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35 One method used in adaptive control is a sub-optimal approach, where the process model is assumed to
have a simple model form, but the values of the model parameters are undetermined or time-varying. In this
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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course of the runs. An EWMA is used to filter the apparent rate data from each run, and the filtered values are

35  used as the rate estimates. When a second product is run, the apparent rate is much different than what it was
for the first product, and the filter causes the state estimate to slowly perceive this over time. The state estimate
thus lags behind the observed value, especially when the products are switched. This difference between the

estimate and the real state is what causes a controller using this estimate to miss the target.
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One simple method of distributing the error is to apply a linear filter to each parameter.
Fouew =1 omeasr + 10 jast 1-4,) %
K ew = K pmeas P + K p g (1= 24) (10)
The lambda values are varied to reflect the confidence in the parameter estimates. In situations where
35 ryis expected to be changing, A, is high, and in situations where £, 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 £, is accurate.

In addition, 7, is known to drift over time. Thus, the relation A, >> A, is used. On the other hand, for a new
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estimates are generated for the observed states. An uncertainty value is generated for each of the state
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.
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Fi gtlre Zf'ﬁ aFgar@aOJMM@larbgrQ&lko@x 1Mrwablmy@%lwmﬂms t he rranuf aCL uL l Ingt
Sys of Figur ; rap ex ability
donsily T unct Fete: sugsr e St FoBmin g PRE sy B R b AT

per f or masereriof asd controller of Figure 1 to under various scenarl os; and

Figure 30 repggsenb $ep?eséasq%cﬁldagamhq&y@mﬁmwgm%&e%dao%n@r aqaqcs@m%éulmg
controller and a schédulin con in accordance wi th anot her

embodi meffrrjfer ‘f‘ﬁ@"‘ﬁ?"é%}é‘ﬂta“f’th"ﬁfé'ﬁ'?‘ldb‘ﬁ“t o haPEIeBIPEST P present s a si mplified
fl ow di agr am sigura 3retmachtf @rsinfpifiedsidwe diagrirm @f achéthidt fiore for  sphedulin® @ctivities in a

manub@ct Hﬁdu?agtuﬁ g%gs%{ﬁ]}h@ccafaﬁq mmg@anmér@m%‘aﬁnem@ms‘]&eﬁm@ﬂbmnt of the

pr esent 1 nventl on e Invention IS suscep tible to vari ous
nodi fi cati ons YAHY thA fETHgR | 1Y SUTERtBE , o sypERYst med'ﬁféwaoﬁ"ﬁeaﬁte@atwﬁef?@m spesifie
been shomOb%emme@tha»eaesﬁls@wh By tvli}&)fdfaa]‘;ﬂeng:ﬁe d@ndn@ bl drafeinfledatza nidoail Tt n

det ai . n%%p QH%Lr%OPde ho%ge? rtI?aE 899653@@31\&%1% n’of Ep*é@}ﬁ%&%‘édnﬂ%s% hd Enlteggled b(hlqn? t e of

specific e ts’I's not I nvention
parti cul &renfigst esthelpastichlas lopns %ﬁﬁbseénbuf P the (S?ft‘fla%(r (e intgqeion; ‘ﬁt“é?ﬂvffc?ﬂ “i‘°§1ﬁﬁ51°t‘§over

al | oodi EquiakdtQRsd alkPaRelifaNiad @IS the 3516k kb b@pd6t the/@Eentical ds idehedbyt Mk Bppektied
spirit aad scope of the invention as defined by the appended cl ai ns.

MODE( S) FBIRCARRYI NG OUT THE | NVENTION || lustrative enbodi ments of the
invention are descri bed MIPER) FORMCARRYING QUESHEJNVENEKON y, not all features

of an agt ual ilﬂﬂlaﬁ%@%ﬁ]ﬂa?ﬂ o%@ln%%gie?@s@rit%eﬂ bd1dW. tsln &Qﬁ@drécsi dF @lhritfa Ret all 'featW.e.l. | of
cour se e ap recl e a . , evel.o n 0
OO B Gt SN R e Ll S T P e e

achi eve tdveopievedfopersh agpéentodmegoaingrous iplrmagatoosystifiadesiond mist be made to

systemr ghateg. &OQOPQHS%&%%OJ]SG!)@ QQOIQBB&E Kv?tﬁ Wsl@m relé’t‘é@lI afdouddndst- re}ééﬁ Yongr[:am@ one
i erl ementati on to anot Nbr eover, It reC| ated that such a

devel opr#hfh VPP IO APG AP BE NS Btgihet MO B Rpr<Ried DRt giopment
never t hekfasismigh ta cooplix me tinedesintikd, B Wodll neveaBdesObe a routine undertaking for those of

ordinary skill in the art having the benefit of this disclosure.

35 Referring to Figure 1, a simplified block diagram of an illustrative manufacturing 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
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ordinary skill in the art having the benefit of this disclosure. 35
Referring to Figure 1, a sinplified block diagramof an illustrative
manuf act uwiong/o23sséem 10 is provided. In the illustrated ediodoresss? the
manuf acturing system 10 is adapted to fabricate sem conduct or devi ces.
Al though the invention is descri be

e CondBy P PR R b Ee PR Ty B DI oG TR =S P s g
may be awplllqoectslctpl(ﬂetitdaer manuf act uri ng environnments. The techni ques

descri bed her ei Ret¥Br¥ zb%@&meu@darro& @mg@m@&ﬁ&heo&anm&mg%% o ammgftmttur ed
|temS|ncIud|r1 but l[imted

m Ccro Cess v
i gi tal G BPts B Ll PPl S P D BB e of
(ASI Cs) , tooks 30-8Bmaf(de 0B1p B2 BFIBmRAET (NSO 8B hiprfadirighveth tigineivbid 20.dB it@bS0-8T e
techni qu gt%uﬂg@)ﬁtoaslaé ¢ IRQ to@fs) pals hé?)gte& 8/ M@Feh Qdff?)gég Sr opgxalqﬁl@ qge%&top{oglg 3(3At %eﬁésgﬁ r

t han sem conductor devi ces. I nt erconnects vari ous conponents
of the niABPEREIRR RGeS §y@taémcwwahwcmcﬂ@@ﬁgﬁq%ool e CHHIE VAlRT qsrkﬁﬁf Fefffs The
i 11 ust r aprogtessdyalitoifga Glieltbd1$1 80-Fy Sticinbdifle mAtifadides, vathpathr tadlisnIgo @érfaroiag 3 s@ifi80.

Each of I“unglon §1 & p(?%]c%ss%gw89xe{;ﬂ%§8' p?qlcﬁs?ﬁ{? oglFi foq' g 69. %thld; &wce(ig C?atﬁ)n QW}Lnnt)e%{

interfacin grouped 1nto se
likel® oolngludeagetre'egmoela phgjolithopraphy st4PRETH fiehyteals, d@e%*twemﬂprOésh"tgH@ISs @Pldélferntlad)ol S

30A- 30C 5@@5@@&9&15 ums}h@lomooa €' TR ok BP80 aBUGRra& A CANThGAtle FRGHAN el
progr.esses t.hrough

he t ool 0agisesacer nf Ssa e imple il B, By MEUELR) B0 BEgR Bk
per f or mi fAdditgengjyethé ¢mnﬁcthhubﬂt:~tqer_oﬁe fopis mh@arhirubse ergwpirfelappaneatExernpstsent gnipsapesstas ng
to;)l S fOfoafenstlemk@@nst{al&F}mts ﬁaﬁc&n@ﬁm&m&@te&m en\él 1r-onm%‘nt 10 i Pcl udte

met r ol ogy tools ot ol I ap ers C 0 sition 00

Dol i 4h ot oonehafastire hERaT o Laeg: fre S i s BVA een & Oe ¢
The t 0ol maBGw@tngayseeni 10. Uk MﬂSedwr A0 alomankheasndxs bf thevagpitinginftgrmanufacturing

i 11 ustratjg 19, P‘Rﬁse%oQ@b ¥6) ahdlcobo1 8L H&\l oﬂa%le?@ﬁ%%ét&@(egt hés §rQQhiSonBRYr D€
arranged in any order or grouping. Additional ¥°F t he connections between

t he  t ool ¥ ‘H%"arﬂtem&sfsaﬂobr%%ﬁbﬁ@ seayee | (Pdsaiievided Ty Eprns e ielab I3 AR OE B ons
t 0 t he nedriamrektiti2Oandraiklaest ntalndaturerih e porese®iM Ohedabedstveesar 10D @ay oot Bforddio
manufact ur t

opor a1 ot oo FXERULLAR 1Y 3‘?1?%*@%5‘%%“?%9‘“’c@pﬁnﬁw‘%ﬁ%‘e’%&?@g%%ﬁ.tg%?t%tesf he
status of°tRrREtsi#fG ous entities in the manufacturing system 10 (i.e., lots,
t ool s 30-80) nditbne 6fthd @Vehtidnhaed cfol*rék;‘)blﬂfng attdile€ e Gipidn appydsérddtintedns (0BsoGware lopt S
of sem C o) oce S erv 100
"5 provi Jeafl P R HorbINONI by ARS8, O Wiogt A BRBREEREL VBl 0D
and arti éesgptipp afrﬁammsalmtlaqu the enrebypYldhalose of opdipary ki inithe arbeféetively conyey o0
may 93 Or QibktitOsMARtrivdkk td Qchérglofcz,ﬁfma@rsklmtﬁe At aBbAh8 Sas M&nn Fhgedthak And®Bt is

i ncl ude ess and r.ocess netrol a e | ot
e Bl A R RSOt PEESERS R o s I8 Pre s aire Do T peuie

descri pt thess rwruexngwlefseahmerdpuilanomefmsn@f quasftiesndfsesally, ohougfanogw¢55¢1hsth@snduasf9ti¢bol ic

representd iensmObr el adiécBRA, HmEALR dnkis cMMabiflion b§n§95?9dﬂt%ﬁsfémmo¥lbméﬁhese
descriptions gnd representati g f‘. are the ones b%( whi ch t11 ﬁse of d| nary
et ol g\ 4

skill i n°YREeg A %}'F {ORvAciN BYPIRLCODE MRS PRF RGP %Iu“?as%? k°°{n6‘°“
ot heB& ofisage Wirgfato/thsk sigrials pybits, lvaluearelemeris) syaibglerchdrdvreys, @snsiio@bére pivhd lke.used

here, and as thdufi be‘i&%éjm%ﬁ'@héuew thét%ll Gﬂﬂ&@én\é%%nﬁaﬂe% aR 1S 6 Jsso@thElﬂvﬁtﬁQt
sequence of steps leading to'a desired result. The steps are hose

requi ri nePPPRYAS R’f‘éﬁ‘cah‘&‘ﬁ‘?tﬁﬁﬂ an{l fre erely oy enieat abls applishie |‘h(°feé1§a““lj’§u§1"Fs9 spe¢ifigligh
not necessar btherwisé, e @ i bttt fro@S the tdika@sibr) @erbhO Kuth ok “piptessi@l ,or EtodphitingCat , or

magnet i Cu 3 ANRkS o CAR 'm?négf o ba‘?sﬂfé‘?ln SL Q& e LE AN ! {cﬁ% an(d\%%éssﬂz?gf a c&?p”Ear ed,

and ot herw se ni pul ate roven conveni e I'pa le
for Peas®niemol sEdaTRisrongo-onRHige device thag maripulates prrtgastarmg Aasg @prs@ntﬁﬂ ttssahysvall ues,
el ement s ele@rynb@a&memﬁlmaﬁa @ﬁ@mertswfms redMdFOAA SemBHes Infotiel Hefla sihilar$ Rprdleated e
bornelnm these and simlar terns. are to be
h
assS0Ci at & dp %ﬁx%ahqliaﬁﬁles within Qle compuler system memories or reglsms or other suggs m?ormatlon storage,
transmission or display devices.
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
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appropriate physical quantities and are nmerely convenient |abels applied to
these quantities. Unless specifically stated otherwi se, or as is apparent
fromthe WDsnmssBan, terns such as "processing" or "conmputPcmgisozess72

"cal cul ating” or "determ ning" or "displaying" or the i ke refer to the
AN e e T o R I R0 5 I
physi cal and Mdtesigks ﬁlﬁm%lorqluéﬁrEMll Camputgy Intggrated Meméaemw @#Mwsrtlewrkscome@nwem and

e trrﬁr [ eftewﬂsleglgt {h@rls dakd 1Rl RivafEd YroE@P'C@ﬁﬁ)m(fﬁt) BRSndWOXS | CRV (mntz; 1Lde8s -
Wi I N e Cco e Sl e nor i sters ormalon
storage, Y74R %e%‘é‘fafi% tI8‘r 8131”55’? q‘dle a(‘f’e"grgh‘tﬁﬁur‘é) égrﬁf)‘g %}ﬂlr@ gﬁ%t Prpiisiona

exchangeSgrificaperoioeC€®! Bantwotd AdveapeRioreks Gurd &bhnéntrspesgieations ardablich(available
manuf act gr, §9M§M§ntct?ﬁhe"a9 daéeréﬂn ﬁ@)ﬁ@aﬂp\ﬂ% pnocess Control (APC) frameworKk,

such as may b erren% WD 03/ 023538 PCT/ US02/ 28872 using the

Cat al yst syst elPﬁ %?"F@Ftérﬂ‘gbsy“mb? onipglydes p gentrolien d3Qgiechting pn & WOk &Y As

Sem conddsdribed 1E(gt¢atpme1aﬂ bel@w) the vbrireNdr &3 0sdefermiigs ng@tation@tipe sSEM fpr @eaions tdo130-80

I nt egr at 198 16 A R AR ool QATRRRDE usBY RIS B i3 and
i's basedﬁlgkhl\(ll?a %anc SPr c}éeéés\,@re I’llt ro % PO Fr arrem}clnsr‘{ ¢ eSE'SELI\l/I%g({E&%vgég
Provil&i ofteendSpdci fi cation for C'M Franmewor k Domai n Archl tect ure) and APC
(SEM E93- 0999he- di§tHiMbrS bORE brolesshigemil fdhte slota@é fuh@ionsClnMnfst Sivediiidet Achpaies el
grE(l;)/lces\?\,hgl:gr Sttatioons ll'cl:gl Ua?{]% %Bec(ﬂ f | C %)I 1%01 v%ﬁi%le %!3 En?d:‘]%nn%gnufr%%{)nu?t?ra eoglfst em
10 al so fauesk, ulef@semaweberlﬁcrfemerersr@tﬁl@t@émanmw@me( baoieitst ati on 140. As

described in gﬁrslag Réw Qetigale 2, beilngwﬁed blak &z%mhf&'a'p@lrtlorlnghéiﬁﬁnﬁfaéﬂrEQSysQBeer%Tf| ng
reci

tt t
Aobr 001 af PURL Vet e ROt SRR AT e L afe b B s BT S0
10 Appendfidxsedand Prvceseliss tops 1300 psh?2 6 inteiising it el pangolan 450 croufizored g perform

functi onﬁroéggapgﬁ&res b@fefdﬁtfpfnfaﬁ@m BOFRYH e Rifber\WPEJSE 1284, |2W§1d'pfdedtQi9 Ee@ecéd i's
i ndependence and _central infornma

general |y conducted rovid
st or age. hegly ‘%%ﬂ?%té the disfieeine G <G SugPer o5 R ey &1 OFAGPTATF é%ﬁﬁ used. The
ar r angenpméessesmeyfoioed bys el tool¥ 2002 Idgnan dwpdrloried gruag p@ducsitoglicpmbinatipre dlhb kanglller

di ag bem 93‘0 iR, cb,%l R céntb%nmayfaaﬁn%gem c%%ﬁ&n@:ﬁ‘lé‘ﬂo ™ obselvir Eoh@Uef edintafis
provi ded. he 1l ustrated enbodi ment, Eortlon of the manufacturing

system lﬂ‘dl “ﬁ?ﬂteﬁ d‘é’ﬁs 9fjthegpanutagiyying 86EHJ Op L 'i‘fc“@%té‘i‘ Y CBBINEN 5t5Y thigitgtenfgrmation to

i nt er f actdigmint beratifiperedi@phituadtdrefor thaiolazod, nonf i gured to perform processes on
t hree dlffere 0

products is sg “égg{ erg%}%%rd;frogﬁand%sswﬁmg %t{lga[{]g a? ﬂéﬁp‘é{ gl%ls;p?lgtlnfgr %fcg%ltgﬁa}lgnesamgt her
nunber oﬁthabmsgomemnaz&eewé%é F prownET saThagesHébed et carHiens processes perf or ned
by the tools 200, , 2 performed i n any product/tool conbi natlan The
contfoller 207¥30% P]cl ontrol |aw conponent 132, and an observer
conponent 134, The pp$erjzver+,c?ryponent estinmates and updat es states ghythe
manuf act ur i ng &yst & 107 *Fhe "¢ohtrol | aw conponent uses this state

i nformation tg, . de}gEwrer opeyating recipe paranmeters for the tools aeyp,
210. Using a linearized formand assuni ng that there is a single "nom nal"
poi nt for all ycprhi iatHirpfis, +tlfer, devi ati ons from nom nal renoval for(leach
context can be described by the equations 25 YEA = ro.fot+rifoto +rofAto
(11) YIB = ro,fetrgfftfrat Hlttaffato (12) Yic = ro.fot+r, foto +ro.fctl (13)

Y2A goro fot+r2foto +r 0. fAto/(14) Yea = rOfot+r2foto +ro flto (15)

Yac = hSot +rfote + 1y (16)

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,
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30 Y2c = rofot + r2foto + rofcto , (16) where the subscript "1" refers to
the process tool 200, and the subscript "2" refers to the process tool 210.
The entirwosgsezsas can be conbined into a single state-spaeeTmsuzbsgs72- 10 WO
03/ 023538 PCT/ US02/ 28872 xudi 0 0 0 0 0 O xudi ror, 01 0000r, 0 r2
~001000r2+0fA0002100fA014 (17 fBOOOO1O0TfBOTfC
k+1 0 0 0 0 0|%,f|C k @ 1A 10f6td [ xpfo0 005 xudj YiB 1 foto 0 O roto O
r, YIC1lfotop 0 O rpto T, ol 2A 1 fot0o roto 0 O fA Y2B 1 O foto
Oroto O fB Y2'€ k 1 Od)fgt(g)zoooor(j)ét3 %'{c Kk V\(kgare the states consist of the
adj ust ment  (xfj | t ool0 bPadesO (P, Gandnr ), ang]hproduct bi ases (fA, B, and
fc). This m)ngA i s ofg aghypot het icc | f5] tuag where all product/togl

U
d
_r(E..

0 5 O~ 0O

this situatio unl i ce, it is useful fromthe

st andpoi nt of | ypder stighddnd@ theOi nitjgr ACLi g bet ween the different
processing contexts. It is clear, for instance, that the single product
factor fA is{usdd fpr #k) roansref pvoduct |4, |regardl ess of processing
tool. The observabi l Ly ttestocal5ul %edoh e, |1 fotoOroto 00 1 foto 0O
roto 0 1 fotp?® |0 O ro{‘)o0 1”0 foto’otd §|d |1 0 foto O roto 0 1 0 ft 0 O
roto (19) 07|yR |[fotpl 0f#pt 000 000 fOt 0@ |0 7ndto O O foto 0 0 O rotg._ 0 O
foto roto b 0 10 0OFpto @ rz{to Q, 0® fef9| G Qroto 10 is rank def i ct'&ht by
one, so the system ik not obstrvable in it:sr{é‘urrent form The reason for
hde
l e

conbi nati ons si mul t apequsly . w he gaie input 5 settings. Although
1125 eﬁy oéarlis(}e iiv rg

this situatiohYiss| thgt @Il ffunsOar&fco d by both a product bias and
a tool bias. Apzcaddi 1 on@gl gg)pstoai ng WQA(H kneeded to |ock down one or
the other. Oné& mefhod of addi ng additional nmeaSurements to the system

i nvol ves whdiethggaesepnsiseuf dieiaflibgment Gm).d90b ipsentrand 72). Pud treryctibffass & dy anlt/e), This

st andar dmb®$t ¢ AfyPothedléhl SRatloh &h&IAl PREREkoo! ddabin&RRs ruMGmhuEBeolidhBwith the same input

5 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
/4 is used for all runs of product A, regardless of processing tool.

The observability test calculated here,

1 fte2 O rty O
1 fit, O 0 rg O
1 fitp O 0 0 ry
1 0 fot, nty O 0
1 0 fit, 0 nrt, O
O = 1 0 fit, O 0 ryt ’ 15)
0 fitoe, O rt, O 0
0 fity, O 0 rg, O
0 fity, O 0 0 nrty
0 0 fit, rty O 0
0 0 fit, O nrt O
0 0 fity, O 0 rty
10 is rank deficient by one, so the system is not observable in its current form. The reason for this situation is that

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,
" 15 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

-11-



processing of specially prepared "reference" batches. As these tests are
st andardi zed across the group of tools, 15 it is convenient to declare that
there i s wo oppnestagt - speci fic bias for these special runs. pChiGsozessns t hat
the tool bias can be neasured directly during the course of the test on a
particular tool. Wien such experinments are _not .an option, it is also

possi bl eprtnt?rys&??ﬂYay?ta%ee?féE‘f mgthp 'fsé}iaéﬁdréaytbf)éjl'fﬁ%ﬁ t?)t‘dg’aﬁ’é? R F?&lsoré’“%k‘ﬁd%)
noni nal baagcuigenvirohthen\Da03 cO2BEB BhdRENE. UBBHe2 &Y Zhougy, isrtefiyd divaadvmkd tige  of
this nmet Bag B ithe BRY wBR 8lidh fliC b to b debRBLLhMs BndaGfeRleRHC LRI BRkraiftt

product 1'n a manufacturing environnment that is constantly changing. The
key her e(cflecHuligRducing the gunberef stafesh 0 chapge g formiof, e mgﬁfé?é?ﬂeﬂ’ﬂééP%ﬁ?q%qlgﬁ’ﬁ‘é only
ways 40 do t hinghegxempleatadk] taobqdiiitatdnt watdappame astub esve s Jdescatdd by e sdllbaingit S
(effectiyely reducing the nunber of states), or change the formof the
model to° Somet hi ng conpletely different. 5 In the exanpl e above, tool

qual i fi cati on®=Woul d appear as two new cases described by the fol |l owily
equations. Yjy,=s, (20) Y2 - r2, (21) whereyl and y2 represen{2ijhe

devi ations from nom nal. remval. observe ri i fi i on. of | s 200
et R SR S AR n BRI PSSk T b SBLL iRl B0 B
expetq mehtasd 20 &.ea A4 eespettiyely hi the geahfitationeyrerigggts argsideditp e prample gysiempuibendguet i on
for the GEwbidIREn &Y &t 6Mbined ¥débmdk foto O roto 0 O YIB 1 foto O O roto O xudi
Yic 1 foto 0 0 O_rotor, Y2A 1 O fotoroto 0 O0r2 - (23) Y2B 1 0 foto O
roto 0 fA Y2C[%,d fofb Gy rbtorfB O ®1 0000fck YZKkOO0O1000
The observabi ity matfi?rtforothig new systjemils 1 foto O roto 0 0 1 foto O
Oroto 0 1 fotd |0 000 rbto "1 0 fot’”d rotqg|0“] 1 0 foto O roto O 1 0 foto
00roto 0 1|80 0 ot ofef0 001 000 O b |[fdid 0 roto 0 0 0 foto 0 O roto

O O0Ofoto OO Quroto 100 f%tg) @to ® 00 Q,floto O roto O

(23)
Yap 10 fit, 0 ntp O Wy
Yac 10 fit, O 0 7t || /s
W 0 1 0 0 0 0 || Ife 1
BZER 0 0 1 0 0 0 |
The observability matrix for this new system is
(1 ft, 0 rt, 0 0]
1 fts 0 0 nrt, O
1 fit, O 0 0 7t
1 0 fit, rty O 0
1 0 ft, 0 rt O
1 0 fir, O 0 1,
0 1 0 0 0 0
OF = 0 o0 1 0 0 0
0 fitp, O rty 0O O
0 fit, O 0 rt O
0 fif, 0 0 0 rf
0 0 fit, nt, O 0
0 0 fitp, O nt O
0 0 fit, 0 0 nr
0 1 0 0O 0 0
000 1 0 0 0 @4
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.
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OO0Ofoto 0OO0Oroto 010000001000 (24) 15 is full rank, so this
systemis observable. is full rank, so this systemis observable. However,
the systewolsnessss still the fictional case where all po®siThise2/essns can
happen sinul taneously. In practice, one run happens at a time. It is

necessary to determne the a iate wa nodel states after
each run. - 12°WG3y d‘??,@%mﬁ%%‘b%o ?18%5}?}/ w&f"t‘? ﬁ’g %Ehtereln measut"?’u"?e's‘ts & sagd @
r esenbl edgifferem dafuesgjest dvihvsharagsysténe tigh dofepvabitity Ch@agwwenmtas dafle'emstarntphaeldnsevﬁ

di fferentefheHeNE £3kplV TR B&eDindintYist €0ireh e tRBSE VRAPIhE bys¥m &R attgealeqyer
time as different conbinations of neasurements. are avail abl e.

under | yi RgPHpE 7285 el sy RRRFEUCPRE e ¥ SRR syst em be obser vabl e
in the |imtAndesohseaboieetyeheadhatipo ssivhlitds pmaguto déaenrtdscrae 6masyden atodd waery
time step, 2 S §PRE 545999 m@mmm@/mt Bse sdie alrpmepahmh a Ststetns it tt%eesatyqot 0

have a discrete tinme system nodel where only a subset of possi b

nmeasur en@ﬁtesstaaw@d%evéerater B Feapyrerpents pEiye, itepraing #F mych y‘éct”éﬁto“ .at pOF%bI%%%%ﬂg ary
to makenst Iataatrmdetrﬂstha\dwmmeatesn BNgelERA PR EITErs levintiols belwrtiehe AtasuigH AS
mich i nf o ALl & uefdrf)gaat LB 4 QR s NI BASHELORBI Bl WOorhlE AleBh
estimateE T h genera i'on errors Bew atrons between measur ed
and 1%ret¥i"‘t§t‘@ﬂ°’6@t mtaeyemptttwélsefﬁ%mgégmereth@m@egtetat e estimates. In the

il lustrat ed ettmgbtdmmuchtab@blaﬁ hWré’lmﬁ&Si&e eIy, becﬁ@eéfﬁé&ﬁcﬁtb\gﬂﬁdaﬁﬂn{%ﬂ&aﬁo
g?g;:’l;ren sg tlp upda:;}e,‘s)moges IIhEl)rf (énetugkré\é/ state o@egarggl%he 1}1 raq?d eo%nc? epntt L%letae co>(tfollerul§§| ha
to be useﬁactdmouqd)dml@lermfoenatﬂhxaw l@n@e tondatrovndatest aftsedesqﬂb%«ielvesreatet detailhglow, the

i 'l ust r agelv&rehastnde M4 mtlttanscamgtalftreatl tHe3fhtes USRS AGhdabu@NGH theAédidt bt ose
information to handle to. s

a escribed in te et ai_l
ol obf ¢ PRl RGeS & SHBBRLHBIADI SHETHEGT NS SUF Tmpes Tt Bielihs 02 at e
as wel | aseraedrpasuthepredicttdresagiernteati Nty of those 15 estimates and applies a

statistical am@l Y3hsSiol RwdELEE B ME 1R GheTb@heScoRbsieBSE A hki&lb¥nchiQndRsfidie
cause of an observed erraor in the predicted neasurenent. The di scussion

now f ocu§eB thsndesgandipg piptiggg! "PWQI @Ef’é)ets\}}é’rre"d‘&?ﬁ‘bﬁetﬁt‘e opael a%“’ﬁﬁ]""dr"‘* et ¢
t hat r es@bth She IEairomy dbbvg theng@énst AMme gengralofrincipit iemshles ouitve Pdssibiige gyt dosrollérel 30

| t t Rat
real hgat |, Qf, tta mtttgl th%rtt 8Jse pt%t Qttﬁoﬂ% ctetﬁpé,gap%aéaﬁge mhdOd tt@gggsﬁ%mutg

about the system era rinci es intultive possibiliti
for cont p&riingrtherstaee ez@nqﬂarhrowe i corltfétlaavrfeepmeﬁé3?r @8 yisriksbeginfermation abauf 8 | aw
conponentiatd 32th€ ay3telel OB GHRKI®EvE | ddg@Qdns ft natds.h Thit fonaztlﬁgemtcugagn tdd@sesSérathe state
estimation routine. The con nen

i nf or nat | (t)lrrtllatloB 8 F lglh nce tl}ls EEr})bleQr{[ 15% q\yéld agrqgge Wt i%\trgﬁgv i gtt(;[e t%rap§§t5 e Solf t(l)ten s it
needs. Tﬁ@eﬁsemtm ng di scussion focuses on the state estimati on problem

Oncezt his pr oltrhee rmnosn@ odis¢@ion QBYressd Ple Probled bof @lerfdnatfvg R Rfdatds Qherd Got akke
advant age of t

e by SareRlat G R T b el b R S AR R
t aken at kiedefrsystannaisogpmips to R ﬁa@@daltchwatmw#a #hegoivme ghriablfs aze sgemcbmmtmmﬂy

nmanuf act yeh Reed. M8r etathpR, a KloWtn&dr @Y Bt @BAs@hFOpradaBhg @w trte GnehsiRflbdtd, @BHhe
chem cal process where ;lo%@br?grl abl es ar e sanpl ed nore frequently than

others. BSIPORYA Paé‘/s‘sa" P VLR R "¥Enst ant |y producing flow rate
nmeasa@é enent s, Itbutecetstae/ to d@erPOS ke ibenn glessesdlthesiug vaigeg bit theosybtym Ktetescivee oy partyal

sever al %Hh?tron 3Qhé hrst' s?epqg%ee%% %atttﬁ)e 9%@ 'isnabgs?vafalpen tﬂ@%&se AM&e 2AE Sf 19; p&snﬁe true
val ues of the systemstates given only partial information. The first step

is to endgiEremepareiken & ach Hf 1P, eﬁeérf‘vaﬁtozée in the case where all of the
possi bl e neashyr geEhtGeatie gtk uikhov@aiantitiedTiBat Sitecqifectes byd@se lahd) disturbdneas én

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, o?.
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

I S fc 20
f(x)—m—aem{ 7 J (25)
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The system states are generally unknown quantities that are affected by
noi se and di sturbances in addition to the known effects captured in the
syst em nowel03/0E3508n t he st andpoi nt of anal ysis, each syst emCItEn®2883%5 can be
treated as a continuous random variabl e. For convenience in this
description, it is assuned that each is normally distributed around its
current ebee ies be mean ndsoies theaaiizne & pl@of Bis Anctiohés shevgiimFiznig3of an esti mati on
procedure, al koQh ntier ¥BEAdBRCHRLIA! e probabilig!dbrRris Qaﬁ%atlc val ues based on
an experi nment al analysrs of the process The pro ability density function
of each stated* t hen gilven by z ﬁ (25) 29C6 26 1&6
03/ 023538 PCTAUEHZ/ 2 J5ELT (%@ 62 is the variance oA
pl ot of this functi¥on i own in Frgure 3A For an n-vector of random
variables, t h@hé?é Qb@ab l/éctoyo%grﬁlaﬁcyv ls%ego\)éﬁe[hcebﬁ{atrfn(ﬁ\)en byl expl
-1 (x- x)TV—l(x X) (26 where X i s the vector of means
and Vsis the qo&ar(l(;ancfo(xrnﬁ)ﬁ X gl ven by 5 V =E((x-x)(x-X)T ). (27) @&7pl ot
of this multi-dinensional probability density function is shown in Figure
3B. | tAeteeoltsis moititdinregsional prabalility denkifydimaticaolewn in&ighn8Br Hdpeicrotigiséntially
bet ween {(RQn3bAL &S 1ntet‘cigi_ﬁéﬂde¥c1!:ssbe§de5mhé’ sties th@AOP RAmpiBH dide¥naPhathiDI6r tNAValidR& RS Of
the state estimates e expected values of all the states are needed,
gi ven thg *HESEYIPEfent s taken at a particular time 10 step. The procedure
wi || be descr iTxecpdced valusiofipl te extangd ecededsgveanict hdagirengets ekal at Z eaticulaorime hi s
exam?(l) e, ste;ﬁsm%océduyﬁﬁl%md&@ﬁoeaw a%[r%;leeé(arqg§ GJsé prﬁi(:théﬁyge%era'rzehl P*(Srlth(s?egg 67&2
and an output equation given where C = a, a2
b2 . At AFNMeH VST ‘taf'i‘@sgte%‘fiscr‘ked béind X2 are the current esti mat es for the
states, while oafﬂg a2 are the variances associates with those estimates.
5]

Assuning the st are independent and normally distributed around @ghe
estimates, then probability density function is given by (x )2 (X2 - "2
20 f (x)amdanoutut 1mu£ 2a 22a2 (31) 2 i 2 The output matrix contains two
measur ement’s, DUt 88y one is obtained, it is still necessary to do a

st at e updat e. YA€cer di ng to t he equations above, the predicted v&ue for the
firstsnegagsenment is given by A=a,x,+a2z2. (32) |If a nmeasurenent ofyj,,,,
i s obtained fory[, then the prediction error is

a a
1 4
C=

30
b b, (39

At any given time step, X, and X, are the current estimates for the states, while o, and o, are the

variances associates with those estimates. Assuming the states are independent and normally distributed around

the estimates, then the probability density function is given by
A2 A 2
_(n-x) (x5 -x) ]

1
f(X)=——eXp(
J4r’o, o, 20’12 20’22

The output matrix contains two measurements, but if only one is obtained, it is still necessary to do a

20

€2))

state update. According to the equations above, the predicted value for the first measurement is given by

)%'_‘ % +a,x,. (32)

If a measurement of y; ,, is obtained for y,, then the prediction error is

25 e, =V~ Vim- (33)
The observer component 134 distributes this error between the states x; and x,. This distribution can
be accomplished since a line / implied by the measurement,
Vim=a;x;taxx, (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.
-14-



25 ey, = Y1 -YI,n, (33) The observer conponent 134 distributes this error
between the states x, and x2. This distribution can be acconplished since
a line | waopsioeshsdy the nmeasurenment, Yr.. = ai Xr + a2 x2,PqrAn2/28832
contained in the space where the probability density functions for the
states are defined. The projection of the 30 joint probability density
functi on ont oTe pimpute thgexpectpsh \@lppsd gie sfares, st oax2p) Gpresit the\poins PR b ERsest it (X, X, ).

di stri buty.op.aft VI t el T= i ized
i F gur o SRt Fheh RE kol bR oIEOBLIG IR T W Rl kB o BB 71
densi ty foliping Bpblem 14 WO 03/ 023538 PCT/ US02/ 28872 To conpute the expected
val ues of the stafes, ! l\2 0, x2,0) represent the point on | clos to
(x1, x2 This ﬂbl,ﬁ’ﬁ{' is) éﬁ%’s_égré\z)for convenience as it exists for any Iiﬁggl.
The point is derived here as the solution to the follow ng problem m n(xl

- X1)2 + (x2 4%2P%(3B)n- x|l ,x2 5 a,x1 + a2x2 =Yl n, (36) If a2 t GBS then
- alx, +Yi lef,a Fo Xt (37) a2 a2 Substituting this into Equation 35 yields
z 2a, x, yl,” n’in(lxl- x1l) + - + - x2 (38) xl,xz a2 a2 10 Setting the
derivative vvitmflesp@"ct to x1 to zero yields 2(x, -x1)+2 -a'x' +YI'1", -x2
-a, =0. (39) —a%_a‘z—éQ:&oupi ng the x1 terns yields 2 x1 I+ aal2 x| Q7 ay,
+ a" x2 0 (40) a2 &2 a2 Therefore, a,Y, alxz X+ a22 a2 a22 a22x1 +alyl

-a, a2x2 15 x| saRtitaidg et Equitlon 35vieldsa2 1 2 z a2 By symmetry, 2°

2
. 2AN2 a, x, yl, 1] A
mm(x,—xl) +(——¥+——”-—x2) . (38)
x1,x2 a2 a2
10 Setting the derivative with respect to x, to zero yields
N ax, Y ~ |—a
2(x,—x1)+2[— 14 l""—x2] L=0. (39)
a o4 a,
Grouping the x, terms yields
a’ ay, ax |
x|1+—5 | -5 ——5-+-L2-0. (40)
a a4 a,

Therefore,

A, G ax

X+—= 2 2 A
15 ¥ = a2 a2 a2 _ a2 X, +a1yl —alazxz 41
1= a 2 a 2 a 2 +a 2 : @“n
] 2 | 2
1+—
a,
By symmetry,
2 A ~
_a X tay ), —a,ax 1
2 = 7 3 : (42)
a, +a2
So,
2 A A 2 A A
( ) _ a2 xl +alyl —alazxz a, x2 +a2y1 —aza,x, 43
Xi05%20) = 2 2 > 2 2 (43)
al + a2 al + a2
20 The line, /, can be parameterized in ¢ by
x ()= X, o+ ayt (44)
X, (1) =X, —ayt 435)

Now, the unnormalized integral, &, of the probability density function along line / may be defined by
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a, x2 + a2yl -a?2ax, ) x2al2z +a 2 2 (42) So, - a22x1 +a,yl -ala2x2
al2x2 +a2¥l -a2alx, (43) (x 1,0 x2,0) - al 2+ a2 2 al 2+ a2 2 20 The
line, 1, warosbessparaneterized int by x1(t) = x10 +a 2 t @PEEA)USOX288(L) = X2
0O - a,t (45 Now, the unnormalized integral, k1, of the probability
density function along line | may be defined by -15 WO 03/023538

PCT/ US02/ 2887% } (x2 - Xﬁ’) (%2 %)°x20p2-K,)’ d% exp - 2 - 2 dl, (46)
4~r2Q C2 26, 262 /%4ész ) 225%2(1) 32 X ) k, = J exp - - dt. (4% -00
4 2 26~2 ~ 262 5 n%%he xpected val'ué o IS gi ven by eXp = (t 1 eXp -
(xI ~~ 2x1)2 - (x2 62x2 ) 2 k, f t dt, (48) 4 r26,a'2 , 2 and the expected
val ues of the States are given by x1 = x1 0 + C2teXp (49) x2 =x2 0 -
altexp . (50)°10 Conceptual Iy, the update will distribute the prediction
error between the two; state @ e @att[q change nmade to the state
estimate is | & gdr arﬁgkgr——vxt M%eﬁtai nty (variance). @This
is because the ex ézz:tceqz poi\nt on%t he li né#% i s/doni nat ed by the paraneter

estinate with i den5|ty This is illustrated
gr apﬁcal |y |T€eﬁitmex%e°§%9a 9})15 "e’fﬁe p, cutting through the probability

density function rlepr esents the t,p ,5)1’_ 1igp/agined in a new measurement
that is a funefjon ff@h:x —'rfﬂ—%séﬁictm of the pl ane, 4815 p,
with the probablllkt‘y’ én lt?y fukcti 1IS the fffobability distribution given

t he new i nformmation. (p ssion ab hasaS|mIar oal to a
_hew AL ﬁ#e‘l ¥ 9 .
derivation of “THe ° egtgrvelues man 1191 er }e is desired to wuse uncertainty

information tg ebctatmztbetter par anet er estl mat es. There are mul tipl e@opys
the Kalman filter can 'be derived. The formul ation above treats the

nmeasur enent i nf eryptiapp,.(1) as an absolute while in the Kal man f| | t &0)
derivation it carries uncertajnt just as the state estinmates

Mat hébrat i cal | fFoncergslly thsapdategtl §18é§ut%1th2@ree8r?§tetf%n bRitveeR bR/ o iigtes i p vﬁy {hakthe

Kal man fbHaﬁ@I’maﬁ@tbﬂldlstatk bstifate is larg@2Ofof ©@PMRESWithnde [hedt@intyZ edardcer Mis 8 bafse the

obj ecti Vg)ipecteltli \BISIH (91Qhe ]m z d§m1§a¢édq>9 tl{pgarltamtgrggimate%th 5%%“ plfof)allbflig/rder?sﬁprﬂl{f’scg to

this pro Fine er arl herei
nor e genélpaqateéamhealehn igure He Tétsplﬁm CEtnepireHsh BRPOGBNS] iy BnigLrRpeRiner e x
i's the cuifd@gion V(ﬁhfétn@cl in@fevs ads@rerat thited £fnctibh df Soth RENEL,I Thie iG@VRIidndAHE plee] I' | X

f OI‘ _}_% he St f?tthe pro ablltty ctiensny funalon ¥ the pro%abtl%gglg'r bu?on gﬁ(%r? the Ir‘xeewrr%g)%t?andes cribed by 25

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+yv, D
where v represents random measurement error with zero mean and covariance matrix R.
Given the system described above, the discrete Kalman filter essentially minimizes the performance

index
J = —;—((x—i)TP"(x—i) +(y—-Cx)"R™\(y -Cx)), (52)

30 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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where v represents random neasurenent error with zero mean and covari ance
matrix R G ven the system descri bed above, the discrete Kalman filter
essent i al Wy ozionisag zes the performance index J = 2 ((X - XCT/UR01/8872 X) +
(y - CX)TR(yYy - O<)) , (52) 30 over x to arrive at the new st ate

estimate vector. This i ght ed Ieas uares formance | X m.nin.zes
the pr edat 2dAY Vta‘i’aSFe \Rﬁlﬂfe COFERAIS i€ eﬁ‘eﬂ (ﬁalﬁgggl 63 V& n’ga{% ed ‘g@ﬁ “eépm‘a?& t he
conf i denwesiremdniy@recareived) ttheg stei weightwed in the hbjephive flimtign insic@adyee twith sl cprffiderive
covari ang@elsrggstcggepﬁnfdso§th@vaqi,h,ﬁgg9@slm m@;ngthg(Rpona sting only of the variances.

A highly confident state estimate w | -16 WD 03/ 023538 PCT/ US 2/ 28872
have a | ow valisdsdy o E?”E"‘h&heéWﬁ%@bﬁﬂmrﬁﬁwﬂwﬁ?agﬂ?’d@m ey ¥ Pushe® 389pqyod

| arges | ofeap:ldmhg berneasfreniant f, b@hee ther@astikeamnre havity pemtisidVe dargetRi'e yf Rais emall,

wei ght edg D id ofet lf&m Lﬁsetrﬂg,xg i&@&%as%énmgpwmn& trw éaset th@'s&mm@gp'mqg{ame

| evel s (as e variance terns in R) . I's useful
to note faﬁra\fhews@rftateﬁémta@wéuwnwlaﬁeéorvéwdé'ﬁ%ﬂ by “Peri“eﬁ%lﬁﬁ'ie'%tiﬂﬂé‘ Eqvﬁ@n Pevihs
must do &tig@atbnjpiblem desdfibe@ ¥Hqadtion Sptail isaesomzmummrby séfting iR @Al Rial 4160 £eyp. - C
x) terms are heavily penalized for large R'. If Ris small, there is very
little uncert&/mdx %n (Kh&) méGewY Brei—&®Bctor y. In the extrene Bake, the
sol utl? on appr@ﬁaaghes the case where the state estimtes end up on the |ine
(or ane) defined by the neasurenents as in Equation 34. The optinization
pr obI em descrlobedkﬁ[ “Egua) @i B ycabx )@e sol ved analytically by gefting the
differential dJ tozero. dJ = dxTP-' (x - z) - (CX)T R" (y - ). (53)
10 Thus, Si@ce:dxd:anvz{r}Parbitr(rj{y theytgrm-in OreRets mugt be z@y,)atd it iy asjblGonelee Wxthe aptimphy y
arbltrarg,lge\ﬁralcglge termin brackets nust be zero, and it is possible to solve

for t he opti nal al gebral caIIy O=P'x - P-'"X - CTR—'y+CTR—'C>< (55) 15
(P-' + CTIQ-‘E)X -PiR- C&R ye’ﬂiRyC:(ss) (P-" + CTR' O x = P-(sz)+ CTR-'y
+CTR-'x - CTR-' (5& | +1_ (P- + CTR'CQz + CTR'y CT
R_' G5 (58) x0=(>P ++ CPR CB xetRx —o;R ETR— (y - c% . (59) In f5ﬁ)e
t wo-vari abl e c SGri be abov = 1 (60) and 2 P=-~"0
(61) 0 C2 Sif C?"s—gnl"y* Bré[1eﬁ “®he matrix R isCd rrply t he
smgletermR i S | = (~1 r | R (62)
S ngiElerm e ﬁgzﬁtﬁ‘ gzﬁ‘.a+‘@‘zR‘°‘C)x+C9R }-clfli s Yog
x—x+(P '+C"RT'C)'C'R(y - CX). (59)
In the two-variable case described above,
20 C=[q a,] (60)
and
ol 0
P=|"' . 61
{o a;} °

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

-1

0

2
_ O, a (i1 a 1 _
X=X+ + —|la, a — -Cx|. 62
0 _1_ [iaz:l[R}[ : 2] |:a2:’ |:le [y ] ©
oy
25 Equation 62 can be further simplified by
clat+R  aa, B
2
o R R a
x=X+| - [ ‘] {l:|[y—Ci] (63)
a,a, o,a,+R| [a] LR

R oiR
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2 25 Equation 62 can be further sinplified by C a, + Ra, a2 2 X =x +
C RRa r 1~y O~ (63) a,a2 CZa2 + Raz L RR C2R -17 WD 03/ 023538
PCT/ US02/Ww883@235a2 2 2 a2 +R ala2 z z 2 X=X+ ala2R 62R R 2CTruso2/b§sy2 Cx]
(64) 6] al 2 +62 a22 +R ala2 612 a; tRa2 RR o0-1 2R a, 22 2 X=X+ 6,
a2 Ra2 R[y - &] (65 al al + 62 a2 +tRa2_(Ti R 1 alai X =x + [y -
Cx]. (66) al a, 2 + 62 a2 + Rog@b2RThi s g@sul t denonstrates how the
uncertainties in the st ingtes and he \npasphenent affect the 5
update. In tha=<ase a Subset o{) t EB%E [pﬁ@ﬁﬂs are obt a{eard,
y, R and Cin Equ&iPohos® hfe rdpl aceds v Rt|he r bfuced versions. Here yr
is the vector of measurenents|obt & ned, &?,Rc ntains the rows in C that

gi ve the nmeasurenents obtained, and Rr is thé covariance matrix for this
reduced set of neasurenents. Ing tlhis situation, the state update is given
by 10 X = X+(P-1 +C TRr-131Cr)-1ChpRr-"' (yr -G X) . (67) As different
nmeasurenents arexi 194 fact irpye_@z nd R matrices change. Sincegshe
ef fective out put mEbf o as+ ROt acdnst ant”, the variance esti mates (and hence
the effective update weights) |pewer reach a steady state, even when the
controller 130 runs for many tife-steps. The observer conponent 134 is

constantly changing itg gainfag,2he processing mx changes. 15 State and
variance estinxet®s at, tfwe-@xptinct times: at the processisng
time and when neasufernént: TAf6rdmtion arrives. The update at the
processing ti g }e§ultade85rﬁgdté§thbxv the YRAALifjeH B tﬂ@st&@%ﬁ%ﬁ%"gﬁd TG reQne LA the
system In this case, the nodel error Is assuned to have zero nean an
know co¥dftF-ance. The current state and variance estinmates are both passed
through the siah€cad @isd dnlyONsubRL 6fi the frens@énicntd @readbtamedVy, RSdntl Bk Equatidis2 aspdat e
at the Megsh S0 letls BerlibCbn DY ALLOM of AEERcrl AL BuBRSOK NbnblEnNEY in ¢

i nformation T earne rom the measur enent s e‘by sol'ving the proebl em st at ed
i n Equat thafrgivg 2he measurements obtained, and R, is the covariance matrix for this reduced set of measurements. In

this situation, the state update is given by
10 x=X+(P"'+C,'R,'C,)'C,’R,(y, - C,X). (67)
As different measurements are taken, the effective C and R matrices change. Since the effective output
matrix is not constant, the variance estimates (and hence the effective update weights) never reach a steady
state, even when the controller 130 runs for many time steps. The observer component 134 is constantly
changing its gain as the processing mix changes.

15 State and variance estimates are updated at two distinct times: at the processing time and when
measurement information arrives. The update at the processing time is a predictive update using the known
model of the system. In this case, the model error is assumed to have zero mean and known covariance. The
current state and variance estimates are both passed through the state transition matrix to arrive at new
estimates. 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
Xp = AyX, + B, + 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)

XHEW
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The evolution of x in tine is given by Xk+1 = AkXk +Bkuk +Gkwk (68) where
UKk is the process input and wk is a random process error with zero nean and
covari ancwomatoeisss Q As above, the neasurenent taken is @CTarsobgss2d Yk =
CkXk + Vk , (69) where v represents random neasurement error with zero
mean and covari ance ITB.tI’IX R Any time the process is run, the state
estimat es andPay, oA PgodhriGQEe’ are updated using the fol | owi ng equaﬂlbns
?I_(Gg\./rv (7'16_‘) xol ﬂtggeequéﬂor(s %Saﬁesthe es&m%e 8?%195;&%15“?% thf Cl_/nsy §((>)152e§(l)2ug§1§§?ﬁgrﬁ amnty %Aignecﬁrsx
noi se, bHtincrepses. Lﬁwéﬂmammsyre@mtsaﬁkﬁeale ptife esPmplPRG@ersas sovaninge ar ypgatey using these
measur enmgfattiohs taken, the state estimates and error covariance are updated
usi ng these equations: 5 xnew = Xaold + (Pold-1 + CTR1Cr)-1 CTR-1 (Y _ C
Xoldy (72) X1, EX,,+(P] PEeWRIQPEIR yerRY,,) (73) These equations énsure
that the new estimate of x reflects the measurenent data, and the
uncertainty PontPpet+ IRF @ecreases. It is useful to note that the(3)
g?f ?;enﬁﬂésgwg‘g ee ud l};l)r%n ?u%e t‘l&g ?he%]:ava es lm]%%’ﬁf' {(N reél%cgsttfgzmc::f;l?uererxllfegtI da aéacrjag tth(% %gééc#‘tg?ﬁgr
based oncqgiged in I.’Oiemaa@uh @rveq*i‘elso HOSéhaatﬁle weasygedit piaechgngeythe Qfﬁ@agenaﬂ tgrms in the
covar i angfr B&Vakidn¥e hirit PRI k@MTa Werthdty bhiRowSHaddk Qre@8lktbdBlefsh- othbMbas@OAPERAl , 2
proce ??S| ng ste i ncreases the uncertainty (variance) while an additional
nmeasur enBnt  ge Fseases the wuncertainty. The fact that different

conbi nati ons 8¢ afireeazhtioweRb.sthasrer vevddanteemgsx isoipditddf alane rwith plzet tager eybmatey. thine

covarian géﬁerﬁra& PriodessinktePeHatchBERE u&é’x%in?yf@arﬁﬁd@) PRie R AHiRH B¥ad R0 ddcREseRL T 1 X
of partial derivatives of the npdel qguatlons i nstead of the matrices A,

B, and C'"PHiiGent &t th‘f‘ﬁ*éffeéeah@mg‘ﬁﬁ’l°§/‘s ?e%st"ieP‘F“tsa%epini‘dééeadsd AdITERY PRfEE dbde

rmdel | scovhian@amairized around the current operating point at each tine step.
In the nonli nﬁé’rﬁm&?%@mm Qiflea B9 YS! tf?matﬁ{ &F zﬁnﬁpéeﬁwﬁh%(!eoﬁvﬁmk nIoﬁ?J g Lga%s

[ DA iR

bet ween the current "and Pﬁtur stat e val ues.

h(xk) (75jteadf the rpatirehA¢ Pnaéldﬁ el eerrbobe wHE 2GRS Appliseand tPFe%r?ﬁe%ereP flgs
creat e t hieared srasp tiadirRar opesitig pdiit@mathhigne step.near nodel . of of L axl axX2 A a
2 aft L (76)

IngfLe r?o)ﬁﬁnegﬂ cMe,Qhe mode! 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.
EAC A
ox, O,
A~ a_fl a_fz L (76)
ox, Ox,
M M O
EACA
Ou, Ou,
25 B~ -612— % L an
Ou, Ou,
M M O
! ]
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of of L au, au2 25 B aft aft L (77) aul au2 MM O -19 WO 03/023538

PCT/ US02/ 28872 ate, ate, L & ox2 Cak ak L (78) &l Ox2 MM O The

f ol | ow ngwoiosmessss on outli nes the use of an estinmation al gamitsezredsased on
the Kalman filter to be wused in a run-to-run control situation with

mul tiple process contexts. The algorithmutilizes xk and F,, the state
estimate vector aﬁg t 34 upc rtainty information contained in the error
covariance matri (axV\h@fl i s time 5 to conpute settings for a particular
run, the observef _conponent| 134 must first identify the states and

measur enents tda Q&pp tp the run. Since the objective for the run igyto
achieve a particpubgr @¢al ue pf the system output, the controller 130 nust
calcul ate the ef eﬁ/ltivﬁfl ogt ut mapping C,. for the given context. Gven the
correct output mpppl ng an he current state estimates, the control |aw
conponent 132 cah conpute the process inputs and allow the process to
proceed. Al SOTRI rofidWiry didciion §ulfe QRSKE Y egmmm@gam&%/&sed $HDthE RATRLHE B8 to be
estimates for the post-process states xk+1 and covariance Pk+1 using the
process n®dalarruldsinigofithesingfoh @th mviéploprb@ssing ReraxisX Thetdiperitio sielizveX, adnP)oment
134 can al so predict the outpu r}/k+1 After the run, the obseryer con onent
134 receFW&?“ga‘ﬁﬁﬁ?ﬁ?"@Mc“yE‘Q infeatiop SUEARFR 1" WOTSbREHITCe T8 ¢ ARen b g
curreft st atmmputandties\ar 2 pog@laesin, thatdseral oomgpowint 34 mest ey idepiEfy uireenaest antl o

m ni m Zem%ﬂ%hén%@hat é}%l‘y t(;rtlﬂé §|nr§§cléltlk%bjkcgv%9’vhé/ﬁ}1 H%Sacfng}é a)ﬁﬁéula?‘%%e%kttg-systeﬁ?‘s
new products or are added, their state 15 estimates ‘nust be

added t o°Pé t@t"%‘t“@‘sler é?or‘é‘éﬂﬂ?lcb‘étle wg efgaftd)"te QU AEPRS St i ROt changi ng
process condi Givenie satekt caputinkppiglait tHe @trredf stateaatindtd b dostrd lawt co@pdieri2 OR, car 10,

it is (ﬁ]ﬁ)lugltl% pfr(% ssq gts ’a‘#&”ﬁ%‘\l} h%f ro%és?{]Z) ocgedaﬁ\lﬁgqt J?X tll;nlggl S&?eg\rey &h}g&%ﬁpﬁﬁ‘e”t

134 to ¢ eneticral anges to urb

cont el | @Jmﬁépesa@atéslfsrtth@po@tspr&@s@%t@sl Q. 1R ca@hh&wk}, Rikifg Mt RodBisZRMel. Using the

di sturbance, the infornmation about fhe new stat&'is nmerged into the

exi sti ngeSdcale@utp@Gladik, tR\dbsetvef @mpereabs Anealso pralict thXoutpdt Fer. 20 choosi ng an
appropriate initial guess for the state estimate, a new elenent is added to
t he state vectAfer theorut, rtlaacdbser\teheompewntslt3atr®¢insm r@dsd'retnierorb’kﬂa The nbseroey cammncml um
covari andt AhbF e Rt oA APrddon TR S R hen e S
term V\’h|5§ thﬁﬂQthtgml?x@w %Qges f(yrei at Anuql Y I‘]ﬁl\sgllfe]wtpfze)dlﬁc@cUr ?O%IS%()(; B‘% ard Qﬁecﬁ&‘éﬁ §t£t@t e
is not well characterized tuni Ay parameters 1ncludé the esti nated

noi sé5 pr epimptes rest feedded tvehermtte#lreedycbemg doretapd (itdired. G and Q 25 matrices in the

system nodel eguat éh%%)g Adeeks r&ﬁmﬂaﬁsesmamssthe( SdaRioRofMRdw f)r&)ucts'%nl &0 260114, nd ik 1 al
guesses fogihlfr;\&\gv states_and sta i mat e vari ances nus e det e]rfrg ned.

By
choosi ngP% the fpmben of YRS §r§°kf"§)'i’y tf‘%‘ébs?ﬁﬁ'i E9TRIAE {4 t‘hChéngenétv!f tepelicial REPFFmt e
t he obserheges coiporetht cdxiﬂrdllar\n 1B0 abéttit @ pedibleo Trpakhtege this pinafizd elisturtahdeythent i |
it more ﬁ!f&rﬁﬁ’ox abd¥BhE h§§ st‘titg'% rﬁ)é?gefi i dTHRE %ﬁstfﬁ% st%t@ Qecﬁ%'ax?& érﬂ)g c%x@ah&smatr-&" eAi‘EelF'Ol ce

of the Rmatrix affects _how quickly the estinmation schene responds to
measdf e nepesingn gppropriate initial guess for the state estimate, a new element is added to the stafe 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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30 Larger values lead to a nore sluggish response. The choices for the G
and Q matrices affect how quickly the relative uncertainties in the

di f f er entwoomdebk3ssg at es i ncrease with processi ng. These camrcCraSozest’t o cause
the estimation schene to favor updating certai n pararret ers nore than

ot hers. -20 WD 03/.023538 PCT/ USp2/ (gggz The t uni i.ng datnd even the
model for m dep¥nW RELI 285V Hr BT B &FFFF’ yﬂ?eﬁr‘éceis condiions, e Hyegdp no
controll mrfectbmrolﬂeatbhteath@rohlyaaesb@)sttrollcr(fnrtarg)‘}'eheertoifmcea cqdisiens. é@poct}ﬁldfpsmdless

condi Ui Ofhe e&pegtfemstmﬁ&rs&m@@a Rhen Bt psrﬁﬁnﬁmgﬁ&ﬁsﬂogk&mw@gzces Ieads to a
design that perforns wel | under % hgse circunstances. In

estimation sc]r‘i‘eﬁ’ﬁaStﬁ‘é§§§‘F‘F%d°}§5‘6\ﬂéscr"{eﬂé'i"€e dhege PGbve gyt H%itsmfel’f‘éd é‘?cﬁ?aé"t)énd
uncers ai atipatesareahtrigerat Tasse areeheqhaivg@omadd higs@esaingtihhad preaifdactar Densuvatst tibe.
processi ngehidlk ot B.? SMBQQ{T G aldRARURATRRL Jotn t b qu,n%g Ha, 0) b6 ly,
the state estimation orit mmauntalnsacor‘r‘g@éﬁé hi story runs
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40 -21 WD 03/023538 PCT/ US02/ 28872 Table 1 - Process Events: Case 1 Event
| D Batch I D Description Controller Action | | Run Product A on Tool 1
Predi ct Swete®23334 Measure Update States 3 2 Run Product pATArsoZesst2 2
Predict States 4 2 Measure Update States 5 3 Run Product B on Tool 2
Predict States 6 3 Measure Updat,Iebl a%, : I@Jn Product B on Tool |
Predict States 8 4 Measure Updat @°8{ at 88 ¥V I'%&*$rlocess proceeds in the
order described in [BRhaDI,Batch&h | Deschptist or i cal | nCarroikt Adion heeds to be
saved at all. Each pwest—ear—dpdate—the M“t”‘" st-at-es—1 t he normal wa
as described in the|table| Hete, |the BN da rﬁc\t?ms be saved are d
i ncluded in x*, whifph denqgtesl!t heMepsumrni ng t ot aI 'Umiﬁteﬁihﬁs se1 of state and
uncertainty estimat pssyThgvad uesRiPhroduc ASEroriiedEft st efch event, and
then the event datalare dilscarde However, if fhe processing occurs as
described in Table P b8l ow, then|M&"Sbserver conpAeAre134| nust decide
how to interpret eafh BEW|pi ece ORutiPtbdhct B&N@bI2N(OPrEdi@ SEleAS Ul ement  event s IS
not as sinple as bgfore ecapse M\.e neasur-errent 'm‘tmsr?f.u is out of
date. Cearly, the pbs&rvar conpoNSAF®134 still neaas FS 10|do a state
update wi th each ney neasur enent | Rbukroduct Eeaurivolt 1 sli’rcqmt?ta@ase new st ate

val ues on the | ates geasureentRegRuse the newigtengetTpn refers to an
operation that tooklplacelin thelpast, The solution is tg $ave all the
event information so that the conplete history can be constructed as the

i nfor rr}ati on bgg &ess@meh@blt& ordenﬁsa&mse& inamblé $, tﬁdﬂeﬂa h@fiofiGRmeanbtionhadvben it
is no |lon

Gess Even
Descri pt g’ﬁjraf%lﬁ%c 1B} caﬁc",’?da? fhe cfn ﬁﬁtate’ rgh(fdlgrfrna d' %ﬂscr e(?mlfhrel?é’L oy tkﬁag“t tlh‘f es 2
2 Runs Pr oduddta hatomusTeorodave? afy imneliidstl irSK*atwhish dgoRs Rarirupringiiotat” 98 thgrsetTad gfate 2nd
Predi ct Wittty estinates. Nﬁ@&!!ﬂﬁ@ fdReat @pd&%@-@ﬁﬁeach@v&nt N&ﬁﬁéﬂ"t}% e%d@ata%re%ﬁs@ér&a 6 4
Run Product B _on Tog Predi ct St ais es d %?Eg Ugd%t g St at es lé
denote the setlo¥s tf é&ee‘"%fFFa‘“% AEWF PafeRT s e if ers‘EOB‘P%‘(ﬁ"té nt s
are i ncl mdedecidethew toifiterpeed pach @eve ak@uif dite dHipwlingt the ieamgensent sveramnig nottae sigiple Ry

over t hebe?&rQEe%%s@ﬂ(@H&a%urer@eQ%%}nﬁgo& H6ut '8{3&%5 %@cﬁr}’y HRORELSS- conﬁﬁlbﬁenﬁ A sfil feads c&Vent
in Table 2, there is no dependence on other information herefore, the

st at &9 eg‘f P FRtee®Ies it 82P MEY MEPVEFmenin it ot “c"&’ﬁ“ B‘é’PlXp‘B%ft Y. S VAYss gn H‘és‘@“}(*
equal t omxgsuraficht bdamseatienely infainatiarrefers Randpsaian thetdook Piuee in éetpast. HFhe sol@ive biits

(2-4) ing,labl &.2,&f GRG0 SLemPESARREGRE IBRSYLEIEA 25 QRSO Ralel e

available. Information is then discarded only when it is no longer needed.

Table 2 — Process Events: Case 2

Event ID | Batch ID | Description Controller Action
1 1 Run Product A on Tool 1 | Predict States
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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bat ches have been skipped. In this case, x remains constant, and the data
for the three events are added to an -22 WD 03/023538 PCT/ US02/ 28872

i nt er nal Wwios3me3s3srai nt ai ned by t he observer conmponent 134.PCTHiSe2/bgs3zory i s
illustrated below in Table 3. Note that the event that is knovvn to be
mssing i s denoted w Icul ted ti at x
Tha it or BTRGTE PRk s Doy B e Lot T ah s Rhngi Rt Bl Baby NG

| nt er nal thiditigtegeny thathy leratvs tabednissinEvsalanoted B itBANAL ND)NDés@nf eselicdried@untertiog dteb
Action Md/}ergmjggaé%@lrggg%g%ﬁg@ges 2 2 Run Pr oduct A on Tool 2 Predict
States 4 2 Measure Update States % oduct Qn Tool 2 Predict
States 5 Wien the next event?Esy PtfqlVégtemilﬁléStoé’b@é‘?“{?ér conponent 134 has a
conpl ete set of dat REVeRIIDgIBatchad ¢ Dessriptis® 1 ar, SO CGontraller Adionipdat ed. Here the
internal history coptaipsithe-sevents—|isted o] . observer
conponent 134 can updd® ¥ by iteMﬁ?Sf‘rﬁg over theseP®G3AES. Then, the event
data are safely disgarded.| Tabl e[ &unPriaetA @l Toelr2 || frédat Brates HI $t ory ( Event s
2-5) Event |D Bat cp+D-BeserpHopantretH-er Hofte-2—t{Measure Update
States 2 2 Run Prod chtTrA an 'Izo i&-gr edict Stat e%ﬂditbimf\gfbas ire Updat e
States 3 3 Run Profluc8 B |on 3Tool Ron BrpduetiFoan Toplt igfyedict Batfhe pext two events
(6-7)s are inconpl et cbecause batTh—3—was Tever neasured. As before, the
observer conmponent 134 adds themto its internal history as_shown in Table
5 and does notVhefphuiest exent (R amiyre dhebisavgr sppenent 134 has §°‘15‘1'P§Z"55tl°£dafacf°rcf€f’?tﬁﬁs an
al | owabl & fai, 5@ x\Main dOwpdhed. Hére thel art@nd distaryrdomains thé evemo Ugddl it iTae pasizadservet he
Obser Ver &mgtglﬁgzan%§céte(ia% ﬁﬁﬁ er‘il%?etevgnl&e &t tﬁp ev‘gnt %y gamt:ar&kﬂt a \M l l

never arfi can proce apsin datd fromevents 6
and 7 into x. Table 5 - Cont?*’@lel“errCOPtFﬁ”éfr'Pf&Pal 5&“&6&3"/‘3“ sBénts 6-7) Event ID
Bat ch 1 D Descri pti OffESTD EalcBID FOtdcittion VW A 3 Ve S elhdor £ States 6 4 Run
Product B on Tool || Predict States 4 Measure llipdate Statps Based on the
anal ysi s above, each ePemgnt in {MeHEasur ement |neRIFFREFS alrandom vari abl e
equal to a functiofr ob ONe O MDR&n BbduEtPonSToal2€[SPredIdiBiates 1 L | 1S possible to
define a probabilit}ydensity 1"\,'.4:*;\/1i on—for—the f@%' cted—val ues of the

edsure ate Sta £s |
vector of measurenefts. |1f| x ‘has|ani error covarilance i x| P, and the
prediction of the 2p odtpyt i% g| R@nPrbgnct@%,ToplﬁerPr@mSt@mar ance for the
pI‘Edi]&t ed out put i stgtvenr—by—€P-CF—Thts—covartance—matr+x nay be used to
construct a probability density function for the predicted output using
Equati on 26. TenirdBRcaeTNO 5| acopgiete Prapss PaichP ahaeysr é’ﬂ?sbrf‘bdAf'rE%f%r&rtéﬁe nts

can t henoﬂaavaaem@heﬁl 13402d8@En fd i@dnter@f) @iistdtyl 8Ghdviniih tTablé © akledoes wot Oglak k& As
processi Qgcr%n(g above Is pos%ble %qiuﬁne%rqglﬂ)wﬁble GG §<%I;vyfortt19e d?nta%yarr\{\\aet ﬂler%uélhtﬁne%s%gs?t Ing

the observer component 134 can assume that the batch 3 measurement data will never arrive, and it can proceed

15 by collapsing the data from events 6 and 7 into x°.
Table 5 — Controller Internal History (Events 6-7)

Event ID Batch ID Description Controller Action
N/A 3 Measure Update States
6 4 Run Product B on Tool 1 Predict States
7 4 Measure Update States

Based on the analysis above, each element in the measurement matrix is a random variable equal to a
function of one or more of the states. Thus, it is possible to define a probability density function for the
predicted values of the vector of measurements. If x has an error covariance matrix P, and the prediction of the

20 output is given by C x, then the covariance for the predicted output is given by C P C". This covariance matrix
may be used to construct a probability density function for the predicted output using Equation 26.
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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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 = A +Bu, +G,w,, (80)
Y, =C.x, +v,. (81)
So, for a system with m tools and » products, a state vector is constructed as

24-



-24 WO 03/023538 PCT/US02/28872 T X = [xud; x,, X,, Lx,. x, x, Lx, (82)
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O0OLOMM 1 00LOwich results in an observabl e
system In eg/% M&ﬁofg rOn only one row fromthe output matrix (&)
active. MMMO

0 0 0L 1

10 which shows that all the tool and product parameters are nominally stationary. The process input is assumed to

affect only x4, so it is of size m + n + 1 by 1 with an effect given by

B=[1 0 L of. (84)

The complete output matrix (of size mn + m by m + n + 1) for the process is given by
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Thi s reduced subset of the output matrix is denoted by Cff.
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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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It should be noted that the disturbances under study here involve repeatable and systematic effects. In
general, there are also random and unpredictable high-frequency components that appear as noise because they
are not captured by elements of the chosen process model. The observer component 134 can only detect

40 variations within the scope of the chosen model form, and the goal of the controller 130 is to eliminate them.
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35 qualification events in a real plant are perfonned after tool mamtenance or other discrete events, it is possible to
use a qualification event to aid in state estimation. When a major disturbance is detected, the observer
component 134 does indeed have to assign the error between different states. However, running a qualification
test immediately on the affected tool can help minimize the impact of the disturbance on the controller 130.
The qualification event is a direct measurement of the state associated with a particular processing tool.

40  Intuitively, this will demonstrate whether the observed error was due to a tool issue or a product issue. Because
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40  the tools are normally very expensive, this is also a limiting constraint.
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It is important to realize that not all data obtained in a manufacturing environment are the same. Some
data are more informative because the quality of data is dependent on what is measured and the conditions
under which the measurements are taken. The information content of data is dependent on what the observer is

40  trying to learn from the data. For example, repeated measurements of temperature at a given pressure show
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Note that ﬁ =1, ﬁ = , and —é;f—=bk. For this system, the observability test matrix is given
ox, ob, ou,
25 by
0= 1 1 o)
10 u, |

Thus, the system is only observable when w, is not zero. This is important because the steady state operating
point has u at zero. The unknown parameter b can only be identified when u is kept away from zero, which is
what would be accomplished by a persistent excitation constraint on the controtler. This simple example
30 illustrates how a persistent excitation condition can be related to an observability condition.
In general, allowing a state estimator to run at the unobservable point will lead to unpredictable results.

However, it is necessary to do feedback control in case there is a disturbance. A Kalman estimation scheme
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40  tolerance region.
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40  state estimates. The evolution of the covariance is completely determined by the processing order and chosen
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Kalman filter-based scheme as described earlier is used as the state estimator with all noise and variance
estimates starting at unity. The variance terms for both states are plotted for each of the cases. The effective

measurement mapping matrices for the two measurements are described by the following equations.
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In the first simulation, shown in Figure 25 all of the y, measurements are performed first. Because the
measurement is affected by both states and there is no information about the relative values of the states, the
uncertainty of both states increases steadily through the first half of the simulation. In the second half, the y,

30 measurements are being taken. Since this is a direct measurement of x;, the uncertainty associated with that
state quickly drops.

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
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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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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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t han ot hers, nih fp@es sense from a busi ness perspective to run nore

i nportant or critical products on tools with nore reliable or current
state informatli®®n. 30 Froman identification viewpoint, it is possible to

| earn about an un&qo%to? by running a well characterized product on the
t ool 2% Conver sé& r'u a new product on a tool that is understood with a
hi gh degree gfog,)confl dence can help to |l earn about the new product quickly.
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reliable or current state information.

30 From an identification viewpoint, it is possible to learn about an unknown tool by running a well
characterized product on the tool. Conversely, running a new product on a tool that is understood with a high
degree of confidence can help to learn about the new product quickly. This section will attempt to define these
rules more objectively.

This problem 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.
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the product is known, and it is predeterm ned whether or not the batch wll
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performance i AYBLPIPPITANR® BTt URE ST T tcthésr"Y?E‘“%f‘”%f“ﬂéPf°Feéiﬁ’?r 8 e\?ﬁﬁ'qaﬁhce
mat ri X Pthe poduct iimowe.aseit Gipredeérained wherhgr anhot e bprlogid s meamobds I tie pragessing foels
trace of arE nﬁfasbréag@anm 106 LUsRH 2 M @SerRIRY earm@s m'lghéemq wiP el enﬁlem "

adj ust ed ke sone pararreters nore i nportant than others. Letf nF‘u) refer
to the sEﬂ*i’iei?Q'é’lmgé‘? e p3tehen e gysue. Iﬁthtsﬁéc‘%ﬁ‘&d?'tﬂi YIB?FaHtFHWthd%‘Pt“tth“éOR}& Hethef

t he perf eagmavicen. 10 i ndex cal cul ated based on the input vector u. Again,

t he val ue of th v node e
initial val ueég;ﬁnn %éﬁ l%lshce%%de)yp(%%&gge Qe?pﬁqgﬁn%%fgg&l&)ﬁEOQEHan e lé(alf‘rl‘gh&p

pr obl em esahofisieterndtingticht socesd dqobrigriupethy tge ?frPo@élagaé‘I’Rﬁluéeé B ag ?F@“i thpyeiskiagt or
u. mn feduldbe adjbs(eaﬂﬁﬂake %e@arﬁ{l@rﬁmae iﬁ)pkx}am t(la'hQﬁx):rs In this section, it was
shown that th s dmore to sta

estim moun
obt ai ned. Met o é")wer e’ degddh ?Vﬁre%ﬁi"ﬁ arP%a {he Prrﬁ?mfo" gorhz ah ﬁ}fe Va]tu?logher%gorf"a"c?
i nf ol@rat index chlpulzeddated of thelapet vecTias égmattfhofdse dahe obe@wﬂfye@lom dependken thy e si ng

deci si ongodehadd avan uluhal lvﬁ@e@l il e PRaBix| AE AraBhie Qhovh &h BEtinAY¥ab] FIG: faRbe &fiRddgo
estimati di scussion unifies these |ast few scenari 0os

into a cgqﬁeé?‘@ﬁg' %rf"i‘eéf}lé’ti ‘éf,\fber‘gp&&fﬁt?rr‘i ng data. This strategy conplements the
uncertainty- bagg @bate estimation by providing a steady and reliable
stream of new vui nfornatl on. The previous sanple scenarios involved process
deci sions andgabheir effects on state and paraneter estimation. Wiile each
of the situations is worth studying in its own right, in a real production
facillfty theyy Q{SO,riug,tKalkl} be consi dered sinultaneously. The foll ow ng

di scussi on adar sses the need for a conprehensive plan for information
col l ection an éararreter estimation. As a prelimnary step, it is first
denonst r at ed Inthis sqotiac v 9/ad vhgwi theti tkercpin mored e ethfe epyimation ¢ thie pgrowh of dag ghtpingdng),
can be Mﬁoaweages&md fh@tea@l@nﬂ?fo Mﬁfy&ﬁeaamu@sﬁ lhmah&nn @-L&&fdaf% hmeﬁﬁne@logswalde
For a_numnber t|on run are

this reason ?’ jS‘%?‘g
opti m zaP§ BRI Bk %fﬁ%essd‘ésdé?ﬁ‘%‘é ata‘ES‘ @4 10 org 4 W“%S‘F’“ HesE? §E€‘§r?3¥*i“8‘§‘ 30
t he PO anTheafetdovatsadigusion umbdsi tiase hbtgfor lscteimmame a4 qoh¢rend straregyl faracquinisg dame Tiay. A

differ engtragﬁ)o&ﬁ‘@@ngrgs ﬂ@ffﬂcé{aﬁﬂl Ba?ed sﬂa{a\éﬁ%hcﬂ%%%vldﬂ %@Qiﬂiy%ﬁ'@reh'ﬂ;g slréamotf nE\he
nunber of possible solutions ‘and all ow the Cases Fo be easily understood, a

system WHf¥matiokr ee process tools and three products is specified by the
si mul ati on dr Thveegrevi@d® sampe dcenadi@ribviosed grbdessatetigns and their effss wnphite @md pganteeeed e

that thees%wm g@mg Lap @9&1&1&% 5 Quoxﬂt{ad%g nsam rrgﬁﬁlng,'rrtaﬁ yms&sf @?& ween

t he products an om nol se an are added 1o the
st at 8% dmEitAlbe %ﬂ@reflrﬂrnalﬁn%w Ths fllqwize é*é@?féﬂnuaéﬁfeSieﬁ@e ngegd HAr A GPTREFhenERE PlBR g NS
with no kﬂ@\Mn&ﬂi@@cdﬂéctM@dwaﬁ@aawxhatoes and runs for 200 tinme steps to

conpl et el y Sekt ,8; rehm-xrr?lrey ﬁ;epi_ lt 12 ers{ et ond ted Ehat %%‘épsln%(:c{ﬁlslgn.? sm&ntlxs s%}ried?_lhng ancE he

tests use the' sa
conf i gur samipbe, ¢a8 beimpds using the hﬁédssfé éﬁé‘@‘iﬁ e%lmauoazlgv@u@?ﬁ @@BSBBOTFHWF@SGZPMVZ

of simulation runs are shown using the optimization problems described above. In 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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Table 7 -
32 322 412 53 (qual)

Process Decision Base Case Run Sunmary Run Tool
622 732 8

Product 1 2 1 2

13 931 1013 11 3 3

12 1 3 1wW023b23538t 1 2 151 3 16 3 2 17 3 3 18 3 1 19CI/i&0226372 3 The

first set of tests deals with choosing an optim

objective of the test is to

uncertainty in al

T t
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sanpling plan. The
sure so that the
YThis is

acconpl i shed by using the objectifRen { Ustt Platucdpf i ned i n Equati on 102 and
its associated constraints. Eval ufi,“ 5 cflt“: objective function is a
nonlinear, iterative process. Ong¢e ah Tnput vektor u is chosen, the process
nodel can be used to evolve the|cbvarfapcezmajrix forward through tine.
For this problem the constraint${Egusttons IP3 and 104) conpletely define
the feasible solution space. Esgentjally, c asurenents nust be chosen
out of the possible n. Since the|pfotessing?orfer is fixed, the order in
whi ch the measurenents are sel ecfes (JOES qqhnwatter as long as they are al
sel ected before 10 processing begs gu Th reafls t hat the nunber of
f easi bl e candi date schedul es t hat %e de¥|nnd is given by n! (n-c)!c!
(107) For a total of 20 runs thi$ bp.lhizatlon probl em can be sol ved by an
exhaustive search of the feasibl ggdpnpi—73ab]l e 8 bel ow sunmmari zes the
results of the tests for several |[different valles of c¢c. 15 -43 WD 03/023538
PCT/ US02/ 28872 Table 8 - Summary &f| Shnplihg [ptim zation Tests

10 [ 1 3 '

[ 3 3

12 [ 1 3

3] 2 1

14 | 1 2

151 1 3

16 | 3 2

17 | 3 3

18| 3 1

19 [ 1 2

20 | 2 3

The first set of tests deals with choosing an optimal sampling plan. The objective of the test is to

10

15

choose the runs to measure so that the uncertainty in all the parameter estimates is minimized. This is
accomplished by using the objective function defined in Equation 102 and its associated constraints. Evaluation
of the objective function is a nonlinear, iterative process. Once an input vector u is chosen, the process model
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, ¢ measurements must be chosen out of the possible n. 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
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.
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entire solution SQ& a series of n sinpler problems can be sol ve
each rungstippiionglgerit ‘Eaé‘ﬁa‘teﬁzﬁ?m%?“’()‘t)‘f‘?i%%mteﬁ@‘%st i rmedl ate inprovenent | n
the obj ecti veliisingedtiegioaske thitthevape atiessjcttSe futiemleeds offtbove aul 10tnfeasukatades

ar e run. Thlg) 1srrH&"e Elﬁaﬁ“l& 11%1%&'dtedl 1{}3‘ FI ﬁre Q@C%?f‘? %%es Q?ap gﬁgag cglrm nPth}S q%oﬁmohlgge

pl an. To test nt tion, tests-are
rreasur i ngie'e\ﬁets/mbaatrwmsebaérdy ngt PreYideyenoesh, newyigfognafion fociugiit hir C@tﬁe‘ﬁymfecﬁm’t h
bat ch, aprgour@yery fifth batch. Know ng when the neasurements will be taken,

t he controlle 130 e.th order . that i.m zes

e Dont -t nf ardiendPles GRS 1B RRIRETE BbrocBl 88T et B RINTRAGRRA BE

pr eséht s preptermingd, bltt @emeCQSH@ pden emds narl’qgrardv dreangestidip. the) givep geshie offbatclhee Again s
the val uge@bjedil€is @PhR&liteR: ttabetnatweldmy&rmtet BAmABW T0E SEtrain® if O§IRAME Bo3tad t he

val ue Ob%& (E? tge aus%tI orP gea51bqe soi:i (t:"tonas'u }tte 09 egg I;ietgrmmef pytsglectlng one batch at a time from the queue

until all runs have been completed. Because this problem has »! 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 » 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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Table 7. In each of the tests, solving for a better processing order
significantly inproves the value of the 5 objective function. Table 9 -
Summary owo@3@ess3pti m zati on Tests Allowed Sanpl es % | mpCaieso®egs72 n

bj ective Value 20 19.8 10 20.4 7 17.6 5 15.9 4 15.9 10 The final set
of tests deals with the tool allocation problem Here, the processing order
and sanpling plan for a set of batches is predeterm ned. The objective is
to minimze tHholefhelowtpadsetsyhe resultsns thegroasveingegrder etudyi hmtagisoflihe tesiiobs vatg of the
MoSt  appgudiiedhbRintd KhHe !ty ofd&0k cnPhre@BGHE ARE 6htaihdd ulifkethél HEUR ordé®esented in

constrain n E t1ons 105 d 106 defir t .of bl t]
Weh b gt of ARubnBts Sl sPAR Becr T salet ey e SRpievy et b e

sol utj onsbjechs ferdagonnunber 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-optiml approach is used to achieve
approxi mate sol utions by | i m ey SUmenAE Esr ORImizigddiedat e schedul es. For

each run, the tool is cPAORRBd Shmples oléafehtlit Objétti Jedr gest i nprovenent
in the objective functijs—Ihus, i i probl ens are sol ved
to determne where to rjun alf® the batches. T8l e 10 bel dqw 20 shows the
processi ng order deternfned by the|algorithmo45 30 -45 WO 03/023538
PCT/ US02/ 28872 Table 1 toet—AH-eeaten—Ru—Surmrary—fun Tool Product 1
11 232 322 43R 5 (qual) 6 2 2 12 82|13 931 102 3
11 33 1213 13 2 1|14 252 15.9
4 159
10 The final set of tests deals with the tool allocation problem. Here, the processing order and sampling

plan for a set of batches is predetermined. The objective is to minimize the uncertainty in the parameter
estimates by choosing the most appropriate processing tool for each batch in the queue. The constraints in
Equations 105 and 106 define a set of feasible solutions.
With a queue of n 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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1513 16 32 1723 18 31 1912 20 1 3 This allocation of batches
on tools results in about a 10 percent inprovenent in the value of the
obj ect i vewbuwno2ise$r. However, there are sone nore stri ki ngpPcadisor/sss75i gur e
29 conpares the sinulated output 5 error of the control algorithm when

using the default tool allocat] I d th timzed plan. Large
amounts of variability are ren%%%ﬁgrﬁnw nb%ﬂ?%ﬂwgga V¥rsion, because the

products with high paraneter estlmnﬁeTmm eedica{ nty are run on tools with
relatively small estimate uncert 4 i tant feature of this
simulation is that there is no condtfain{ that|dictates even usage of the

tools. The results show that the aBgarBthnlaiv ded the runs up evenly anong
all the tools involved. The reas¢ns Luzuuu thip is that the uncertainty in
the paraneter estimate for a given t increafges over tinme, even if the
tool is not selected for usage. Thfis tﬁe al§or{thmhas to utilize all the
tools so that enough information[is avai [aigia® {0 keep the uncertainty |ow
across all the tools. As shown i p4he Er\"inus,section, manuf act uri ng
process deci sions such as tool s hnglln( and | sanpling plans have a very
real effect on the ability to effleétjveély perfprm process control.
Furthernore, it is 15 shown that—gropsrtnagippl ati on of these decision
vari abl es can inprove the controlled|out put hi |l e t he deci sion vari abl es
do not directly affect the process9var?ableé that the controller 130
mani pul ates, they do affect the qma1tnt amd fuality of the information
available to the controller 130 feo of—tse Hh—pdating its state and

paranmeter estinmates. For a nodel éspd controller, different values of the
nodel paraneters lead to differefti2 yalues &f fhe objective function, and
therefore different process inputszateschosgn—-46 WO 03/ 023538

PCT/ US02/ 28872 Using the error ¢ovariance matfix avail able in a Kal man
state estimation scheme, the nanmf%c1u?ing dec|sions are shown to have an
explicit relationship to the rel atisve ung¢ergai pties in different paraneter
estimates in the controller 130.4é ogdel—can-pe created that rel ates
process decisions to their effecis on the¢ unceftainties in the paraneter
esti mates. Depending on the curr¢nt? cohfidebhcef in the paraneter estinates,
taking a particular 5 measureneftgot—gummipg—f particul ar processing tool
can have very different effects. JAt this|lpoint] it is convenient to
separate the process nodel from f§h¥é ;ubervi%or/ schedul i ng nodel, as shown
in Figure 30. A process control | ¢r203p01i pl enepts a | ow | evel, process
nodel 310 that describes how thé—process—wari-ables are affected when the

i nputs are mani pul ated. Process varlables i ncl ude recipe settings,

neasur ed bat clihiprlp@iot o€ batchemneh eguresdts irodbovtar 1aparant. improverteitsn fedelus obtit ches

ar e unkngmu%%ﬁchoé e AP RERS e s%tne TR i rm&sntngmla@b ConaRPRE Elhﬁﬁteaig&tﬁﬁ m ne
how t hey Wil be affected b é% roceSS|ngﬁ%g Fnent schedul i ng

contrdl i @T“S’ﬁ@‘eﬁﬁﬁ{(’éﬁ'é?ftﬂg“ %‘hﬁé‘ﬂ\}?es‘é?f?“ ' o7 RG" ARt orBHZed R %aﬁﬁt

concer neamatints laf takigbildgeiratelmsved in thoaptimbat vehies, badagse e poégsadth high sqrmttr esnmat_d eal s
only W t b LR UGHEY ol%thrr@agt%&@,Lautettrn&mﬂcemﬁty plant. The environment is

made up of a series O te eve ese events include batches being
processed, todndmpsrHdeagisAfiths dnulation dp e therrels N eqnpipinhriiadigtasy svapgrage aeHe one
of thesetsN GMEeSesuﬁshﬁo“pmaGESE‘goﬂTﬂﬁl @ividedlibe BdsQipeadnly@ontSaidhet@!sdBbBEdTI TRE reh L

Iagt It E(!)epa}og lS 18 Ihat(%lgesunco al}:ltl;l ?ﬂ tt[.le paran‘P{er esszﬁe f%}:' g‘glgesn t&? mcreises CSI' tlIn’ll’e‘I eevyn l?%r EO%’ it I €s

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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paranmeter estimates. The higher-1level, scheduling nodel 330 can be used to
determ ne the effects of the event on inventory levels, cycle tine, and
tool wutil|woaBioess3s A nmulti-level control strategy is used eTAISOTREWB75t at e
estimation techni ques described above and inplenmented by the process
controller 300 are well-suited to solving the problem of determ nltn t he
best 20 par aHiitehe SE¥ FRATRES BIVERARLL ' RV HHEETESP SETs Tevar AT e
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The "measurenents"” that the scheduling controller 320 receives are the new
values in the covariance nmatrix as provided by the process controller 300
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15 these extrema do not correspond with the discrete values of the decision
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defining at |east one of a tool state and a product state. 5. The nethod of
claim2, further conprising: 25 identifying an additional observed state
associ at ewowisto3sthe manuf acturing system (10); generati n@carusopedsral st ate
estimate for the additional observed state; merging the initial state
estimate with the state estimte vecHg;;P%enerating an initial covariance
estimate for the additional observed St¥ ; and nerging the initial

covari ance est.i nat 8 nwihbhfot nenitoringameaaufgeringsystenk (108 Gongprisiihie met hod of claim

1, further copphishPfrality b%&weé Afaté;gss@cla%&twnﬂfmeInthfacaJr,ngs;yasne(@ﬁtI mates at a
first time; maintaining a queue of events associated Wth theé manufacturing

syst em (10) o&ﬁﬂ?ﬂ%ﬁ@m5$F%Ws@Wmf@W?@?“mﬁrne the events including process
events and negaehigenincaunmntivalie Bbeatledf@icwiatagstimates;r St measur enent event

dent 1119 Ol ASALAGES R EUERLE: A3AC LS '@.ﬂ%@@te&kfoﬁmmasureﬁent

event; selecting events occurrin rocess event; and
i teratively upRIaineMy sllestimaict bagad og fhét‘TéaSé@tnF'r‘rﬁ%té@d tﬁ%?sle@rt@wy vaiiss ppqeigged with
measur enent event meslatt Bemael ected set  of events. 40 -51 WO 03/ 023538
PCT/ US02/ 28872 7. The nmethod of claim1, further conprising: generating a
first output mappi ng based on the nmeasurenent data; updating the state
esti Mt es bas@d onThehesthofl pisfaing Litfyyther compipsingg, t he neasurenent data, and the

associ at ed Unge%ErEtﬁalg@Tst)fteVsﬁhlbk@%ctoanélﬁ‘(ﬁ@'t%'sﬁ&eﬁuﬁ@@qm measur enent associ at ed

with a second processing. event. occurr ter first r.ocess event ;
Gener at g SRUGA T HOeE AB g mak i 3 Pire’ U8t i OhirsBHPE fRe it
updating the stated@mmgﬂavmsmﬁaeedwnmdDﬁémgmdawms@ﬂmmymwmappkmgrﬂmhem@econd
neasurenent, and t Qg .aesqabat ed uncertainty values. 10 8. The nethod of
claima1l, further conprising: identifying a plurality of candidate schedul es
for performing activities in the manufacturing system predicting changes
to the uncert ai nt yTheahethos ofxtiiet] fiotetcheprsampdi dat e schedul es; and sel ecting

one of the Caﬁﬂo%g%ﬁ&&@ﬂé’ %%Q%mfaggm;grgfsél @I £hed changes to the

uncertainty val ues. wherei n generating the
plurality of tRepiEaxp @f Séaaerfétarmeégasﬂﬂnmﬁ@focesewﬁ%débﬂ asOpipEHIFS AR A2 Sur al ity

of processing activities; and scheduling a plurality of netrol ogy

actiyjties asgociafed, W EQfé} éqb%tr i R]h&fa%ﬂ SRIRA) 1@& b Blualit§ o 1058 20
candi dat e schedul e ﬁaﬁio di'fferent subset %g$ﬁ r éﬁﬁ"gacgﬂvggles
80) configured to process a p urallty of products and defining the plurality of observed states further comprises

defining at least one of a tool state and a product state.

5. The method of claim 2, further comprising:
25 identifying an additional observed state associated with the manufacturing system (10);
generating an initial state estimate for the additional observed state;
merging the initial state estimate with the state estimate vector;
generating an initial covariance estimate for the additional observed state; and
merging the initial covariance estimate with the covariance matrix.
30
6. The method of claim 1, further comprising:
identifying a set of initial state estimates at a first time;
maintaining a queue of events associated with the manufacturing system (10) occurring after the first
time, the events including process events and measurement events;
35 receiving a first measurement event;
identifying one of the process events associated with the first measurement event;
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.
40
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10. The nmethod of claim@8, wherein generating the plurality of candi date
schedul es further conprises scheduling a plurality of processing

activiti ewp osaeissgandi date schedul e having a different order/doe288the
processing activities. 25 11. The nethod of claim8, wherein generating the
plurality of candi date schedul further. conprises: identifying a
plurality of pr oceg}é"i'ﬁeﬂmg&f‘}?‘\‘ﬂ’Fiisf'ﬁg’?rﬁoﬁgrﬂﬂnigfyi ng a plurality of process

t ool s capabl egetratpgafiict svipagmaphieg prswioe ¢ neesuiemertt dgs; and 30 generating each
candi date schggulg HaVvhPQscliafef BENn AOHES SutfuP Haspirde R Ch&ehrdriRhe R b FkNY
the processing activities. 12. The nethod of claim@8, further conprising:
generating an uncef¥%iat AT @S soci ated with each of the candidate
schedsul es baseckioig 4 feeonp hesiuethed asseGataihahgescdnd plobessingreyent becuminy afea thaegst and
sel ecting the candj dul e having the | owest uncertainty netric. 13.
The met hod of clai hﬁgge%sgl\%ﬁge?gi n each candi date schedul e includes a priority
process acti vEdgratinggsgondopaemaprinedresd g1 the freond A1¥eIEETE 28t hedul es based on

t he predi ct edupihaig geSstateOesiiridtes WaGE bit e Bdcyndvaatpuesaphids, ttitedecond m2as\iEn&3/202 o 38
PCT/ US02/ 28872  coppri.s §nc§l%lm?y\(,:\%iunsg t he one of the candi date schedul es

havi ng the | owest uncertainty ire performng the priority process
activty. 14. A systemfor nonitoring a manufacturing system (10),
conprising a gontr @hd fhol 2Wm 1, Furhendomgisingd to define a plurality of
observed states associated w th the uf acturing system (1 .gener ate
otate CestimiButy ARG e Gy Rl B ERbe R e 1 or
each of the spradigingsiangratods unqesaey vadues ppscion the nadidatgisshedlulgss sdci at ed with an
entity in theggiHsloRCI e cadiay sh&led thl on AL FredlRERhMgtNEmStRtRiIngShiubRt €S
based on the measurenent data and the uncertainty values associated with
the dtate estimates. 10 15. The system of claim 14, wherein the controller
(130) is further conf nghuded daim gemberaib gemragbgthe plugdityi sfadasdidagcdcldulesnivlterdi ng
the statgpstd.mtes and a covariance matrix associated with the state
estimate vector including diagonal ternms defining the uncertainty val ues
and of f - di agoffafdutingrpiirafeof APsiEneAtkiiGef¥ndency rel ati onshi ps anobngst the
states. 15 16schddubngSyphiradioy ob nedldgy Brtibdies dswotibtbrewithGaontaetios tha gro@sssghadvities, Bgh
contrpller (320) copfii —dent | L& .candi dat e schedul es
for %grform ng act ?@?1?5?%%&?%& ?ﬂ\/gkrgrg%%]fergg%bgert P#r{ggpg%;%stg%gm%l‘fgg? pr edi ct

changes to the uncertainty val ues based on the candi date schedul es, and

sel ect one of 16.he crnditRat & Sahaduwhasn ghamack 08 plukditypsfadhddae chdaegRshe O

t he uncert ai.nt

comprises ¥ch>e/ ulirygeasplurz%l(gy 6f5p§ocessing activities, each candidate schedule having a different order for
the processing activities.
25
11. The method of claim 8, wherein generating the plurality of candidate schedules further
comprises:
identifying a plurality of processing activities;
identifying a plurality of process tools capable of performing the process activities; and
30 generating each candidate schedule having different process tools selected for performing the

processing activities.

12. The method of claim 8, further comprising:
generating an uncertainty metric associated with each of the candidate schedules based on the predicted
35 changes to the uncertainty values; and

selecting the candidate schedule having the lowest uncertainty metric.

13. The method of claim 8, wherein each candidate schedule includes a priority process activity,

and selecting one of the candidate schedules based on the predicted changes to the uncertainty values further
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comprises selecting the one of the candidate schedules having the lowest uncertainty while performing the

priority process activity.

14, 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.

15. The system of claim 14, 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.

16. The system of claim 14, 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.
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