 26. Confidence intervals calculated for the predicted neasurenents
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controller 130 itself uses, but for ease of illustration, this capability is not used in these initial simulations.

In these initial tests, a plant with ten tools and ten different products is used. Each tool and product is

assigned a unique bias, so there are twenty bias states in the model. In addition, each bias is assigned its own

15

disturbance properties including noise and drift. The noise in each state is roughly an order of magnitude

smaller than the average difference between the values of different states. A similar amount of noise is added to

each measurement taken. A nominally stationary process is chosen to highlight the state estimation. As the

states are not normally moving, the effects of disturbances are easier to visualize.
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are con S
control law, the deviation of the output from the target shows the error in the state estimates used.

15 The design of the observer component 134 contains many adjustable parameters that can be used for
tuning. As described above, these parameters deal with the assumed noise properties of the system under study.
In these simulations, a number of assumptions are made. First, all of the measurements are assumed to be
equally reliable, so the variance estimate contained in the R,y matrix is always the same. In a real
manufacturing facility, maintenance information from measurement tools and information about certain

20  products may provide different values. The other assumptions deal with the process noise. The noise terms in
the process model are constant throughout the simulation. The G and Q matrices are set so that the noises
affecting the different states are not related, and tool states are noisier than product states. Again, in a real
application, offine analysis must be used to determine these values. According to the model, the noise affects
all the states, even the ones corresponding to tools and products that are not active for the current run.

25 These noise estimates are part of the model and are not related to the actual noise inserted into the
simulations as they run. It is possible to manipulate the estimates to achieve different results. For example, if
the observer is too sluggish, the process noise terms can be set higher. Since the parameters would then have
more uncertainty, the observer component 134 would make larger adjustments to the state estimates.

The first test for the controller 130 is to start with no information about the states of the system to be

30  sure that it is able to bring the system under control. The real states contain noise and slight amounts of drift.
Figure 4 illustrates a plot of the output when the controller 130 is placed on a process with 10 tools and 10
products. The controller 130 has no prior information about the values of the states, and it is able to learn them
quickly and bring the process under control.

The controller is initialized with all of its state estimates at zero. There is also an initial covariance

35 matrix. Here, a diagonal matrix is used as the starting point with values chosen to represent the initial
uncertainty in each of the states. Because product to product differences can be more dramatic that tool
differences, the initial variance for the product states is set higher than that for tool states.

As shown in Figure 4, the controller 130 negates the majority of the error after about 25 runs, and the
controller 130 runs at a steady operating state after that. The steady noise level in the output is approximately

40  equal to the magnitude of the noise being inserted into the process states by the simulation driver 136. The
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40  Intuitively, this will demonstrate whether the observed error was due to a tool issue or a product issue. Because
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35  processing step. This is a result of a number of factors. First, measuring wafers from a batch after a particular
processing operation increases the time those wafers will be in the plant. The need for accurate characterization
must be balanced with the need to move material through the line as quickly as possible. Only as much material
as is needed to build a representative sample is measured. Also, the number of measurements that are to be
taken in a given period of time determines the number of metrology tools that must be present in the plant. As

40  the tools are normally very expensive, this is also a limiting constraint.
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of performance function lends itself to the problem. In general, the devices being manufactured have tolerances
for most of the inline targets. As long as the measured value is reasonably close to the target value, the device
will function properly. Within the tolerance region, there is very little noticeable difference in the final output
35  characteristics of the device. However, there is a very steep drop-off past which the device simply will not
work. An example of this is in the alignment of process layers to make electrical contact. It is possible to have
a performance function that mimics this behavior by treating all data points within the tolerance region as good
and all points outside as bad. This kind of performance metric is very well matched to an observation scheme
involving persistent excitation because the excitation can induce leamning while staying safely inside the

40  tolerance region.
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for the manufacturing system 10. In discrete parts manufacture, it is unperatlve that each batch be on target,
and intentional perturbations of the process are discouraged. In addition, it is common to assume a process

25  model where the process inputs for one run do not affect any subsequent runs. Therefore, it is beneficial to look
at the identification problem in another way. In this technique, nontraditional manipulated variables are shown
to affect the process in a similar way to standard persistent excitation.

The previous section illustrated that having the right information at the right time is important. Each of
the cases had the same number of data points, but the results were very different. Clearly it is useful to be able

30  to define what is meant by the right data to extrapolate these findings to more useful situations.

This section attempts to find some ways to quantify the idea of having the right information at the right
time. For instance, it is intuitive that all appropriate information should be available before attempting to run an
important product through a process. However, to apply the theory consistently and objectively, it is helpful to
know what information is important as well as how it is to be used. as described in greater detail below, a

35  mathematical objective function is created that concisely expresses the expected value of the output in terms of
the decisions to be made. By comparing the value of an appropriately crafted objective function for different
choices of actions, it is possible to reach a solution that satisfies the needs described above.

The covariance matrix that is available when using a Kalman estimation scheme can provide valuable
insight. The diagonal elements of this matrix measure the current amount of uncertainty in their corresponding

40  state estimates, The evolution of the covariance is completely determined by the processing order and chosen
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However, since there is no information about x,, its uncertainty grows rapidly. It is important to note

that the point on the chart with the lowest total uncertainty is the run immediately after the halfway point. Here,
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The value of information depends heavily on the properties of the system under consideration. In a completely

static system without disturbances, new information is not as crucial. Once the system properties are

30  determined, any new data just serves as a confirmation. However, in a dynamic system with potential

disturbances, fresh information is always needed. When more about the system is known, disturbances can be
identified more readily.

The error covariance matrix is a useful and convenient indicator of the need for more information.

Proper initial process characterization leads to accurate estimates of the amount of noise in the system, and the

35 evolution of the covariance matrix captures those estimates. The evolution of the covariance matrix does not
-38-




= (94) k+l 10" 1 x2 k X1 ['1 _ 10 1IXI (95 VY12 k 1 1 X2k Thi_3 %sz(rgﬁm
can be thought of as describing a sinple process where x, is a nmeas

t ool St%dﬁ’f&%&s@s X2 is a product paraneter that has no q.y;g«h}s@m@ﬂl rect
measurenent. [n any case, it is inportant to be able to entify bot
paranmeters as well as possible, and a direct neasurenent is only avai I abl e
f or onedepéndidnetmval@@ of the @asshredata dong olith Sisystymaeist ehgragérizatiombhil intaghesmodsin

equal NYAPRE o als chBBEbEUR rIRASHERTER: e 8vEridhdlefatix, | N each new simul ati on,
t he measurenment order is varied to determne its effect on the error

covari ance. Averypagsing bi heagyrensaicraent a6 e stals etimate Py #d dheesayaripngs mitdx Bdedl as
the st akxﬁ)\aﬁ%& e Aace\iubt bf labonRIQlemEnt REP, \b?d'vldéd'&@easu@esclf h%&&tﬁﬁm&h%ﬁlhdﬂ@lﬂi

uni t g vari ance t1§r ns for bot h?%é t0e§ s& {? ;[ edmlf or t}rlaeatrace offthe he
cases. ° yf'e 8%‘?‘?% THENS IFARETTYC FEPDICA G HET AR FBP ™ e ™t We° freasUrenent s
ar e descavalireck ripyrixtblyshahgihg thevitaigesoupiat it@m\sw POSSIbIE Wilodklat prodgssik desfsionsg} ten®pf x  k

[y2 ]k Hovghg)}%frct[hltr;‘]w{pG) (97) In the first sinulation, shown in Figure 25
all of the y2 neasurenents are performed first. Becaus nment is

oot ed by B RS eEEo A PRAPES (OGmTG PRI T5n Fab S PTTRENT BT 0
val ues Ebﬂatetthehesﬁfarﬁrﬁﬁqn duliey. Raiee rhafoadsingof tipablhustoategodessGrttms,aschss eaie | v

thr ?thngpfsg lh{s%écbl*aﬂo&ks%t %bﬁ @LMSE%L Offe ,A,pacttdﬁméggggadé?w moltsg&nxn ar80

measur e i nce irect heasurement of x,, the
uncertaifmsyg%%éi%ﬁf@@sm@hmfm“on %‘éﬁbb a'eﬂmfbwg;erﬂr ops. However, since there
is no infor ”Bkﬂp@frbuﬁbﬁlﬁham%ectw&& a@ﬁﬁ&fnﬁt&toﬂhynugibﬁm fhcA by 1 kit wdrking Soductpare t ant

: ﬁ en?bﬁ ?t%}ﬁegzﬁstq?%flg PcEsselgle f mmhcqrx;}agc;[st V\'lttlsh%(%ss ?_ieo i en%%’ s?vé[raef gp%%g‘erﬁ%‘gi% I's
03/ 02358igechTF a8 Fsedminthehiticaly- §‘Me cemmprrﬁbmtwawwm@brwé beld¥e true val ue

%4 i's providedyande s ﬁ)qy(q,rld,,g,%gl ready contains the information
about how x1 and x2 are reFate In the second sinulation, shown in Figure

26, all of the ylwﬁagwéﬁ%rﬂwa*afﬂaé* done first. The results are simlar to

the previous CaaseMMﬂizmea)ﬁ:hqua&db@iaﬂgxmasmaelgetsx he uncertainty in the
estimate of x1 st nbs rapidly. Wile y2 is

bei ng neasured,® mﬂﬁa\g’F P‘ﬁ'?bﬁ't%;ng oﬁﬁfrﬁp‘@’éf”f’?rﬁ?% rises. Again, the point
with the | ovvésmtwtem alis ebmiowr tha jaritage-ofE magt be hedesamiongshibese objecfikiesn e\t epe Héme one

measyr egrph ekﬁerlmgdt@&ulh%g% befon%aéhq;a@i\ of ﬁrn{aﬁhaﬂtlypr&ﬁﬁéd AV eRE uhiCopBth@y ssint i |
a conpl enent ary neasurenent is taken. |Ilustrated in
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i dentityeryhgkleysk, the observability test matrix for this sinple systemis
gi vemn by O=[ @ jumberlof prodessing @Bi}iofstavet Aui effecs W6 the iaformaticaniailable ® d Sat¢ etuitiond,

and t hi Slgmﬁnﬁ I X fewakey %gcks% ] arct,1 &tscn%gdm%;e aﬁ)hé]&/ith J_p YWY & how tfxey%b&lé]@eropm?%qg ggent
in the state estimation. One apparent decision is which batches to measure. In many run-to-run control
applications, it is not practical to measure all the parameters important to control on every batch. Taking
measurements uses possible manufacturing time, and in some cases, additional materials (such as pilot wafers)
30  arerequired as well. For these reasons, a run-to-run controller in an industrial setting may have a reduced set of
process measurements with which to work. Clearly it is beneficial to choose the set of measurements that
provide the most information about the process, and an overall cost minimization would be appropriate.
Typically, rule-based methods are used to select sampling plans. In these methods, a series of criteria
are checked to determine if a given batch will be measured. For example, it might be specified to measure the
35 first batch that runs on each tool after each maintenance event, all batches of a particular product, and every
third batch not covered by the earlier rules.
While these plans are easy to implement, it is difficult to understand how they really affect the process.
The methods described herein are based on objective functions. An objective function is defined that can be

used to compare one plan to another and make a judgment about which is better.
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i S possiistpresented thgtmidiessésythetchmbigations titat appeaj mfpmptnaltuseon in a set of data. I t is

clegp that thg éilgiaén' ;Ir%es%g Ha&hwfamfc&mh mralagsﬁg B, lt&reqema&@&aait ¥n BRRGAIAL €
fromthe quantity o

e val ue {;na&‘l on [1 hheaw If? on the
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confir n@{;e%pgf,sﬁ_ﬁé %a%lfrg'g enf srghaér%’lgce smystee%g%fm&t h plot entl al ¢ di sgt%ur beail?lcless
fresh i afsenedde band lengh 4 ways needed Wien nore about the systemis known,
di stigr bances aatolfof binel ﬂirlaf)lbﬁddeﬂ‘ﬁﬁ’dﬁmﬂ&adleleylent T Rereeponding t6 OncahtElain Ge quent.r i X
I S a US?f %I’Ills Vv r10!' g?rrh\éz?ngltl%%atcﬁ qul b%an'% regfw 116% qge%r% II \Qﬁl nme%éa&tegr W&! Q%}p
Proper ihitial pfoless char acteri za to accurate estinmates of the
amount choigof the vchr b1l psgesss englel ean de vsqeto eesveéhmpwweﬁmmx veiehesHig predifion

matrix %%H{aﬁiﬁg infQSRuit il in &é‘sm IRBhEYSerhéRenthtst he covariance matrix
does not P 20 023538 P / S02/ 28872 deIpeApd on the val ues

of the neasurlé'd] %{ff e aRFrg%’@a'\?ﬁ ‘P% X frierms %3 PAHICYIAT cQvariabpematix s A SR g Ry ke ¢
i nt @0t hevonid iethe tracef ly Theeury ofkbe dizgah! dhtmncen the ertoheovariapes inatskvis it egobinfaglss oft he

covari a%ean{mﬁtr& )ﬁnceg%ﬁﬁ Yn 1BE Qﬁ‘ﬁ&ﬁ} Qﬁm%s m&@@f% vav& QBrre@;foil@ﬁ:é ® gahiguigt at e
estimate x and the covarjance matr own way. The trace (sum of

di ago naIPa'é‘Pﬁ?fé?PP@) e yristd "H’r“'o?fll%a"é[y H‘?S%fg‘lﬁ‘tag”“@fy PHE ¥ ot al ampunt of
uncertainty It ) tefetoshesing oes bl ¢ s infiegvidption hvean oftualue obbe pefatmians
routines, u@LEa‘?chIed L&gednnf}hm&fe vécmaut TRAEIObE thidsh 6& 1Je%ncﬁ&vd@§én@srb9%em&dré(ofby

changi ng tate estimates. i s now possible to | ook roc ssml%

deci |or‘i‘7§ yngerly g gstegmodlARd f‘ﬁé‘%i’s%’?ﬂalé‘&*t"ftﬂ}?é“’l“r paEAEnelsEs: elmﬂﬁé‘mf’

sect i on ven& i e sovai®R nta X bMe fiOBEeGSimiariod &Gbisddpdiferdnt emits hay tpebtmpeicﬂhwe of
how they  .relate to.the infao t han focusing on

t ypi cal mtul rllvetbgca};slﬁ ﬁt db&erent times, clr tﬁ%&! rgeQSugeldl%Ltkgryisn glégt%{kgged 10 setpoints, this
section I ook Now arm@rnazlaqlontnr@mscam g‘sﬁeé‘laﬁ‘ to Tdsusify Hhparoper SreafeBEns shtgpapicddr and
t ool sel;@@hdeom c %Ed%tes th@‘ﬁﬁiﬁgef gma@ﬁts frOthe §uB@ that @ffe faBide8 tadtid ricBiret Hhed Itineerblio®ing

avai | abl e abo e ste |y put, the final objective of a

semi 8ond’&‘@f’8}5 ﬁ’Pi’“ﬁ‘ e'?ag&rqﬂ?’l ty is that working products are obtained
as quickly asmgp h)bl e at mninumcost. It is possible to identify geyeral
(possibly confdi’dting) objectives that can be expressed mat hematically.
Some conmon obpj ectives are sunmarized below. 15 Maxim ze throughput
(mnimze ti nﬁ?t,éc

(100)
u, €{0,1}.
35 (101)

The vector u that solves the optimization problem minimizes the uncertainty in the parameter estimates

while satisfying the constraint on the maximum number of measurements.
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M nim ze use of raw materials. M nimze mean-squared devi ation frgméépn []bLne
targets. . Mnimze the nunber of gross outliers frominline target
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t hese pldefived @Ki@er@is the popér iplice wEthe input vectosu.di ffi cult to under stand how t hey
real ly affect tje rocess. The methods descri bed herein are based on

obj ective furfBf An objective function is defined that can be wused to
conpare one Q{O n to another and nake a j udgnment about which is better. -39
WO 03/ 023538 SEP 2004 PCT/US02/ 28872 Another inportant decision is the
proggssi ng orde gollt sekf .x}ln a processing environnent with uncertainties
and subj ect téd distur ban es, changing the order of processing (and
measuring) cli@@pges the information avail abl e when each batch is processed.
The allocation of material to run on different processing toolg.has a

| arge effect i % HE* r’ﬁformation available. This effect is desc§ Bed in nore

detail bel OWgeb, gae(ﬁhetQ)ff nfafds & m@déﬁbﬂoﬁlﬁted&ﬁd ﬁﬁs@&ﬁseﬁ&é’ﬂ ﬁﬁprﬁdﬂﬁlnﬁZEduﬂamy terns
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first analyze each these process fgem sions indivi q@lﬁ‘ ‘?/ fﬂ
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appear iofhefs)ibfidkesGalse figea bdkaesEperspacngct tv @i npreines itgerpika profico oh toals waicaere on
and pr ocs @ :.Fﬁnfjs?aﬁe)l fo ﬁ& £ 1s a constraint on the total nunber of

measur engn If' neasurenents to take can be chosen freely as

| ongdas t hey Feot ansudymf mon oRSing df inPossiplp toylepp gbauk & yRnoymtao! by rynnigg at“ﬁé

mat er i a!chz@écfeh@ﬂ pRGicNgh thé REIE THMErsElY, riding b AGY produbtion @rta daSechdatadddved adighqueue
O DS L TE RSt e E e B SR e RO, o ponlar 2

sel ecti assurne ector u of
bi nary walesnednd abctivelydef i ned, with each el enent u; corresponding to one

batch in the THi %H@lem cannot be examined without considering the implications on total plant throughput. Tool
35 scheduling decisions are traditionally made with the objective of minimizing time. In this test study, throughput
concerns will be handled with a simple constraint, but in general this is just another part of a larger optimization

problem. In fact, other researchers have investigated the use of the model predictive control formulation to

optimize throughput and inventory.




In this vector, a | neans the batch will be neasured, while a 0 neans it
will not be neasured. For a given choice of the vector u, the prog&sh 00}
nodel ﬁ}) to evol ve the covariance matri x over t

pr edi ct?@ (ﬁ(]ogfsﬁgon taking into account all the processi %SC §E§3 t%e chosen
measurenents. Let J(P) define a performance index in ternms of a particul ar
covari ance Nk mithe p%vmemex,emw i€d gheiervd @ batch2Ovaivig kodhubi aploeest ar@c EohchPatcihe

?rgg]SS: e{‘hgg Ogl{cﬁ‘g Q)?fvn an nepédgtem%e& \Dl?eth%nr Jrggt tl%%\ét@l{ W’BSS{FJ@EJ Ilﬁhé rggocgsmgé)ggls
Al t er natreainpereds ﬁl@m vlal°u’e§h€‘ecﬁ V‘@@pan‘ﬁy ipfeget dafﬁhlﬁ% F@Lﬁea*ﬁneﬁa?'vé‘?ré%"b relmeii d be
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to the u‘%prwmer all time steps in the predl ction horizon of the val ue of
the i ndex cal cul ated based on the input vector u. The val ue of
this Ob] ect i veaif aperfornmncedeior @S cao e tdfioedsin terres of e @artiular peyarianes mesdk | Fpr thg
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on the current values in the covariance F‘ﬁtrlx at the time the optim zation
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t he probiemnak pRpatioidbf s inpt fecfor g.U) (99) U It Fur <_ C 1_1 (100)

u, E{0,1}. 35 (101) The vector u that solves the opti m zati on probl em
mnimzes thémurf&@r)tal nty in the paraneter estimtes while satisfying the
constraint on the maxi num nunber of neasurements. -40 - 8 SEP 2004 WO

03/ 023538 PCfP6)s02/ 28872 For a gi ven processing and sanpling plan, there is
somg, fl exi bi IJE |n ti[a rder in which material is processed. There is a
queue of mat e|‘| |r<€3 to be processed in the area, and batches nay be
sel ected fromosy he gueue in any order, as long as certain constraints are
met. As ShOWI? {ﬂr% t19 uﬁlvxxs shotx"ﬁ thg{]&lé?g is(f‘r%Ye"jt%)I é@%&mﬂ%&hﬁ the aﬁomhhdag%ﬁﬂg@m
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vari abl etatigg caepfismeatsl the upgertdintebastdl sereeqthmlomby R!’Q)’M"@sm@ﬁ‘!}i @1@ refighlegfieanb2ftneW i n

the queygomhdnt hi s vector, the vaI ue u of each elenent i denot es the time
step when the batch will run. reason
constrai ned t18° PBHPUSiSHMRIY peenasioy ’f’Y?e"eii ﬁ'toeeés $§’S'ﬂ'gt%§‘ﬁ“ e&ecg‘d’ g Sta[zun ?arameter

per f _or mestieetionn déhile 24dR)of tha mituatonel fwortk dudyimetie ityrewrofishly Hpme@llpmslwapﬂ ol thesnce

s X ETu %Ege I:oqglderéduﬁnuﬂwe lﬁe%eq{)llm(aﬁbﬂ@goxltéa@eﬁés%%ﬁ|m Ohpleensidelpfant r ace
dt reasonabl e choi ce, although the weighting could be

adj ust e(ﬁ"rt"@rﬁﬁ% calsption dpaABEtE eEIMEiMe | nportant than ot hers. Let fn(u)
refer to the pswrpremﬂﬁarﬁlstbp, tifl \eirss dapSistared ttive ppradigddcisionsharch 20schallitghadval ue

f th f t o
gbov ee Qﬁﬂéph\?%rrglrb% d% l% g'b%%(edfgtjtﬁ;e%*a% eﬁgnag agée&rlgﬁ EQ un!ién' %lt tle?egstera i béo‘s

"'ue O Ive tunction
of simulation runs are shown usmg the optimization problems descrlbed above ln each of these test scenarios,

30  the plant and state estimation algorithm are initialized in the same way. A different processing decision is
investigated in each one.

To limit the number of possible solutions and allow the cases to be easily understood, a system with
three process tools and three products is specified by the simulation driver 136. As in earlier situations, the
assumption is made that the only important sources of variation are the differences between the products and

35  tools. Random noise and a slight drift are added to the states during the simulations. In each scenario, the
controller 130 begins with no knowledge of the system states and runs for 200 time steps to completely settle.
The next 20 runs are the subject of the test. All the tests use the same set of runs as the base case. Table 7

shows the base configuration used in all the scenarios.
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system nodel and the initial values in the P matrix. As in the casq ﬁ
an optim zation problenlcan be defined to determ ne the proper ch0|ce 0

t he |npuﬁ, VO%R’%%B mn f"(u) U (102) 20 u. EJO 1, 2pHusosrss7d 103)

u, #uj (i~ 4) For a given set of material to process, appropriate
tools must be selected for processing. Naturally, constraints exist
because of capacity and t hTableghiRrecess DademBsse QagptapSpmmagy t hi n t he boundari es
of the 25 constraints, it is poT§§ﬁﬂﬁm oraglcEFt certain material for
certain tools to gain nore knowledge about .Ee system There are a nunber
of heuristics that can be expregséd|gtven the| framework of tracking
paraneter uncertainty in ternsob—¢r{ferest—products and tools. Gven the
fact that sonme paraneters will Havelhi gher cohfi dence than others, it
makes sense from a busi ness perspécii%e to?ruh nore inportant or critical
products on tools with nore relfiablerof carrent state information. 30 From
an identification viewoint, it Hs 3e§sib'eIL3 | ear n about an unknown t ool
by running a well characterized Br)duct %ﬁ”t1e tool. Conversely, running a
new product on a tool that is unfdérstdod weth|a high degree of confidence
can help to | earn about the newprottugtTauyck|ly. This section will attenpt
to define these rules nore objegctively| This]problemcannot be exam ned

wi t hout considering the inplicatli éns bdn|tofal|pl ant throughput. Tool 35
schedul i ng decisions are traditijopalTy deé Wth the objective of
mnimzing tinme. In this test study(thiou it  concerns wi || be handl ed
wth a sinple constraint, but ir e1e?al this]is just another part of a

| arger optim zation problem 1 flagt3 oth&r [esearchers have investigated
the use of the nodel predictive fegrtrotrfoegnuation to optimnze throughput
and inventory. -41 - 8 SEP 2004 | WO Ogl 23538] PCT/ US02/ 28872 As in the
previ ous cases, there is a queud Bf |n2batches{waiting to run in a process
area. For each batch the produqtiz$ gKnownz apd it is predeterm ned whet her
or not the batch will be neasurgqd_—tf the professing tools are nunbered
from1l to k, then a vector u of iﬁt gé vaFia)Ies can be defined, with each
el ement u; corresponding to ong atch iin 2helqueue. In this vector, the
val ue u, of each elenent i denotlegthe—took—where the 5 batch will run
Again a performance index J(P) dan be defined]in terns of a particular
covariance matrix P. For the c4ds8 Qf3d¢teﬂni1ing whi ch process tools to
run, the trace of P can again bgpsed; gqndzas| before the weighting could
be adjusted to make sone paranetﬂqf ppre-ippoftant than others. . Letfn(u)
refer to the sumover all tinme qteps Fn the pfediction horizon of the val ue
of the performranesset dfQestsrida@xwitiathoobingtae dpthas edipling tldve Tha pbjtctiveedttior tew is tAgai n,
the val yg. of wl NGs PRESIL U8 ol BE AR AT AP, Yhahfife SUFAEM niffiE afidt 4 Ne

initial “va e ca ove, an optim zatjon
pr obl ema@amplbhﬁdéévﬁlﬁsé*& objectiveiipgsioplefipedimEnupion b@rané hostogiatet °°t‘51‘fé‘“‘F npakatiPRct or

u. nsn for fbldbjeckive(fdfdfon is a nonlinear, iterative process. Once an input vector u is chosen, the process model

[<]

oy

can be used to evolve the covariance matrix forward through time.

For this problem, the constraints (Equations 103 and 104) completely define the feasible solution
space. Essentially, c measurements must be chosen out of the possible . Since the processing order is fixed,
the order in which the measurements are selected does not matter as long as they are all selected before

10 processing begins. This means that the number of feasible candidate schedules that may be defined is given by
n!

(n—c)lc!

(107)

For a total of 20 runs this optimization problem can be solved by an exhaustive search of the feasible
domain. Table 8 below summarizes the results of the tests for several different values of c.

15
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15 u, E{0,1,2,K k} (106) 1In this section, it was shown that there is nore
to state estimation than the anount of data obtained. Methods were-§ SEP 200k
descri be Q,Ot(f}%rm%gtenpt to quantify the anmount of i nformatdQiydoRgrset of
data. These nethods can be used to nake processing decisions that wll

| ead to nore information being available for state estimation. 20 The

fol I owi ng di scussion un| fi d@ablt:&e§lenmzms'tfshxewns@emmatlefsﬁﬁtmt o a coherent

strat egy for aCCIU| " M Hrt-s—strat oY bUIIpI @
uncertai nty-based s'f gstl mation by providing d s eaden reliable
stream of new i nflot meﬁtl on. The previous sanpl e dcena?®os i hvol ved process
deci sions and theifrsgffgcts—on stateand—paranmetgr g mat|{ on. Wiil e each
of the situations [islworth studying in its own rilght in a feal production
facility they 25 [idt>&® be considered sinultarfeousi®. The fol I owing

- di scussi on addr esges tﬂ,ﬁe sneed Tor a conprenensivg plaérg Tor|information

col l ection and parja ef °°f- mr=3tl on—As—a—-prel-+m AaFy=Step; it is first
denonstrat ed t hat p?cceésl ng 2Eci si ons, such as gcheduling pnd sanpli ng,
can be nmde using [t &g méédblwﬂltlhé‘istate estimatijon a#&orit hm as a gui de.
For this reason, TtMibETs 6 §iosiimal At i runs—arg—shoyggusing the

optim zation probl-e descrl’bed aboveé. |n _each ofl these tes} scenarios, 30
the plant and st at|d®dsh 2iet P-Sn7-&1 bk it hinlhre 108t al i ¥2d i n|the sane way. A
different processifm@|q@pi Sion 15 1nvestigated ir eacgysone. |To limt the
nunber of possi bl L utions—and-allow the casesito-—be-sasidy understood, a
systemwith three process tools and three products is specified by the

si mul ati on drSeweent reduB6are Asnediatelg aprateatrfrogi thasartinso st of dllerun 4 gbarng uabification mmde
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This is more clearly illustrated in Figure 28. This suggests that a practical use of this algorithm would be

identifying measurements that do not provide enough new information to justify their costs in time and
resources.
The second set of tests deals with choosing the order of processing. Here, the runs to be measured are

15  predetermined, but the processing order can be arbitrarily arranged within the given queue of batches. Again,
the objective is to minimize the uncertainty in the parameter estimates. The constraints in Equations 103 and
104 define a set of feasible solutions. The order is determined by selecting one batch at a time from the queue
until all runs have been completed. Because this problem has n! possible solutions (i.e., candidate schedules),
an exhaustive search of the solution space is not practical.

20 For these test runs, a sub-optimal approach is used to limit the number of candidate schedules and get
approximate solutions that are sufficient to illustrate the key points. Rather than trying to cover the entire
solution space, a series of n simpler problems can be solved. For each run, the one batch that provides the most
immediate improvement in the objective is selected. This process is repeated until all the batches are run.

To run the test, it is necessary to predetermine the sampling plan. To test with varying amounts of

25 information, tests are run measuring every batch, every other batch, every third batch, every fourth batch, and
every fifth batch. Knowing when the measurements will be taken, the controller 130 must decide the processing

order that maximizes the available information.
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18385 20(all)375 Severpl—Tresutts—<re  TmmedrggEty appargnt from these runs.
First of all, run 5, t tool quallification run__ is prlesent in each
solution. This particular rdn is fhe nost hbﬁ&pful in |l dcking down the true
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t he beginning of the test. This is intuitive because the uncertainty

i ncreases on every run. By neasuring nore runs near the beginning, the
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of the Eysti@d05and 106 define a set of feasible solutions.

With a queue of » batches and a total of & tools, there are X" possible solutions. As the number of

15  potential solutions increases exponentially with the problem size, an exhaustive search of the solution space is
not generally practical. As above, a sub-optimal approach is used to achieve approximate solutions by limiting
the number of candidate schedules.

For each run, the tool is chosen that would result in the largest improvement in the objective function.
Thus, a series of n simpler problems are solved to determine where to run all the batches. Table 10 below

20  shows the processing order determined by the algorithm.

25
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problem Here, the processing orld& |add |safplilng plan for a set of batches
is predeterm ned. The objective [fggttoymmaizg the uncertainty in the
paramnmeter estimates by choosi ng-the nogt opriate processing tool for
each batch in the queue. The corfsttai At g i guations 105 and 106 define a
set of feasible sol utions Wth a queue of n bat ches and a total of k
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bat ches. TablAFﬁ il:l-ngorgﬁtl t&M¥ire of this simulation is that there is no constraint that dictates even usage of the

tools. The results show that the algorithm divided the runs up evenly among all the tools involved. The reason

10 for this is that the uncertainty in the parameter estimate for a given tool increases over time, even if the tool is
not selected for usage. Thus the algorithm has to utilize all the tools so that enough information is available to
keep the uncertainty low across all the tools.

As shown in the previous section, manufacturing process decisions such as tool scheduling and
sampling plans have a very real effect on the ability to effectively perform process control. Furthermore, it is

15  shown that proper manipulation of these decision variables can improve the controlled output. While the
decision variables do not directly affect the process variables that the controller 130 manipulates, they do affect
the quantity and quality of the information available to the controller 130 for use in updating its state and
parameter estimates. For a model-based controller, different values of the model parameters lead to different

values of the objective function, and therefore different process inputs are chosen.
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on inventory levels, cycle time, and tool utilization.

A multi-level control strategy is used here. The state estimation techniques described above and
implemented by the process controller 300 are well-suited to solving the problem of determining the best
20  parameter estimates given all the available process information. This state estimation has no input as to the
order that material will be processed or what measurements it will receive, but it can effectively deal with the
information as it arrives.
At the next level, the scheduling controller 320 handles the scheduling by analyzing candidate
schedules to meet several objectives. In addition to ensuring that processing tools are effectively utilized and
25  material gets through the plant in a reasonable amount of time, the scheduling controller 320 has to make sure
that the lower-level process controller 300 and its state estimation algorithm receive appropriate information.
This cascade scheme allows for a modular design with each controller 300, 320 handling the tasks for
which it is best suited. An even higher level factory optimization controller 340 may be provided for defining
the objectives for the scheduling controller 320.
30 The inputs to the scheduling model 330 are the process decisions. At a given time step, there are a
number of decisions to be made. For simplicity, assume that all the runs take the same amount of time and that
they all start and end simultaneously. This allows for a simplification in the decision variables. If there is a
queue of n, batches waiting to run in a process area, then at a given time step it must be decided which batches
will run on all the tools in the process area during the time step. If there are #, tools in the process area, then the
35 n, elements of the vector u define the batches that will be run on the tools. For generality, the batches in the
queue do not all have to be production batches. Tool qualifications and other such events can also fit into the
same framework. A second input vector v, also of length n, is needed to specify whether each of the runs

described in u will be measured.
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const r ardqhifed StyClie amstt deighdiveantage scemesnduidklyabecorea sstroaehica) es e dygeny sizé | me

period aste %}%q%ﬁepgaqsore rf@u'nﬁ'%? blgﬂ(ming prﬁlérrgﬁlﬁ)t smfibr tp%@em%d fagunﬁ adolutias t1 e

t hat ba es wal rocesse an a e | nser 1S very
gené?ic tqg?tmwwdonweﬁh@ laaar aimgtinps- b &nwlfitipns it ig pespible tq ek fiop %ﬁbﬂ&&?‘uaﬁw
fact ory agpDidgr $all Shangds QGY resulld ﬁditﬁei ﬁt&'iﬂlel Jjutib3@o se2Sif he h@ddﬂllvt Mzguehx&l$rob£.e Irhelone

as busi grawgacfgep gesse fqllet%olcﬁ that\Mere Is no utaraﬁe Ot r&&m%r{ﬂae %@r}alsopgxhb{ tbgla&cpﬁbét'gpa(:t

on process con f 0C6ss co e done
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regard to the needs of run-to-run control applications. Integration with this kind of system would be necessary
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to influence scheduling in an existing facility.
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designated | ot. The uncertainty analysis may be applied to differ en’t8 SEP 2004
candi date schedules including the targeted |ot, and the candi date schedul e
havi ng t uncertai nty when processing the tar get YegRe

sel ect ed. 3@\2%2%1edul ing controller 330 can al so choose tlchgre ﬁ?or speci al
events such as tool qualifications. These events are nornmally used for
equi pment nailhd eehaiquee dedotited thereip peeaant abswerfvleapproect] t¢ ndehedingehe hvadliggiaf they of

5 data. nieqigaiie grabdsRe e mhnlaﬁéous%S&n&aﬁ t;mge gcmé SHndiddhdwedr ﬁMﬁfaL@mgqﬂahp know

when the estinated paranmeters g #a St a have ‘rSf}é% t%?t N

uncer t ait At $Pdy ghipgcombingd Séﬁ%lmf"i'ehﬁ "f°6°ei)t f PO Fﬁtaéff"é a‘tt CT‘SBf a8l { he
post - mhattwéee difeca: pratedsdsf IAS atei differantes betweeo equiiencht; producisdnd proedsseo are ammutuch he
statg OfyrfelGad ﬁglm mﬁﬁfcﬁ tﬁms I 5§m%jé Bfacegsf theac%b,% i 58446 6, WALl e and

i nprove contro events when th e%/ are real I$/ needed.
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| at er Sleff&&sa&fl Q&sSurenleRts e Ghhdt | dirix were | SplfiSin Dbrens tod howr die fnfeasemertse affdch the

sol ution ps thegmsnrartgs! | changes that result in other feasible solutions
to see |?eﬁ1 ol j éctive value inproves. The drawback of these nethods is

t hat20t here i §rqq®51ga.mnams ush a bajck scheviuling. too] elliegptiopand BEPINGRINS WSrOAPEHE BaVRust
be achigveg: &%omer Hemared Uskg e i},efaxm;e&testm&wnmn@nm»era@on&andalﬁbaw mg the
answers in a reasonab
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25 r uns résuitsa Sinautajen ety dempnstrited batencesuiablel impevements i ptpte Estimatioh @ed ¢°0@°1 P'E}Pfét i on

and assqgkah&de GRS iRy umgvmx*aﬁnad&i‘ Mmﬂe ﬁr@cess%&%nm&ﬁel@ﬂke bhier @&amg ns.
That _objective would neet th ferent

n
di f 2&r erdbd sgmpling decisionss Imaddifipns & wailsg?w'étgaéf?ﬁ Ftétg es\?ﬂ’f?‘l"& al °r515‘ﬁfaf‘ 64c"t§¥1'6?aﬁlgeé?e“ﬁay be
abl e t o tidemovideligle trif@mbtivp o that o nehsueempay dould pétentiallyak etipped.n ter ns of how nuch
process inf Or’[ﬂ?é&lrt%ﬂla} %}mb‘éﬁh‘dk O%’xéc%'séé,abg\g aféHﬁJsﬁ‘zIﬁ'vQ&ﬁy LEREAERoF XREHd miehd be

nore 30 concern how walts to run and how to_mgve it
t hr ough 2pdyeraqtipaddn diffprent é‘r‘feﬂ‘EYaé“ﬂ*t apnery ??Pafa'am thos pilled ip the,gyt haiag the Ppefit ot the

i nprove téﬂc}ﬁﬂg@b}@ﬁlﬁ FIBhermRE Bo libitaliohs ar€ @itdnadd o thedehas caineednt cd ddigh badisshuvi, h
spe I al t Set an a3 gescr b% mahge cla%n abef Iwnq 1%‘ thgrlg*oge ewdgn? m’aﬂﬁ‘é a%gltcusem%l)&l En@edﬁs%logégeds
req Pr e SHFHE Specrtrcatio of each concern. An
al t er natabave H&pﬂ;? elteeed o sw@l‘éedh@@@" é@paﬂr&s@sggﬁsqow&reé &ilth'erﬂa?cﬁcqps aphprioEHs of
each paniy¥ntiokatdordihelf, f&i%%tec&'i sSEBIhEER isGak: RAKINlHE cARis@EBvNe the process
decisions it would nost |ike to see. A supervisory systemwould then be
responsi ble for resolving conflicts. As nentioned in the previous section,
rul e-based systens are comonly used to schedul e production runs. These
systens are generally designed to mnimze delays and costs with little
regard to the needs of run-to-run control applications. Integration with
this kind of system would be necessary to influence scheduling in an
existing facility. -49 - 8 SEP 2004 WO 03/ 023538 PCT/ US02/ 28872 The

t echni ques descri bed herein present a powerful approach to understanding

t he handling of the
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many di fferent processes that are simultaneously active in a |arge-s ?Té 004
*sem conduct or manufacturing plant. The study of the conbined system e%
reinforces the fact that there is a great deal of data that can be shared
bet ween different processes. As the differences between equi pnent,

products, and processes are-often nmuch 5 larger than the run-to-run
fluctuations of a single process, the conbi ned nodel succeeds in capturing
the differ s between the different areas of the process by utilizing
dat a fromgm& runs at a tinme. The key benefit of this nmethod is that
information is shared between different processing contexts so that the
system nodel is updated very quickly when errors are detected. Another

mej or result i sAthethod foranciittiag amhnpficaiig §ystas (1 0yt Rpristggor i t hm

under st andi ng tBe anmount_of 10 uncertainty In the estimates is just as

i mportant as obf¢fiihg Phealinlafeabsstvedhatatss aspeniated tviithhdled vessufagturing ur si ve
st at esesti gﬁ{éngpggputi ne based on estimting confidence |evels was proposed
to perform’updates even when only a portion of the desired nmeasurenent
data is avai | abgenerd®mgctate edtinmbesufbatticwbkdtged ststegs such as del ayed and

m ssi ng measur enent S wer e descri bed and addressed. The result is a robust

schene that is SPPFAREEPIncetayyalugiorcach af the stateestimatesn t he manuf acturi ng
facility. 15 A gcstindCinkQraiast R ayaj I ac and t he
useful informti gn% cg%t%gli ns?@ﬁﬁa&%&%‘%@%ﬁﬁ%% %I?k%%gttg? g%ég{al ¥ on
scheme is #tom (P)dedendent on the quality of the information it receives.

The tate estinm er r,or vari.ance trix s identified as an_ indicator
of t%g uncert ai H?éﬁ% f s@@?i?ﬁ&%@? Wdtﬂ’émﬁ'@fflﬁéﬁ‘g"f&?ﬂtnﬁ%u?@@h@s on

that matr i uncoshimreviadianeiiotd itk e sbite BAHNAOCHRGASHSCRRALS A RR: N

uncertainties in the estimates. 20 Processing deci sions suc% s bat ch

schedul i ng, tooldentifyipeaa pbwalityof candigite rgheatules sforvpedfotingvactivitidsaimethe an

effect on ﬁﬁﬂﬁﬁ&hh&%ﬁg’%ﬁ%' nce. Using the paranmeter estimte uncertainty
In

i nformation contal error covariance matrix, these processing
deci si ons can bpredjgtingrichages o geircomiifty ValRE B8 dAtBE RERIiERN bk luled: €SUI tS.
Sinulation results denonstrated that neasurable inprovenents in stafe
estimation d control output performance can be achi eved by using
information fro I ke better, scheduling 25
and sanpl i ng def:gilés‘%ﬁg%? ?Qﬁgﬁgd%??iltdg{r%,gcﬁéd%sﬂa‘g%dg%ﬁe%?‘ﬁ?ﬁ‘gcgatnﬁ?setogb?i mat i on
al gori t hm vagertagbhvaldeg. measurenents that provide little information so
that those nmeasurenents could potentially be skipped. The particul ar
enbodi ments di scl osed above are illustrative only, as the invention may be
- modi fied  2nd pRandthedss diiniif BRI, Mheitiprshent manners apparent to
thos& skilled in the art having the benefit c? t e teachings herein.
Furt K8 or e, noS4TCFALING @] state etimnt¢ veatordacluding thesstate estichagesybnd onst ruct i on or
design herein s . 30,0 . than as descrjhed.in.the claips below It is
‘therefore evi degt HES ?héé’q’g‘[’a%‘:"?c%‘f’féﬂ?‘ 3??88’3{35’9 thes Statss £mate, 5FEtoF Ry be
al tered orinclndingi didgemd tetrhs sieGhiny atheatihdRGindy &akfe8 Sdnde bAHiaohlY {bﬁ}nﬁe Scope
and spirit .the fi{nvention, Accordingly, the protection sought herein is
as set for® IP‘r‘?Eieé’F cREY Trdatiopships amasmst thogtatas Al MS: 1. A net hod f or
moni toring a nmanufacturing system (10), conprising: defining a plurality of
observed states associated with the manufacturing 5 system (10);
genePat i ng3st at A resthodrat dainfed in clhien hifsrtheradnipiisings; generating an
uncertainty val blee for each of.the state estimates; recei vi@gq? measur enent
TR (

dat a associ at ed HU0E - REQETSIE StePH Shemmiyactyring sygems} Q) 10); and 10
updating the stagdatingtéiBt 66 shas adtiPhiel NSisbRaRY R d

uncertainty val ues a%spci ated with thg state es:tl t‘ge%e;gglﬁﬁes%etahgéh?urt her
conpri si ngssogigedhngeytaingy valydsur al i ty of candi date schedul es for perforning
activities in the
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manuf act uri ng system (10); predicting changes to the uncertainty val gegp 904
‘based on the candi date schedul es; 15 selecting one of the candi date
schedul es based on the predicted changes to the uncertainty values. 2. A
met hod as clained:in claiml-, further caonprising: 20 generating a state
estimate vector including the state estimates; and generating a covari ance
matri x associated with the state estimte vector including diagonal terns
defining the uncertainty values and off-diagonal ternms defining

ol af by R RS R R R Bt hihgra Beobasnstirig SpiemoeRges s
manuf act ur | nglusis! STb6AQA0, ANS0UBSTN) BO) RRBuRN (5 bR EsER bilPr B8Es O

the processing step and assoCi at ed unc ainty valu SEP
2004 4. A neuotefinog theplhrsdityi of abiserived dateshiether compsesanuf act uri ng system

includes a pluralki of .tool s 40, 50, 60,. 70, 80) configured to
process a plural |4?§i/it%’g aﬁ}emso(f%‘gﬂ‘al ¢ pol HBrOdHet $MGr al i ty of observed
states further conprises: defining at |least one of a tool state and a

product state. 5 5. A nethod as clainmed in claim2, further conprising:
i dentifying &n addintinthas daimed inecaint 2 tferthes sompeisiegt wi th the manuf acturing

t 10); { L REL..al stat timate.f t. ddi ti l,
cbecrved sta . Houe h oTikbR, ey i et vl £ pipi@rtirae

estimate vecdystem @6)jerating an initial covariance estimate for the

addi tional observed state; and nerging the initial covariance estinmate
With the covari an@&@eTRHRg AR intgal SW%@%H@?P fas theladdiviedaliabserived state; f urt her

conprigpng: 15 i iof WL BLGks i nit .estimates at a first
tine; Egi nt ai ni ngﬂgﬂ%ﬂég[ﬁgﬂg?ﬁg@%ﬁsghgg%g{ees?f&(\%\négwat%%g%nuf acturing
system (10) occugeneraginghn énitidl cevdrianed estimae, fot tie aiditiohs! dbsevedlitag; docess
events and neasurenent .events; receiving a first nmeasurenent event; 20

i denti fying one JPHEME the BEtAl covaraneeestimateovith the cavamianca@ati%: st neasur ement
event; selecting events occurring after the identified process event; and
iteratively updating the initial state estimtes based on the first

" neasur ement S-evend *eclypied in dainshifuntier eomptising25 7. A nmet hod as

4
clainmeqgin claim:, f DL siong:.. generating.a first output mapping
based on t he maslé?%%%ggéﬁ%;ﬁ ofi?thﬂm%ﬁ"éS@taﬁrgq&?’i mat es based on the
first output mapphsigtaidifiea queue of events associated with the manufacturing system (10)

occurring after the first time, the events including process events and measurement
events;

receiving a first measurement event;

20 identifying one of the process events associated with the first measurement
event; A
selecting events occurring after the identified process event; and

iteratively updating the initial state estimates based on the first measurement

event and the selected set of events.

25
7. A method as claimed in claim 1, further comprising;:
generating a first output mapping based on the measurement data;
updating the state estimates based on the first output mapping, the
measurement data, ahd the associated uncertainty values;
30 receiving a second measurement associated with a second processing event

occurring after the first processing event;
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measur ement data, and the associated uncertainty values; 30 receiving a
‘second measur ement associated with a second processing event occurdi g 200
after the first processing event; - 52 - 8 SEP 2004 generating a second
out put nmappi ng based on the second neasurenent; and updating the state
estimates based on the second output mapping, the second neasurenent, and
the associated uncertainty values. 5 8. A nethod as clained in claim1,
wherein generating the plurality of candidate schedules further conprises:

scheduling a plur - Of essl actiwvities: and sgheduling a plurality
of metrol ogy acti g%fie%%lgggssgé%?a@ 3&’%91?‘“& gaa%cg%q theseqand megsy E?Fg{
activities, each opduingahestarhadihesbavidien tedictbRl sibus ,Ghe &@nd 10
processing activities. 9. A method as clained in claiml, erein

generating t Aeasyreinent and thy assosiaipd yneertaintysalugses furt her conpri ses
scheduling a plurality of processing activities, each candidate schedule
having a different order for the processing activities. 15 10. A nethod as
cl ai med3in cBai m 3, meihed @s nlagnetcinadlaingl,t WeerpinWeabrating e plaaRyGH @ndidate
schedul es fur%lgﬁr C nﬁri ses:.identifying a plurality of 'processing _
activities; @F%@'ft o LOREFAl ity of process tools capable of performng
the process 20 agdhediiinl ',n@ﬁ]@ ggngél ndi dat e schedul e havi ng
di fferent process to%lluglg?zlect et?q?gdr%e p %3&%1&%’5&?% processing activities.
11. A method as céchedwigianpluraditynof mefirolddyeactiviriep rassiciagsd ?8h geade@t dfilie an
uncertainty . assoclated with.each qf .the candi dat schedul es based
on the predi E@ tgégsﬁlﬁa Ddtigs,, eaph, ﬁ?ﬂé‘g?ﬁeaﬁﬁieg“{;a%‘@% & kiffezent o subsely of ke
candi da0e scpededsighisnivities.t he | owest uncertainty netric. 12. A nethod as.
claimed in claim1, wherein each candi date schedule includes a 30 priority
process activity, and selecting one of the candi date schedul es based on the

predi ct ed chgngest Nty val ues further cqonprises selecting the
one of the - 59 A el o BT i & Witem Hebt g MR unGy o eaficac
uncertainty shedwespdurtior ntorgprisbe sohédulingVa pHirARSSsS Fdde¥didy -activitied Tcagﬁt em
for noni torlgﬁlggla{rangfgf?turlng @%stem (10%, conprising: 5 a controller

(130) config ehesilehaving s diHerent grdet fosphaproeessisg actisdtiesssoci ated  wi t h
t he mangfacturing system (10), generate state estinmates for the observed
states, generate an uncertainty value for each of the state esti mates,
recei ve neaslf-eneAtmetbiod as ghin intalaimvi, twherein @ehérbting the tpheraliuffcasdidsts N9
system (10),Sc &M@Q@r the state estimates based on the nmeasurenment data
and the uncertainty P OTPHSSoci ated with 10 the state estimates; the

system further coidpfitifyind@:plurality of processing activities;

identifying a plurality of process tools capable of performing the process
20 activities; and

generating each candidate schedule having different process tools selected for
performing the processing activities.

11. A method as claimed in claim 1, further comprising:

25 generating an uncertainty metric associated with each of the candidate

schedules based on the predicted changes to the uncertainty values; and

selecting the candidate schedule having the lowest uncertainty metric.

12. A method as claimed in cla:im 1, wherein each candidate schedule includes a
30 priority process activity, and selecting one of the candidate schedules based on the

predicted changes to the uncertainty values further comprises selecting the one of the
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a scheduling controller (320) configured to identify a plurality of _ FP 2004
.candi dat e—schedul-es for performng activities in the manufacturing sys :
(10), predict changes to the uncertainty val ues based on the candidate

schedul es,
predi cted changes to the uncertainty val ues.

and sel ect one of the candi date schedul es based on the

15 14. A systemas clained in

claim 13, wherein the controller (130) is further configured to generate a
state estimte vector incI uding the state estinates and a covariance
matri x associ ated w t.h e state esI| mate vector including .diagonal terns

def i ni ng t heS3afitdate; ﬁ?lﬁ’fi e% eyee thsd

OFfePL eIy Veenpedesying e priority

i nt er dependepgyess 48ivif at i onshi ps anongst the states.

10

15

20

13. A system for monitoring a manufacturing system (10), comprising:

a controller (130) configured to define a plurality of observed states associated
with the manufacturing system (10), generate state estimates for the observed states,
generate an uncertainty value for each of the state estimates, receive measurement
data associated with an entity in the manufacturing system (10), and update the state
estimates based on the measurement data and the uncertainty values associated with
the state estimates; the system further comprising:

a scheduling controller (320) configured to identify a plurality of candidate
schedules for performing activities in the manufacturing system (10), predict changes
to the uncertainty values based on the candidate schedules, and select one of the

candidate schedules based on the predicted changes to the uncertainty values.

14. A system as claimed in claim 13, wherein the controller (130) is further

- configured to generate a state estimate vector including the state estimates and a

covariance matrix associated with the state estimate vector including diagonal terms

defining the uncertainty values and off-diagonal terms defining interdependency
relationships amongst the states.

- 54 -



