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Figure 30 is a simplified block diagram of a manufacturing system in accordance with various
illustrative embodiments of the present invention. ,
While the invention is susceptible to various modifications and alternative forms, specific embodiments
thereof have been shown by way of example in the drawings and are herein described in detail. It should be
35  understood, however, that the description herein of specific embodiments is not intended to limit the invention to
the particular forms disclosed, but on the contrary, the intention is to cover all modifications, equivalents, and
alternatives falling within the spirit and scope of the invention as defined by the appended claims.
MODE(S) FOR CARRYING OUT THE INVENTION
[llustrative embodiments of the invention are described below. In the interest of clarity, not all features
40 of an actual implementation are described in this specification. It will of course be appreciated that in the
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propor t iy gg,ai.ters tegral -derivative (PID) controller may be designed to
generate an ut that causes so corrective effort to be applied to the
processi ng p% %ﬁ"“ﬁ@& ao?{°1’c°ﬁ8nwel%’§r§’8émﬁ)6“?)r|°°f‘tﬁ’é‘erﬁ?3(¥clé(§<s‘"1t iy °t“6eST vajusept thg

dri vé oreorofr), mrlﬁegna&aﬁﬂhe abk e(t) peracessiting ittool, avdthe alrkes vainddfolie deretiarof MBI e

process 'elqg‘ R%%@%%E to cgteﬁmﬁeql%w %E 0 i@(ﬂ%&&o‘ﬁ ?o%ga%ﬁ? r}‘ﬁq‘?ﬁggmﬁ %lt}p%g each

set poi nt . ictive contro
propor t PBn&ese] riegr SV Gerri"%leeve‘“r(“Fgl Dendaht i“@l |adding - thempDi@eihep 3 zggrates  the
PCT/ USO btcp&Q6k3-inmytalgenenal epid)e contopit cliidt 6capisesoihegioar rgcthy eagfelsant by

noni tori ng and/ or neasuring angl or %bserw ng the error between the

t poi te i
set poi nprgggSSI(gg@)S 1f[RAkA D (0} 2y SBEGE P U QERSR Afhnd Qbant 34 ROLELS)

propartional -integral -derivative (PID) controller at the current
Val 08 ofinggonsgnt fsdl?e dertAive T CPIHF‘% ?‘QFheGT‘°rteﬂ)e‘S Ly P'Sfy Froneg Pstwmeﬁ sepopne et

t ! e i ntaed tuaprocessivakiabla @ Ve )Lt tiredt e(xy alSB(e) JOA). e aleent ek b()as 1abe dnlver thedtiond(r) Bst )
withr e%pe%clnget Br TI» loHE t11§19 arg%If fE ?ﬁrﬂ:ﬁ Ji]xgrwe(g%céﬂar% ng @ap?dgf Eh%%&&eﬂpcohtpollgrpoglp% @5{ for

how | on each ese y-a tuni ng constant
and add mg alﬁmferhrgeoae‘mer if e pravenfeEer ofthis smally BpTor ¢6 Hasl b—e"?nﬁtné‘bf"h*} lo’diémlevf’éfl thye
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(b || 0 et o SR BB T
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and the proces variﬁbl e PV(t) e(t) = SP(t)-PV(t). If the
current @OPE Ak + ﬁﬁf m}e%é?é &(h bvehASunif3 &6 R tahtF, §8ne iRk

| ong tine ggd/%r @ﬁéfg f{?gﬁ er dtr dZ is cﬁangl \ﬂg re{lﬁr{gdl yt,el tt he ceulfr&rger%t
control |l er output qu% %/ obe | ar ge. if the current error
e(t) is Bfdms "epngianty fhege V)atlwa S camiiy aﬂﬂd‘?@ earmi %mng 5 frerengs betygsr the
current sepaidrSPEY td ihs peduess yhringle SEHIMay timt hee() HISPEARY(D.0It that laedmatwet HukiratGe) t )
may 23! S QBEIAR! hhere Jaé éewer a%%toaﬂ&g@sl m§m5ﬂo}4r%n1 kr&elget Liddbdave (ﬁW&%ﬂ@P o ¢t prgy

proportlonal-lnte ral -derivative controller current
be gi ver"BY 44 Wa?ntfe%etau Cbeges?ﬁ#eesee?lenﬂ’@a dis\fo che)dypendeaﬁepéhe%aéﬁrwaw FhF
tuni ng eoash amithle AN())rahdr han orfthﬁgr[eaﬂerlvaﬁqofﬂle &roPe(d HS)’(t)l'PWt)( fe(t)dt)-T, ( dt |

time tuning %QE&&E&??I a% dér@gw %{%tlro\{lgr chrJEF ouﬁﬁl{lp g@%’[ Sctanas ants Paln andtgI e

error e(t) ist e process
vari abl éng@ 11 ad Tpj may b@ tunet ztpymﬁ'laen( Pamamgeltes)swely trgealyes ferl theetppyag Gogsgants P, 1,

i |l wstrahd nena/& fempeﬂlmﬁatyampmfmé err@re@) aﬁ@%fcoxﬁ&ﬂé&f&hn&&l@ﬁgﬁ&hé gatpblh@s) Usmg

proporti onal erivative roeurr
Phen 1 neradta O SRRRATY WSoldail. ER A S Fomb meiehldi i ne
ti me detdovasiovk ofind hendepploneegg valrd alyhdershdg{ t )the r attbant(st haswpopridtéle tturn:é

derivati %%oxﬁ&naf—lht%grﬁ[dér@sfau@e((pﬂ)) zon®bllel durrEn V@&t})ut COW tuning constants P, I and D, a.nd/orP T,,
proportlélgcﬂ I-|n]§ee) -derivative I[%? control [er current out

t uni ng ecfn theé%talo Lej(tremgsn p;tlon]akmte%‘rﬁldiepmtwen(ggp) Bgtrelgh%la-ent output
appropr iCa#e uping ldsnstagts dygras 9, usloy A, df, ged Talne Defrard tppeoptictely ngnecwiniechanis P,
I, 25 Mkl% u?ﬂlfgje( Rbre H Pgorélus ’ana%gal IﬂBroavaoﬁli%llﬁa{h%gthﬁ nfoddi a?glésgnb ore full?'

over conpensat € and overshoot gOI nt 9 cons€rvative
val ues PEPWaREoruSiRg HEgmigems %%l?ﬂf%‘«‘ Ziegley-Nichghef opsn logpcpme r clgsed Iqop” fualﬂsitechequqsfay
reduce the ermesdag{vk jampling processing modeling of the monitored sensor data 115 in the adaptive sampling

processing modeling with model predictive control (MPC) or proportional-integral-derivative (PID) tuning
35  step 130, may be used to alert an engineer of the need to adjust the processing performed in any of a variety of

processing steps, such as the processing tool 105 and/or the other processing steps 140. The engineer may also
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too slowy and underconpensate and undershoot the setpoint(s).
Appropriately tuned proportional-integral-derivative (PID) controller
current ov@pue2@O(t) tuning constants P, |, and D, and/ orP@1/Us01/2806nd TD,
may |ie bet vveen these two extrenes. The proportional -integral-derivative

PI D) copt t . out t) tuni tants P, 1|, d D
tnal br P o e e ey e P Tpiebist e S CR e e olrad g
t weaki ngrocwsngﬂitgol Jarizble(@ apil/g@rowsnmmytten(so aloniwprd p¥e Mmeisyrebin the mynitpebdwespel i ¢. c al
nodel i ng, as MeRehiPBELIDE Gelvdld dnroPgLAM3s B laféeqentlﬂ%mga@@m@amﬁgprwgsﬁﬁas

the Zi e r Ni chol I oo nd cl osed t.uni ng _t echni ques

adapt i ¥ %{% M%w%# Bre‘gglg@ ﬁ‘ij‘tr gj’“l?f’”‘t“ﬁ‘émﬁ%‘p FefeBty CHSBIEdHE 101 Bei n

t he adaptocasgings s0{lob g adjpst ohhemcemsgzg rmcfainlemgn Vit fhocamide [toop HSIIC Virkes dembtivel
(MPC) or llu%agpeoglﬁﬂo%@rlts ltﬂgtfgeg a@ll oqgglls}/g‘f £1 1¥Sem§P l&e[g)ent Hll tﬂgadagfge§ Hnglé}f%essﬁgy be

used to alert an engi neer o e need to adj ust t gl‘ ocessi n
any of a&ogding #itymadel ppdigtive gqnﬁgi (MPe)yy progeytippa tegrﬁélerpwa CdBID) fging 8@1 13§ @ysany
and/ or tohfae &h&@focd@fn@@&,‘p‘&%@) Slueflise pmessmg ﬂssefomg innae bf tli@(yheﬁbr&@ssmg SrepA@u0, for
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t he proces 'or ne roces rocessi ng
t ool10y arthealnﬂnéml; stanHPothe prhay @@seéslrrggstqnawan@ti dhe (Aslyanpegfireeess é‘@nta)h PED syvemded. ed
in the mwﬁﬂ@rde{égbeangapwllo As shown in Figure 8, a feedback control

signal 135 y be se e ada ti.ve | i rocessin deling with
nodel predic WEé‘h ?‘87 éﬁwn&? a ?568?’3?45"%%% g?‘i%ﬁ‘i‘:g&?"g?l Sget ?Vggf V& %?rf))
tuni ng stoepsidBeciteadibdgents34p poike sisinfig apoapriatt B8ip¢ Bs@dpastis inlpsipmacessit frgn

perfornegd i ibdie PLAGESS! HcclsRR! AORIng N %ﬁlr'ﬂéﬁﬁlakﬁ%%t'%ﬁn el rafive
enmbodi nent s aE)the fgeglg%ckﬂgcgrft rgol Si mg al v 35 may bg setnt frorﬁlthgﬁgzaptl ve

sangPi ngrprieBsLrsy derngisi TRy Hng ¥ep igr Pweéalilgcmce% chapgsapioniqlpses 158,n th
propor t ipexabing mtceg chengek@d tonablisieg 10PhO)ne borimbra grosds @iy rdedd adjestreny 145haytbl@seat her
processi r f f t her
br fgghéi Pt Peof 5] ThRaR! ASRNR e RELY PR, CPBlenf 1o oo

t hat pr 6¥F He8 ﬂ’é BIPRASIHISRATPD ﬁ@“&?@?ﬂ’/\&‘@ﬁ‘ﬂﬁ%l5;9rt‘b@éér§feﬁ5§j’gtt%1051‘0@1““1@3 Rrpfgssing
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i gare: G 1snyof e it B B mockRfenb ot Yrk SR 0 s s B TP B
135 t héte@riéo t9redipg the pmﬁ?ﬁ%@@sréqnngi ip emomée @tblqr H@PmtSEPSﬂAQ Joragreehblsr vizthe sezmm re

appr opr icahiBunic@Gdng BudrEs Efat Lﬁﬂ&/ﬂiei tablﬁn@n%% ibStwedkBMe BE-&ARY tdol @8] tht hleon&&ﬁ tive

o opor { VERL: PR CUG: BT 7 IHhend Bor e ln Aot Sre3HnES suthrigh oty #3

pr ocess desadhsgbeland cont r ol step 150 In the processing process change and

conbkol st ep n;LE»anu; hﬁlst%ee ShbodRfeRs Qﬁ@@mernﬂaf 8¢ 1@%@%%5&@5&@ plodeds rmx be
used in ter hown I n

ervi sory cantrol
Fi gure ft?mmém? @8@55&% sugh ﬂ?ﬂoﬂPa éwawd%%o%yar@@emcsdéﬁfn Fseiffigei f"&inﬁcaé $&iing
process agévam dreziag thabtimt graphica tigday b Botlt @urtr eropaspessnergs indde pobsitgpaasipters t
the progegseng rufd %3 an%q ' é@f?e Al %ﬁcﬁﬁde %orl:ltglgrlgc'&&?e caéaglh}{e% %9 l?Jl?gende mirg

alternatlvelllustratlvee i ment con signha

may be SRl ePERY phheitiggl d’e%%lpangarﬁ?%%é@hcqﬁdw@@h%w%m sbilitg taagh repspbiEy. any
of the @tohesmgoremﬁeasmmgnecmleapaoolzb&aﬁlaer@obnwsme lilke TRiE QERS SptiRG! B@Erf)lch’fn@ﬁcdl n
any of [ exa Vi.a th

ommuni Carr S RmRkASERRL B PR, 10ealcls SYRIRYE malide Wl NS g
t ool 109ispariFies, %wwwﬁmrwghsp@“ttleaoaniiwer fopigo- @phéqparﬁmaabls @rilrvgorsméfpsmlmhm of thesel t he
AdvancedisP6ams caprbigatk n{ezﬁlE)@’velsdé%Bt%m &%Q)dumaﬁtyfaw ﬂe}form@% af kkesh ibekawe 25

In various il|us rat ve e I neer rQV|d

L avanced Brimatd §Rket o SRR RO 1 PRER Bt mp e gy

pr 0\#b de stregitnay ibeprbvigsd ttatrednitors th atriability aed apgwizesfepitehaflestichipemmdters.as wel | as
event | oggi ng; u{eQ@-lllluE&éf@ ofld %ﬂhﬁﬁémﬂhlﬁ@r{ta& aq;letlggtlfboci)Wc{ &8 &'&& &s\!vﬂ)gthe

paraneters an ﬁprocesm nageé paraneters -of the entire run, renot e,
i.e., | &gt §‘|""En8°“a BURG? IS, onprBRHeubF |aPF§rat“‘~l'Il17é?§ Vi@ Ui s fnieté%d e mangender

nor e practiced. For the sake of clarity, and to further an understanding of the invention, the method 1100 shall be

disclosed in the context of the apparatus 1200. However, the invention is not so limited and admits wide

40 variation, as is discussed further below.
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optimal control of critical processing paraneters, such as throughput
accuracy, stability and repeatability, 30 processing tenperatures,

mechani cavovpad28par aneters, and the like. This nore opti maCT/@6e28003 of
critical processing paranet ers reduces t hi s variability. This reducti on in
variabilit St s thin-run . dis

run-to- runydlri%%grn |et§|batﬁglg & ‘fob?ba\t{\%o fwarkgleces °rth|a£e§S 112%:1‘1‘&’ bemrgé’d) &8on
in the rnusHskr ppcesiedeol 1%IPs"ﬂ&?rH’fﬁqeéslgttMﬂﬂ@aWYplreo@angeSSmaWé kfiqwipetp the art,

devi at i QaSculay B 0 hiplises] u@lréqwueadagud@egpmma%e probddsiseU4) 1800 dompritsd 4 @Béeyselg
enbodi 5 trﬁgg_%%ﬁ] o nuf ac r|n ordlngtotheﬁ0 sen li/ ,ilon,,
a moni t & 5" dkY gHE ST OsPRSE> %18“& BRATAEH R St OREWFL 65 hi s

vari abi bk tmpleamedatoptresifizes contr ol of cr| tical paraneters. Figure 11
illustrates Qexeins@ﬁget {hg B}o@Jssn%'”EP& de’&%ﬁb& lﬂfS nﬁy g&lttrg‘l%ﬂocésllgg cddfrAGH ﬁﬁgm'et@rs such

accordance wit resent invention,. re | 'ustrates one

parti cul®&Prosssi 51§fe§1pﬂ§m§<§muwrﬁﬁet%ﬁfr@ﬁr Teﬁ’ém RotPrepEes LARresovndh Bgyre Lo bt For
t he sakeheddt o€ varkpitcys oraafirst ., fiertvhafer lotennayvel @uysir&nchbia gurter bfhverfdrsf@Nérie @anyt he
nmet hod }]10Q shal |l be disclosed in the context of the apparatus 1200.
However , the Invention is not so linted and admits wide 40 vari ation, as
i s dPscussed Themethadrl 109eieging, as-sgf feah inbyx233081y PomlingSuriyr PRGEF amERss deie¢tergtiqdw t o
both Fi @urﬁsceasﬂ;ge}jaﬂoraq& ok dmabvsﬂaplare 1imt inOthe \WRJc&sK1hE €RE51200. mf@h& lc?thEzyi &d
B0 PIRSSERED o alase Ry RER SRS R Pk éilon TerLrRC S b Lol 200
t he r equisticeecapabiities dor n@agabg bmessel@ramﬁhle vpvy.0e mﬁpggeet ok toQIZtQ @ok Grepiel sBRIZA

pr ocessichabilited fay F0k KVQiexl Blitudb3d Be ERFacliiis sz’QﬁEtterrsotilat QHrnﬁ%Qt?tf‘ed arﬂl@eag\ﬁ‘éd%@ m@nd
func%| on of the @{ ces g.t ool E’ gentrol ler 12 %I enment atl on
e

spec?fi GAEHM FHEt i dd "“F h%"“iﬁ‘ir ¢} ij“st“@o‘iap%lﬁ‘t‘sr%ﬁyl "éi’f i ﬁttssla & Boliitr BF
pr ocessiprgesgingontoll inpupatampers suvke beths proesssing réevipe porvokisiSit Nganice:es 4péorctbdderpoints
i nput p%@}m&fééeﬁeﬁﬁﬂéﬂ an&/@xilgf?ﬂ Rer anE/Q%né%P&MAn%ﬁﬁocl-% %§s t@rﬁ;?e amod‘ﬁ’ﬁ'/ naﬂ?oc@sgur €

12, but the |l ot of workpieces or fers, |

pract i c & RESHIRTBYPT PEACeSHEP BP¥ e B prgario %ﬂufaWRFi Ii"’r‘?’Frtaéd/ﬁ’LFFPBé‘P’e ar@@r *rﬁ%avoﬁtaf hod
1100 beghdis demmsitid@iinef 248 thh likeNmiodredl 2fsct ty effeativp lyic@f Giade @middl@oRiavieeRber S
charygct Gr'ﬁei“ﬁ)h%fé eol% t he processing perforned on the workpiece 1205 in the
processing t f %510 The nature, identity, and neasurenent of

char act er i st iTempadngre?sin i Fartipygar eEbogateyt. ihApPeminapPrrishiaspuiidirEmag ey en
t ool speghsied andfo® momtorbatbglmesen@anad@ lsﬂolw'h] eﬁe éuq;ruts rlSDﬂhbsTe Qdol EbgsoRf BL@MSmitted to a
A s et A e

t hat ar éhqrf!ﬁ@mtlpmr@@teaﬁnd nmeasured and the 15 manner |n whi ch th| S is done.

tCo n\yer s el y IR@%&@ 18 @RSl ntg oﬁ@meemharh&anefc pﬁﬁ%ﬂetéﬁ§ Idsﬂuﬁsd 4l hféash@a Ieffe Wikehod | 100
urn, ces n contr ol neters sucC CeSSI n

oo PP TRRIES e o, al Rt RS PR GEE pRrRre e b pnTe cansing
t enper an)mcem@gnmbdylr (ab dreppritpdwere @y baew)amneaforth iinrboxadndl). Ghe pmpoes sysiga 3230 in

tenper atFﬁg{n% IQQ% Qs ﬁﬁl@lﬁ@%l%bodgﬁaeﬁt %Q%JdQO {%Q&M e C}H{aggr%ﬁ%agﬂl%texf(sl) Oe {:ngl]ingr in
and/or radi o frequency (RF) power and/or etch time and/or bias voltage

and/ or d‘@ﬁl’)g’ﬂst“i“ﬁ ‘H¥PWSW$WH‘TWGP?WP§SPGH*§§/ directly affect the effective
yielsd of usabi &e setvioenddEior 17jevhaes: 1D350mres 2Qhirdliey ofatoRq mﬂmgbzﬂﬁentlélmrbel ng

to Fi gur, Ephg't? deﬂeﬁldlﬁg n Rach Ic&a&gcéxrlstlggggrg% gm}aasﬁrgae s %%1? el%l Q:glb(?ir n?e?n.e Rrefore

characteristic ara ters noni tor sensors
(not shawAnyes smnea@mrpl!iwl%‘ﬂe phibg shargstsristis eaq@eﬁtgrs &k mighi s me%sure@ TFhe cgmputer
conput elsyseySILEMhdlSeady &1 apfropriatemdddi?Pom THa Q1aGRAEIRE £ bf p&)Yeﬁﬂia@ moaem@ By BHes

these sensor  opt to ident racteri.s

Ret ur ni RG0S © ao%é“&lc PLBHE llf t%eéapaﬁ%% %? erf’s éncbl pé(fp”?t% "i"&eé«n??‘f“r P
and 3freastarastristic merarnmrhw b‘Ell@@redpplotbeedspuby smdlelm(hgabt rempeRsievee emrdif so
identi fiedramhed a6t lidvsd i1835RAH ATRIRE 6F any Sihd & RRpRGAREILKE PSP LbiRAG medium,

such as an optical disk 1240, a floppy disk 1245, or a hard disk drive (not shown) of the computer system 1230.

The database 1235 may also be stored on a separate computer system (not shown) that interfaces with the

computer system 1230.
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processi ng nodel (as' described nore fully below), as set forth in box
1130. The conputer system 1230 in Figure 12 is, in this particular

enbodi mrewQ opex2g¥ anmed to nodel the characteristic paranmeP€r/s)1281se nanner
in which this rmdeling occurs will be inplenentation specific. 30 In the
enbodi nent of |(:1I dgt abase 1235 stor e\sma | ur al |(% of nodel s that
m ght pot ent iP5 gt? thea‘BfﬂS‘ir% DR HE PR oY e %eé?n Iy gternative
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may al st b eltfl T2 nee Y éze%oa les?)%cgn ro(g nﬁqur%n?etcer S%/ cﬁ]rr%nrt%oxizto grhe \}%xjg F}r??ﬁstsmg control
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appl yi ngfffChef thm@iel’mlemym@w@l aredi ltpﬁféq* they madahbased eighe effecte) proived s"ﬁhﬁgp@@mab’ol

i nput pal’s@-H@ElﬁlronQKe r@od@opdraﬁtahdana firRarakbd il a$ tdqigs AiBEES dRE 1A ALNOL ndDlinkput

par ter ustratlve enbodi ments, a multiplicity of control
|np32traer SO0 aﬂ"%&rfacgoéssbefn%rh@am%nd an appropriate one of these may be

sel ect ed bas ed lmdﬁnt fom thedisprssien abpvet some Gattues ofitheetksppainaartidngnay be Fpdemeaipd in

Pr 0Ces Sishigyafed Adr fiRfande R ctsis& f&mnthta, 95:111186-edo ﬁm@é Nerey Alitsnhflddadodivent Ne
nodel and.is transmtte controll er 1215 over. the

rocessing to
l'i ne 1226“"1“1%‘8‘1";3%‘&68’5%‘%6{ *t% 41 pa&oﬁ‘ﬁ“ﬁ o’Pe fea%‘?i SPE“ﬁ Bﬁseeto‘ﬁ‘fe%‘l“sares’&}??@a‘ﬁ
pr ocessiinguepoocesddope ratmuonsadable, pogamdangenyditm Thdgogravstgio eedish ngy bodt r ol

I npuks. a1:l->5ty'§9 E[ﬁatf"?é %%@?:Lﬁc\ﬁﬁr RERAIAIRRL Fou TRy, tﬁﬁpﬂogrxm %tof-agé Hﬁ‘ecﬂﬁm Largbagk bteo

i nprove t'he nodelin characteristic | ement'at 1 on of
this fedds%tk sych asdéep%%’aéﬁfk 13ty %ré‘%PéP’alPuteﬂllgﬁé?réfl‘ék rive @Qt Shi’VYﬂi’I o) RUAY suhrps the

t ool ' s getitsi diy lmpwbanltmetsd ieSru@iont a@CREvDfad BySa cofi@er] they derifcid €he fdBElosekDiu@otshTHs
woul d b r and
updat e ?ﬂ%ﬁlﬁ%g&i l;e% ac‘lgsgé P 8%%[% er 9&§ ]@s tﬁg % Iltﬁr_f){%?ot ggxgmdﬁ%]coﬁlpht% §H§lltqe§n%a‘5egr%e
depend @rPracpieor pbwiied irdhe Hresesiam te! 17é0 IThéy eqiruigiorgight akpaype @é@mpr @werkmtw &¥ ént
updabe tri@fratiOilvetiods St ehbdad@hts. 70 sdasp@l&rlthe @Jeﬁm@ﬁsh@f lithiet@ bP S typ€biBtutee msame.

As is evident fromthe discussio res the sent
i nventi (S) ogram stobaée med111meor§,é%nepuy rw1th nhslcglf godlmen%ngtlhelin eél ()él ﬁm h?{)%lﬁlglem nttegl set forth

in the boxes Ti!zt_lsza@mm ber@oris of tg @mlei deseriptfops hejen ardher mdy [bey pteseatee i tem ofciandthvns,
sof t war gudcfal, eRBued and]opprm%leﬁT&Ee tblﬂls BAbIE thostkdBed iS OB ﬁq@s@&fﬁet@@y@ coh2§ the

present i nvent | \%n arg I'Tg gﬁ@é a1lnSt ructions encoded
Bomput erUFEIAbIE: VEF Sy P STET Tl e dI TR o BHATR EPSHEGEnE BAF fuy
be o6 25clfwvpsittoppeqeudetofiidpe lebdingtth @ dpdediréscluITag stipemt ewenéqaling physitddme@tatiors he
programgs L@El@ag ‘c:fua%gs %am,ltﬁouélylmz Ee%ésgayil)},)t%ese quantities take the form of electromagnetic signals
capable of being stored, transferred, combined, compared, and otherwise manipulated.
It has proven convenient at times, principally for reasons of common usage, to refer to these signals as
bits, values, elements, symbols, characters, terms, numbers, and the like. All of these and similar terms are to be

40 associated with the appropriate physical quantities and are merely convenient labels applied to these quantities

-11-



magnetic, such as the floppy disk 1245 or the conputer 1230 hard disk drive
(not shown), or optical, such as the optical disk 1240. Wen these

i nstruct ivong2/za1289 execut ed by a conputer, they perform t hePdi/@soses
functions. The conputer may be a desktop corrput er, such as the conputer
1230. Ho e co r.maght alternative Cessor, enbedded in
the. prodkebrg vHGr SERRES TaE BBimGroF ehranr abud dutsPt S5TaRD wh e

wor kst at'pressssings’ “eon@0tingdi ‘infleudating.’| fietpmrininais “dsblagrs. emid okl Fkenessd he‘fmre@@@tpéle of

the i nV%Bfoh(@)nanh §r09é§§es bi MtduRtteDY st Cor kMRS Mot MEBr Alchiniial cogﬁlﬁﬂ% amstRage
nmedi um or ¢ Wit h i ch enmbodi nﬁémagff the i n\éentl on
t

i npl enme AR h"lﬁ‘ tra%%‘ﬁ@s Bt PREFEIR 2 SeTensh c‘}uf‘r’b‘f‘i’soﬁ@grhg‘? EPHPYUT e,

or may Isgstempyr egigert @uﬁ/qrnndmnms imf othdrgiatai sirhifmgly repfesknct! iao pBysictlemhmitigueithin @ad/ or
process §56m to
convey ? ?\Hé uzje-:gubst %%%ggrcl)eggt erg mgsaﬁd/(?lg{hgjtﬁ%rlgﬁgwﬁ S?OEF & @&%sg%{ %l%} %%yé
terms af®%&re, and are generally, conceived to be a 35 sel f-consistent
sequence of sb@pscubxeaﬂmnmumna Appsitisedn reeanpllatry erﬂﬁammsﬂ:tem oAnie agaﬂma&e 1200 in
requiri S ni pul at.i f t hough
ot necbub Y il At BRR! PE 3RS i A e, ATl S porB 2 o nclenBH2
capdBl e P@PBSb@Pml SHBE édystemr Hizgeeriddre eoneebintliaed, stootrplaand dunctignel thack dirgiene

mani pul aésﬁbdtlveiyt ofl R apgﬁravseno@ QNYE B ;@&tessag stEﬂsﬁ?ﬁerfoﬂ{eH f&ﬁ laR&! df WolkPikcet £AS QMG Of
comon usa% to these s

i

cymbol s Pt B Bieatsd e Sommie 40 % itn Aovise er Spoih LD it i | ar
terns amerkpigcch 05 4@ prssediont eg-twiun frasishEhua pprcesp rdiatent by siadadnd teldpdnbteat 68 and
ar e ner el GARGENE Fhseh BPGh-RvaRRAbEHedQr bRESE. AUGPhY bES10t, 3 daken VR 237289
PCT/.US01/ 28003 and actions. Unless specifically stat ed ot hervvl se, or as may
be alﬁpara%i’i‘fh‘”ﬁ'r‘aéﬁ"i‘ the di scussion, ternms such as "processing," "conputing,"

"cal cul ati ng thlsd&t'temﬁlﬂ ¢nbbadjmént, uﬂe spikpiydenIp05 andockdie Byl ke prousm tarneionand ef er
to the S e Ig oni c
and or acha s AL &5‘:‘3&?& ol B PR oS el Bk oG ERE T
repr eserl?ﬁtaEFnafée f?y%swﬁgaroot@ ©end ém&tjlfféafl?rblﬁ3(h@a(ﬁflmw @éocwmcwtrtﬂh@p%ﬁ%u@ér 5
syst em smb&igheat BB ivthidé dbse rfﬁmili’sht@éints FoiR tvOrkfitdd @dmpélatuR, 1 ibdwaf, bihedl eimé q;s&t-‘sts ed
29 Y S B BB LSSl O S, o RIPAL S50 G TR LR e
di spl ay dengeitingiens, andhatiker ucti on of an Il lustrative Apparatus. An exerrpl ary

enmbodi nent  13@Qn @ﬁro&emtegnxn@er@&cbbsméa&Q31ons colri@ed, @he Sehniéchduclol w&km@&sa@os Ying

Figures 13-1 ar at s 1300 ¢ ortion
e sdooa i bt G g S PR Ry Gy SR 417 5B BuBY e 1o 9 hec Rotbe
concept wart piAesprocsssingiob B Hl, bt mdy.ffonratnipdmbd 2 dshaptktod iaadjor atation. Fleppestila/@htypl  of

t he 3ppay, %gneﬂaﬁpgffecﬂhé RharRferifiic %ﬁ&&ErE‘ 9t &k 8RSicdnducRe %%1@&913@51 niash®l aOfhe
wor kpi eces 1305 rocglsm ng}ltoo 1310. Because t eg\%&‘gar atus 1300 is

part of " %Yﬁwﬁmﬁlﬁg% ansy 8‘6‘&% e DA eyt e ary p?fﬂ‘@l presdg oeshE0 ar e
processed thn warkpiees 1305.r Omce basiss are Tdasyinepr e sis adiningtionedfie:s tharen nede loand
hel d CO%;k@i@ées i’a@g thé ;n'gcegﬂl %Bﬂm%{]mﬁ.)ft s &h tEé‘lllﬂ'fe 1%%%9&&5 Y4 aI sglysgciuerméﬂg(# I’aqg(['%@t S

or aver ages. , Or even .
i ndivid u‘@rkpmr &05 Mﬁhfefﬁg éherféPtfoil é‘&‘laéroné%’é’(ﬂllﬁ?@rﬁ deSthé PR pYe dleeRe X BEPSSSRE e
pr ocess @etfdayed hiethprpekesiss wgl 130@1 Thi Sﬂcﬁlfmﬂn i8/ Perfomied i pafoﬂﬁﬂce RGth | dile Pphr@cular

process . |.edl, Rl 1n|1ure roc nput . signal s
on a Imgi{;%gégmfrtg% 8 J)%/lﬂ(? Qrfoc?essﬁt% 951 icﬁ‘%f (\ﬁgpmr Ws!toa |%n i%@g
Exenpl aPjpeqsiiegceostsil Fﬂj’u@éﬂﬁﬂl? ér ﬂierpmg@syng @PI 1BH) age ur@#ﬁb@emesmﬁ ephtrol jinpat sigpals

t hose fQuathmeseﬁlegsawugudgorfa@ﬁbsyqeénkﬂheﬁ:semlt:&m%aévuese, | anp power, anneal tinme,

process 20 gas era roce ressur process qga raIe
radi o freque n3§7m(‘ g’\%’é Sigulgi @Hm? ?‘f’rg‘e pFBF el (t? 4§ éomm‘i%b%sg‘?' ﬁ‘lad‘?fm‘t‘ PIHEE and
t he 3bi kéramwpelncwppmmesgw@é @pprogessing enqdvlerc ©8S sualy mbddd is B8 Ai@anted Reapess [Coctend,
the semi &%Q%%h%an)é%éf Kb RG&ES Jnmomsatagmopf&%%&dofmcésm TRIaRAGES R ﬁ190|

1310 are exam ned a review station 1317 he review station 1317 need
Advanced Process Control (APC) system. The processing tool 1310 generally comprises an equipment

not be
interface 1410 and a sensor interface 1415. A machine interface 1430 resides on the workstation 1330. The

machine interface 1430 bridges the gap between the Advanced Process Control (APC) framework, e.g., the
40 Advanced Process Control (APC) system manager 1440, and the equipment interface 1410. Thus, the machine
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part of the processing tool 1310, but may, for exanple, be a separate tool
and/ or station. The processing control 25 inputs generally affect the

char act ew@vt/z32par anet ers of the sem conduct or wor kpi ecesP@BOSomasasur ed at
the review station 1317, and, hence, the variability and properties of the

t f ' 3 305. .(n
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control signals on the [ine I's designe ngrove next processing
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Fi gure ul | | o s t he rel

controf el HETEE TGRSl bk ud Thliog BOF by Al W s RRES
processwﬁﬁs@mﬂﬁél i nput Si gnal S with new settings are used for a
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Process Control (APC) system The processi nﬁ%tt ool 1310 enerally conpri ses
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i nt er f acwpd4 IR stamgistagovarprdcbiares\e ks tha i hanced B3Cass ddaeol (maa:)mynen Matagsrflaapel: 1430
bridges | e Proc r g.,
Che 0. A SrA2h BPANGRD b AN RECT LA AR CHIAA, b bkadd 3T Blibned
equilprerpteriostd a@@mmwrw@gdﬂwéﬂwwpﬂ% -12 WD 02/ 23289 PCT/ US01/ 28003
interface 14iiot|h¢ ;(shh&m&a@e;sf dibh b lul?m@@s&l | AWarkc &G rocds3 tﬁn‘d«M tarcy Heehvartedwide
Process ntro P ramewor k .a R \chine set.u n,
ron tor 1Mol ke KPLRARGS BUR orRuRRORE IRET TSl §PaceBE by 8
appr opr pxgseat inyepigonfearces apphier toyirsHY antycemiornduptor w@eemw tch oextf@rorvaﬂloos dniswly the such

as Lab\fﬁ@%{ thveRion Qi dy @k sﬁﬁﬁﬁl@@usly femaoﬁa%@ chufligle %ro@é%ﬂﬁlg 81t anﬁE SRt 1R Eor HB% h
nterface sensor | use a set of g

t he i ne 1 nt
e g R B L e ARt eat et S TSy gt SRS G et
used. Th@nl@qns pfrémt procatsepeffamence 4 F@themdre, bhatiangsoe Admnendf Bro@ss1ddnfol (APC)

COMMUNI G&h&yoRY Bta §ibtSee! amnse hté Qon\oennent e R NE 1egsr@(§arnzla&ﬁanlcﬁé@mra%§ blRRh on
the workstation 133 More partjcularly, the machine interface

recei vedNEHHORAES he Biesert faveripa maybe e&’rl?lﬂ’y??olf‘ Rl Rt R A A ?“H%“a‘e‘lﬁ‘ﬁ?sp ment

interface 1416 mmkatfem el gisntt dalss;e tlgespresee dheehtivio orad the 1A didued rPeeehs Poame 66PC)

Co nts ol érgl’ﬁ\!::)v@k utﬂlg @le(?tscﬁfv?ﬂclorﬁ oﬁghtts fﬁt}%po%l & con4p9net’1‘tlsJ (vghm 'El%I SRORE %%’r&ccgs? m
nt r ol

Advanced Process onents are recelved e machi ne

i nt er f al8MPh@FCHEPFEot S BHVEIGCHM & VEiE 19 ﬁ?ﬁ‘t"fl lilﬁSélan%r@mM@essmH@olmweﬁe

i nt er f agaahélcbBid] akied. W&fl@l’séifﬁ&oﬁdtﬁmdprﬁcﬁﬁﬁlg td>61tlhlfh€Sonﬁ‘ﬁ%fﬁs&gﬂ&tﬂﬂadjm(ﬁ&ts&maﬁlductor

or ocedar e ipd B eyl lie 30y URRPEI® e S R e e
It al séragiedbede a@ceaﬁngAen} aongralpr- lﬂihwéé@ meghpds s gex(emﬂiz:)lefmdt aad e@fon@émmg these

buf fser i Bgiplatid dewldp@ed: @ b stripe Rl YdnpiRIY signliRadt Pb@bd SCRe deAdibmeRt Yt a€0¥hitdi i N
appropri aEe data collection signals. In the particular enbodi nent

i | lustr&°8d; the Advanced Process Control (APC) systemis a fact ory-w de
sof t war e sy sfirethis pdstiulat mbodimentrtirre mecesa sapyratt eofitvhre spipa tiei edorpfthettiss involved

i nventi q}pcongﬁlﬁlgq%rﬁr&,@slsmg Bﬁ@%l@ﬁ'ﬁ&‘e tsao EUrlptb%r &Qﬁroce@&r@%@dﬂnﬂo nﬁfﬁﬁh‘iﬂgQﬁE &Ly be
applied to virtual sem conduct or rocesag& tool on a factory floor.

| ndeed, S#pa 13 lﬂraé%@ﬁ meeff\%ﬁfeoﬂ eRAtrotiss/ 3w TRy pleoyhistit &9 Kpndlihe w@bﬂatsﬁamm o e
pr oGéssitrgeviegGtagon 1111 dne armajmcﬁ;aﬂiamomalﬁprcommoﬁ Precedfesstan®n bakfetet@t bpihypf hEESS.

o tor g GP L R al%é’%%ﬁ%efﬁ%?%%%% SR CRRELP) SpbE b B IR RE TR 0.
u ts is ntatlon specific and alternative embodlments may use other numbers of
Advanced Wb@é@@ V5
scripts.

Operation of an Illustrative Apparatus. Figure 15 illustrates one particular embodiment 1500 of the
40  method 1100 in Figure 11. The method 1500 may be practiced with the apparatus 1300 illustrated in
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framewor k, data storage can be nore convenient, nore flexible, and | ess
expensi ve than data storage on |ocal drives. However, the present

i nventi owomy232689 enpl oyed, in sone alternative enbodi nent BCT/OR01/280Gs|
drives. The illustrated enbodi nent depl oys the present invention onto the

Advance Process nt.r ol APC 5 fr il er of software
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parti culpaticomiastiaimnt beftrb@req;rﬁegem@ ERA isSepaicad ®afed PBLLCaEbI (BIPS) t;lataﬁx
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t he wor kigicece®pt BFOS witl heunige nf Advaced Processnonbe (APS) coinmmds St dreedleatpaiofisita.t he
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As part teftrafistr & comipletbd tie zé&ipt dits addh@lotis itHel réliewSeRitipOcrptS THe Giiter PEGC RBSThE Gview

control étgrﬁo%_}ﬁfﬂsthgxrﬁgr%eh?lf/wmgge?rOcess' ng 15 tool controller 1315 over the

line 13 ese oints may be determ ned and inplenmented in any
sui t abl e mandéMilkisgmeciasdibn @Osarslsﬂledllmth@ #t ipvisgihe benefifof bis disgloseresibef data shstated have

be eg _preg %&Sx&dev& Etﬁtféﬂ glf\l7ss‘bl@§4 @d“ﬁlbﬁ!)oleééed foh @seS REBWOStatiBhs Tl cRlas RRALBNEW stifons,
condi ti gns.
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exi gbs, embcsitneen@squesmnceso gheed ri@dprécesning témgolnems sigett oneher e (1320 imnadirert s (es)
are ret 'ialeﬁ%é%@ ef—r&QQﬂ BehBiiAalR oPdc A Eprded8ids cohPQ S HuiRicRE 8L RA b ;S?éprdc&BHé is

signal sett i
generally completed

For example, preprocessing may include outlier rejection. Outlier rejection is a gross error check
ensuring that the received data is reasonable in light of the historical performance of the process. This procedure
40 involves comparing each of the processing errors to its corresponding predetermined boundary parameter. In one
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20 conputed fromthe state estinmates are then downl oaded to the processing
tool 1310. The workpi eces 1305 are processed through the processing tool
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wor kpi eces 1305 to a rapid ther mal anneal . The wor kpi eces 1305 are
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correspond to the order in which they are read on the review station. This could lead to the data points being

35  added to the EWMA average out of sequence. Semiconductor wafer lots may be analyzed more than once to

verify the error measurements. With no data retention, both readings would contribute to the EWMA average,
which may be an undesirable characteristic. Furthermore, some of the control threads may have low volume,
which may cause the previous average to be outdated such that it may not be able to accurately represent the error

in the processing control input signal settings.

-15-
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settings, the review station 1317 errors, an array of parameters that are necessary for the control algorithm, and a

currently unused flag error. The outputs of the Matlab® plug-in are the new controller settings, calculated in the
plug-in according to the controller algorithm described above.
A processing process engineer or a control engineer, who generally determines the actual form and

40 extent of the control action, can set the parameters. They include the threshold values, maximum step sizes,
-16-



controller data for the control thread nane associated with the lot is
retrieved, and all of the relevant operation wupon the stack of lot data is
carried ov® 02285 conpri ses repl aci ng redundant data or rPRPEDVSeOIgRSod3der
data. Once the data stack is adequately prepared, it is parsed into
:??:92' g‘%érofrler gelgﬁr‘]% Sn ?.lr%et rﬁrwaﬁ%so ! htgé ne%vopliaarll“aestgrosgtg?gn alg r(}:rtl]caurlzg%‘i tge ?crlotﬁt\(/)raé% é I]ﬁgg 2?86
requi r edr thodata stose 13ekaeubdt n PrOFqﬁlmmeoléﬁB@mr#BW@ themiier ﬂveeleumﬁfef letimbe¢ precegbdig- i n
IS conNPrhé §en@fies ttlRhS byX el prtsktiflveRtidnOfan VIR #PRmedRRL HENbNG &8ks Fir MtnBradming dat @
prepr ocgrsm nggcorrprl ses nonitoring and/or sanpling workpiece 1305

par amet 8F {8 "Bharacteri stic of the processing tool 1310 variables, as set
forth in boxRtb2@g driownFigpolL ite @lculatphaf act ectiigt icomppyagsamesee fogth mayoxbmo

i denti f 'nf%QellQé/ thg Q@a‘?a@&ﬁﬁE 'p§r£1he(fer(g)a1}sﬁg Q@E&aﬁﬁ@%anﬂﬁmé?r ceg%glngo%gt '![ﬁlé rﬁgdeﬁ% nlfag%\ém 25

consequences I cations to processin
process iP?f@Hé?S‘rW Fh@ |Maflﬂ>p mtugﬁﬂainéhléraércglarsem?mna@t Rl knoa/rnd@eegfsql ﬁ’@ra?@éﬁ“ﬁ@ra@@mﬂ r ol

i nput  pafanBleRl Snd M@/ Qdels e Steﬁemn At &tabARE lmrak&bs@&@y taeARAmatikéBoauagy. Orhe | anp

power /or neal | ne,_ an ess. gas te tur d/ cess gas
pressur gnt ﬁof/lg?sn Poeadsory kg Wf’fkganogal\% > EnhrE o 5 efrp% % gfaﬂ%ﬂ% Yol
and/16r &outyl (Al?fé ﬁamdwcmk Hoi mstango | theagelela ndghod lbe @texp@sn t&w daia Etmﬁé360awdagt:¢19y thne ke

may  di n@ehb p@&ésﬁéeﬁmghﬁpg)fs&s@&& thahBeeY 1D ﬂlagémafﬁ@éalb@du%a{@ @mlq;aaw geQé;Minb@s
fromthe wor Qlece 1205 In e control roces

Xt step
cal cul af@RBIR RS AYIUFIGR gﬁsﬁg”“érl“%@’%’i‘%e(%) Bbl?mce%‘ﬁfefgf‘ F"é‘F"l.gféf%C%fhet he
pr ocessiprogestimlerfdBade, addwde ljke Shhe mudelssiedctiven dsvafi@s illibvetieenbsdihentslgiveadiove, and
corresp 9 (T are retrieved fromthe data store
1360. Tﬁ?&gﬁﬂgamgx%f@@%g?v?eé [l]‘%:é?fsgghdo%e current set of tﬁr ocessing errors.
The lAew set t iThgRartH @afiebaﬂ%%m egplemgniationgsperifico APIding uRalk PRy latrorgssing .
Thi s appdol t3ab brdnhe paRiCQsrpRERtedSic @arli}hldﬁéi)@)’bemfg motdidl Whetle Ehk GdldtBnsEig irCitid MbdeDBS | N
a separate execition, £onpo : heturn r 35 of outputs to the
mai n sc?]fleﬁf * n&éh‘near “F'Il 3€/ng? %enPor? tlhtps l?lar eﬁ%@l‘?@%‘f plug-in are the
processi ng cdihe pey sdttipguere dhey ﬁa¢5m1®éﬂq iifﬁgi@l?heti lhie theenrpcesaing tiept capfrolleB1375.ekhpwr s,

an arr alyet@ﬁngﬁJwatwtgafe35 tda@tth@dh@fad?@i@&mﬁlmertsp Ere tnla@eléaotlﬁ& f6del @Iaméd b ¥uinand a
cur I’ nt unused

{ th
R o TR AT e MR PR
cont r ol loert ladsyorei irénmtiged preglsdrietivy @1D)Acopradee deirivgd powciels ateyrgpnet fortrina

cont r ol peNZuH eLhis M&lagéﬁlﬁﬁlﬁﬂeﬁt,ythéiﬂ&c%%ﬂaﬁ&e e re%félfé@tle rhREIRARE datisEpss £Nt
of the control F set the par arreters i ncl ude the threshol d

i.on, n
val ues, P ‘i“r?‘EFrfFSg‘f"&be Vs”f“fés and de‘f%““?ﬁb 2F53I8S "’P%?fsl) U‘é@iPrﬁ%ﬁt% TS OS] R

wei ght s paramder(sp Thpethanga lisules .cofinadeateth by the waghine anefer143eb tlierrgspnneineddce tH1at ed,
the sscr il yR e 1%§o trﬂeeeqﬁsﬁaén& 8rfack 1a1b An Bdlethei! QL Garkgb0 Such that the

processing tool 1310 can retrieve themfor the next wafer lot to be
processed. fﬁ%prﬁﬁeiﬂr‘f@ml%@t fosherpare Hvateﬁ @atﬁhee%lﬁlﬁ b pReate: ok cEpHsep @s set forth

i mpl enent @elesi 195001560 sfdtiguteylpasontdringainesfiant effettd@modifydigens@rdcasindredietoditiol Mt
again t fort h
A o %gﬁa&é% ﬁD}éFO) aQae%pﬁa%gﬁL% lcle%%ignra:aisl (1?%‘4"56% aEed%% %?JIE% &n%%geﬁ %rz)algs‘%{ o
sanpl i ngarmumse%uorﬁgw r?emﬂon offfh¢ sromltimylﬁavﬂ ?J@ngepﬁeﬂfe@rmnwoltlﬁ@ %@t Bab(r)
pl ugei n mohiﬁbrfh@th@ efpaf 5f|t}fél.ﬂrcﬁéss@gﬁé@§'d JHBM3b(Gs) 1ﬁiﬁllsxﬂenkeﬂ QY resuMQIF @A tehadcteristic parameter

char act er| SLlLc tQheneces vglue coulgb u ga%edgo aId u e 10 e%deaI s are stored in a

dat abas& 1358 G eSS EG Y by SO CHhIPAE™ WY Er 1 REE 1430 * " Fhe  dat abase 1335 may
resi de on t héswotrkstont ﬁlmvam@@@r emaginsfmbmlem@rts gohbyawthBrcegafairg (Apleystem.
Advancednky aﬁ@%§m49np@aﬁhteylbewc}otsf TRIVRME Ket fd%@z fin {h@ $5:200:80- 1566 Gre TRAGhSite ght
be stored in the data store 1360 nanaged b Advanced Process_Control

(APC) sVET & HEWAER Pigererditnd by a??véoté%mﬁf% At ¥t fogh I boyx iy of Figyre 15.
genesal [Howber, tie 1mhthtmnahot@alhmntw§hr;hemnoee as miedebwat 4 bnmdesastind ay frowablhe

change( $)yidp op&zg&?ﬁ&h 36 %%&Je Pth&fs’ Tdr(é}}' Recaff] 4 izgﬁﬁe hfier). Rif}%i:@ﬁ%ftftd?& a “lot” is

pel’fOI’ mance, escr In var ous ustrative
enbodi nétﬁmlgmegtawrfp%f%v@d S%m pm@i@é élﬁ |f8&é@ﬁwr@e$s it piclhip Briategcenr sl rasy Bem of
such ITDdxﬂ}Ll&nentathn to implementation.

As described above, in various illustrative embodiments of the present invention, an adaptive sampling

40  processing model may be applied to modify processing performed in a processing step. For example, an adaptive
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i mpl enmentitt |767M—PB i ﬁ‘ﬂl eREM atFTOM(TAD T&S c r jobetata b@¥dDCH- M) M(PB%P MP  and

illustr Q@PT%@PP?@@J@TWSP@TT)L/@ e hilad MEROR als@ﬂ'en@t‘é’@ﬁntxn',, Wey sRalhag 40
processi ng no pplied to ify processing performed in a

pr ocessi¥ng'NEe &2 eafanéxah%pi a af&ﬁheafa%ﬁ?lwxn gD, B9 ramseesolieTrataear 25003
sanksi NGnaROL 6851 dBEhtddOOE),. /Yy hee tohemdxDWhd® Ri1201 hNghd GRE2, Ofm. NBE @k @krix

vari abl e or nore ocessi_ng, paraneters during_one or. npre
processu%Wﬁ%’?‘s%imeééheoeve%eﬁme%ﬁwa P S hMBre D bods g o

paranmeters nmay conpri one e pyroneter trace readings, one or nore
| anp power trace readpngstyo g:xmore tube tenperature trace readings,

one oOr mefifd Sk @nt:—L@dJ—ﬂg&—“‘Oﬂé"—‘m— 1B3F&pdnbihg ArRGecthdRar Binatx xgadi ngs, 5
one or nore opti cal em ssmﬁmebectrum readi ngs, one or nore process gas

tenperature r r or
ror o pr oess aaef Pl 3Ry B o BLAGESS SRR A ERIN Corh PRI UER 08, O
process | ayerl- ti$shaRMESEED; one or rmre resistivity readings, and the Ii ke

| n gt hemat i eadinghier Vake d@mﬁ@m@f(svm) processing runs being neasured and/ or

noni t ored over r oc W nd/ or processing paraneters
may be arrang"'e%?nlm%arltemtlve rga“asqsquﬁres rsi%ci In other words, the 10

rectangul ar rixpeveeeatiod. X may be conprised of 1 to n rows (each row

corres pondl NGati0 ofihS emert% EndMoRS Qﬁé' g smpl m&ﬁﬁtadeatalyecaema@sr QF €53 R Principal
parameter and 1 to in colums }(‘eac col um corresp ond In% to a separat e

pr ocessiAGPIGH . herprietht Afifds Brhqdradloys & £AlGHatiap °ﬁ>‘8?ﬁ el Compprgpt ﬁea tRe
act wual | JHoweas ulreqaiwerahies, @fcribddengds itle sdowids doiddrativadpp@idhes finding eigenvalues and

eigenvectors, and also allows for calculation.of one Principal Component at a time. There are as many Principal

Components as there are channels (or variable vélues). The power method may efficiently use computing time.
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and/ or processing paraneters, or ratios of actually neasured val ues
(normalized to respective reference setpoints), or logarithnms of such

rati os, ™0 omxREPle. The rectangular nxm matri x X may havBCT/&ERK/28003nher e 15
r<mn{mn} is the maxi mum nunber of i ndependent variables in the matrix X
The rectangular nxm nat d I n rinc ts
Anal ysi s (%O&yr ex_armé)Ie COnsi derffq %(lelﬂ%){x ,? &s g?ngqg&% T’l%s é}%ax{r}bt:helr ixB matr n? 2 Efl\ 'set
of Prln@nctibdlr?’@@mﬂunentllst@&(mhose " Loadl ngs," or conponents, represent the
contributions of the wvarjou rocessing tool variables and/or processing
paranmeters) as an eigen thri a matri x whose colums are eigenvectors) of
the equation ((X-M (X-M)IP=A2P, where Mis a rectangular nxmmatrix of the
nmean val ues of 20 the col rms f X (the in colums of Mare each the colum

mean vector Jnxi of anrr) |s an nxn diagonal nmatrix of the squares of

the eigenvalues Xi, i=1,2]. 1 ) of the nean-scaled matrix X-M and a
Scores matrix, T, vvrAth— PTT and (X-M T=(PTT) T=(TT) TPT=TPT, so that
((XM(X-MT)P=((PTT) (TP ar ((PTT)(TPT)) P=(P(T) T) PT) P=P(TTT) =A" P. The
rect angul ar nxm mat |x X sol den Xnxm may have elenments xis, where
i=1,2,...,n, dAJ ﬁn é(x 7() ﬁectangular mxn nmatri x XT, the
transpose of the™r qt quuh n rix X, also denoted (XT)nxn, may
have el ements xji, ere i and j=1,2,...,m The nxn nmatrix
(X-M(X-MT is (m rresthec ar| e matrix Snxn, havi ng el ements sib,

where i =1, 2, 11 in mExi kxj k _.Zxi KEXj k defi ned
so that: s~ ﬁAAKL% k= 10 : C(’iﬂ slpolndl 1g to the rectangul ar nxm matrix
Xnxm m(m-1) At ug_ h@r ds1 rr% exi st, four nethods for conputing
Princi pal Conponern{s a e as foll ei genanal ysis (EIG; 30 2.

si ngul ar val wec #esR raﬂaotﬁé digeAvhiuesSVEdte n&tnxﬁbﬂidﬁdrt] Hé@ire%] Erﬂ:?atﬂe‘é@enp@fo'ﬁsi anw heast
squares (N PALS) Ea of the first. two nmgtho El G
oG SVDPStchAr s By AP HRHPB A Ak BG0LPBY b 5P R PIRETHOn Eofedisind
wher eas tf he, Nlmgﬁtgmmhagenadldemma‘amumm egpeariveigpn of one Princi pal Corrponent
at a tine. d, descri bed m fully bel ow..is an
Mterative appPohth Par RESaBo R kOB o RSB RS PR 8N 1 ove
for cal oubritpioduwt AT, wherethPeizmeilypal a@ohgrizaesttorad arasctlutmp oT the pq@at@n €A A3p ABNY

Princi p%tnal@f@éﬂ%&lib?ﬂfs(ﬁl%)ﬁxgﬁfe%sé%re channel s (or variable values). The power

met hod ficiently uSe conmputing tine. -18 WO 02/23289 PCT/ US01/ 28003
For exarrple consid r2the0 A tr| 1 , its transpose, the 2x3 matrix AT,
Bhelr ]Z_XiTmat(]fbif)E dluc i« rélxi gtjt 5!)(() prlogut:tL QA;' 11 A=1

0 1 21
This indicates that the trial eigenvector p' =(1,1,1) happened to correspond to the eigenvector
pil =(1,1,1) belonging to the eigenvalue A; =3. The power method then proceeds by subtracting the outer
product mairix p;p;" from the matrix product AA” to form a residual matrix R;:
210 1 210 111 1 0 -1
R=[111|-|10 1 D={1 1 1|1 11/=0 0 0]
01 2 1 01 2 111 -1 0
15 Another trial eigenvector p’ =(1,0,-1) may be used:
1 0 1)1 2 1
(44" -p pI)p=Rp={0 0 0] 0=/ 0 =20 =2p.
-1 0 1 }A-1 -2 -1

This indicates that the trial eigenvector p’ =(1,0,-1) happened to correspond to the eigenvector
p>' =(1,0,-1) belonging to the eigenvalue A, =2. The power method then proceeds by subtracting the outer

product matrix p,p,” from the residual matrix R, to form a second residual matrix Ry:
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1-111111210 AMT=10=111 10-121-2012 EIGreveals that
the eigenvalues ? of the matrix product ATA are 3 and 2. The ei genvectors
of the mWwWonx23289 product ATA are solutions t of the equat POWUSHIAYE3 = X t,
and may be seen byinspectionto be tIT = (1,0) and t2T = (0 1), bel onging

to the eigenvalues k 1 =3 ?2 = 2, respectively. The power nethod, for
exanpl e, may be ded%t o H te i ne the e en@arub Xlan® eildenfect of p of
the matrix product eATo eoe]IhE eil waI@eso nd the @i mwayto S p are
0

sol utions pof t ge Tp = Atrra er_lge{; tor (1, 1 1)
maybe used: 2 1 T)p1111— ‘%9

Thi's indicat gg, Fa&acﬁat E}Jé%ecfoﬁd ééldugl' xgﬁﬂé/ﬁ @a%'éhe?%dlcatésjthal thb)ei %Qlﬂéaﬂedo 19 that fhe
correspond to the eigenvector 1,1) bel ongi ng %0 the el genval ue X1

3. ThESHSHEY P copRietth&RiTHY- oTéléé’é%nV r@uwﬁw BRcPTVRR N Bhosiit tR pe orfhipgnelce the
mat ri x pikgnwvdctdrs e ha) amitprfi=q1,prigdo et thATgehv@ctbrgr ™ @,-7, 9 Shddetd bneif@il FdadilyRbrify 2 1
0121011110-1 RL=111 1(111) =111-111=000. 01
2.1171 (Shtl 2111-10115 Another trial eigenvector pT = (1,0,-1) may be
used: 1 0 -1 1) K2 2(A1AT0p1L PERLOF 000020 =2 p2. -101-1

-2 -1 This indjgates|that r| ge = (1,0,-1) happened to
correspond tgA‘t‘Ih el gn&eci ‘ald t) g %}pbrel ongl ng to the eigenval ue
X2 = 2. The power net{idod th n1 r deeds by subtracting the outer product
matri x p2p2T fromthe residual matrix Rl to forma second residual matrix
R2: -19 WD 03mBladgSVPCof/ AUsys 2‘18’063 PT1 v(here P i the Ryincipal Pomponent gafgix gngF isthy o 0
- 0 (1 Gcorékmawixt0 0 0O 0O0OO0OO0OO0 0. -101-1--101-101000 The
fact that the second residual tr|x R2 vani sh s |nd| cates t hat the

ei genval ue X3 ={01 t nvect{ or P-3 rar . The
ei genvect or p3 ey fben{h n?ﬁ_t %ch@s @/_th g&al /\6 0

ei genvectors pi 1 191) a ‘I() J2 d?l); §aﬁ—[ haty the}%g ngect/or| p3T
=(1,-2,1). Ind 3 one rray v§r 3 6414T) p3 =

111-2=0 oﬁ/ﬁ/ ﬁz |mlarl3lﬁv%iﬁ\é§ho thdt JA =
PTT, where P is n/_ nmponent matri x 2¢
10 SVD confirms that the singular values of A are V3 and V2, the positive square roots of the eigenvalues
Ay =3 and A, = 2 of the matrix product ATA. Note that the columns of the Principal Component matrix P are the

orthonormalized eigenvectors of the mairix product AA”.
Likewise, SVD of A" shows that AT = TP:

J /r JF
1 043 0 0

=0 1ho v o) /45 yaile
[ j( ¢ j/r WARNAG
VA AIA:
(PR el
VAR ARAG

15 SVD confirms that the (non-zero) singular values of AT are V3 and V2, the positive square roots of the
eigenvalues A; =3 and A, =2 of the matrix product AA". Note that the columns of the Principal Component
matrix P (the rows of the Principal Component matrix PT) are the orthonormalized eigenvectors of the matrix
product AA™. Also note that the non-zero elements of the Scores matrix T are the positive square roots V3 and V2
of the (non-zero) eigenvalues A; = 3 and A, = 2 of both of the matrix products AA and AA™.

20 Taking another example, consider the 4x3 matrix B, its transpose, the 3x4 matrix B”, their 3x3 matrix

product B'B, and their 4x4 matrix product BB™:
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Scores matrix: 11l1V-3-/ /[~0YIr3-/,/2/r6- 0O A=/~ 0YV6 00 d YNF3 O
[ O /F3 -/r2 Xr-, o0 o YN13 YV2 XF6 o 0 10 SVD confirnms that the singular

val ues ofw@ozexs93 and 42, the positive square roots of tPRET/ERYLSIB ues

= 3 and k2 = 2 of the matri x product ATA. Note that the colums of the
Princi pal Conponent matrix P are the_ orthonormalized eigenvectors of the

k1l

mat ri x product AAT. Likew se[l SVD df \AT shows that AT = TPT: _ 1 0 3 0 00/
X[3- /~_ AT 0102Y12- [0/y /f/j/ F6 300 YI YNF3 YO' AT _YhO -/~
=TPT . 020Y-,r- ~~6B¥[6-, 15 $VD confirms that the (non-zero)

si ngul ar val ues of AT are 13 land q2l|the positive square roots of the

ei genvalues X1 = 3 and k2 = of1the/matrix product AAT. Note that the
colums of the Principal Copponent trix P (the rows of the Principal
Conponent matrix PT) are thelodt hénorlmil i zed ei genvectors of the matrix

product AAT. Al so note tgfat|ihe ngn-zeno elenments of the Scores matrix T
are the positive square roo ﬁaﬂ3 apd 4 of the (non-zero) eigenval ues kl
trix pﬁb

3 and A2 = 2 of both of the

exanpl e, consider the 4x3 matriyx B, i§3 transpose, the 3x4 matrix BT,
3x3 matrix product/1BTB, hndlt Fin4x4 t4i 8 pPrioduct BBT: -20 WD 02/23289
1

PCT/ US01/ 280037 0 1 _
-101111131&6306000BTB:1LQ)0_-1 0
21, 1-101, 11 011Lr11911955T0_L@2100-1=
1021 01-10 B

11 0 2110
11 1 1
. |10 1 120 1
BB' = 10 0 -1|=
1 0 -1 10 21
01 -1 0
1 -1 0 o112

1
0

0 -1
1 1

ucts ATA and AAT. 20 Taki ng anot her

their

-1 1,012 121BT=100-1 01
% %:O 20 01-10
12

0
0

EIG reveals that the eigenvalues of the matrix product B'B are 4, 2 and 2. The eigenvectors of the

matrix product BB are solutions t of the equation (B"B)t = At, and may be seen by inspection to be tl = (1,0,0),

t,7 =(0,1,0), and I3T =(0,0,1), belonging to the eigenvalues A; =4, A, =2, and A3 = 2, respectively.

5 The power method, for example, may be used to determine the eigenvalues A and eigenvectors p of the

matrix product BB”, where the eigenvalues A and the eigenvectors p are solutions p of the equation (BB")p = Ap.

A trial eigenvector QT =(1,1,1,1) may be used:

2 1 1 oY1) (4) (1
12 0 11| |4 |1
BB")p = =| |=4 [=4p,.
BEIR=1 o 5 11|77 T
o1 1 2j1) 4 U

This indicates that the trial eigenvector p’ =(1,1,1,1) happened to correspond to the eigenvector

10 p,"=(1,1,1,1) belonging to the eigenvalue A, =4. The power method then proceeds by subtracting the outer

product matrix p;p,” from the matrix product BB” to form a residual matrix R;:

2110y (1111 1 0 0 -1
Ro|1 2011|1111 f0 1 -1 0
Y102 1) j11110]0 -1 1 of
01121111 (-1t 0o 0 1

Another trial eigenvector p’ = (1,0,0,- 1) may be used:

1 0 0 -1)y1 2 1
I -1 0%O0 0

0 0
(BB" - p,p)p=Rp= =l o0 |54 o [FR2s

0 -1 1 01O 0
-1 0 0 1 j-1 -2 -1
21-

0
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1-100112EGreveals that the eigenvalues of the matrix product BTB
are 4, 2 and 2. The eigenvectors of the matrix product BTB are solutions t
of the equabt/zns{BTB)t = fit, and may be seen by inspecti PEATASOIRS0GILT =
(1,0,0, t T=(0, 1,0), and t]j (0,0, 1) beI onging to the eigenval ues Kk,
=4, X2 =2, and ?3 = res ectlvely ower nethod, for_ exanple, may
be used to dér?‘ér“}?i“’ﬁfés e the L AP e 1 Wi lé%’@ﬁ%& EYESH 0 BREETHETF x
pr oduct pBBTI,0,0fi¢b&orzthe t@thg eigerRbiuees, 0. atnadpctwhEmahcgemnqmdc@erds by sudtretiseothelbiit@Ns p

of the B r s (1,1,1,1) may be
used: 23%%%]&%8%‘%& %E‘lh“eS‘f‘PaémﬁtAik tb%ﬂng 30K 3'%@1% gESRE 17,y p 0112
1 4 1 This indic@ties Ghad the)tfialoeiogenvecfor opT & (al) 1,1, 1) happened to
correspond to th nvect qr p (1,1, 1,,1) helpnhging to the
ei genval ue kR-A 0Thglepo 0 @d {}hé 8 éoeds1 byqsu(g racting the outer
product matrix p }OlT—ﬂrointIQe Ori& Probuct| BBFltol fdrm a residual matrix
Rl: 2110114 0 21 0plpl 1 - R 1021111
10-110011 2%1101 181 ]11 0 01 10 Rno%1r er trIO;-J %ig)nvector pT =
(1,050, -1) meyothee trisb@gknvettolp” G(Ollﬁ)@aylbeused 01-10000BBT 1~ P, )P
Rtl?0-1100=0201/~2p2 (9 -2 -1 -21 02/23289
PCT/ US01/ 28003 Thi s i ndi cates %at t h8 t?l af lei an ec r =(1,0,0,-1)
happened to correspon;:l to the gehvect o0 | b 0,10} - 1) beI onging to
t he ei genval U8B XZ”B , 2,) o gov 6 M8 thci)d §hen pTOCf 3 by S bP;actl ng the
outer product matrix p2p2T frpm the resi dual tfTIx RR"to forma second
residualmatrixRZ 100 -1120 00-100 000 000120000001 -10
R 0-110 t he
ei genvect or Chr.lS 1nd<c6tei tha%thé)trlal e );erB/ecgor Spe 3(08 13) éap@erﬁdg ﬁorrespo@p% tlpl eﬁelh\_/ec%o 1
(BBT _p2p %)(Q)l,Ré)p) b@ongihg 1o Be eifenvauQA,~1. The/Bp@r metlpdOhdd pBocEedf by siblrctng thelpwat es
that theqdfd ﬁlitrv_?ré pe ﬂylﬁ@xtegé.cor@-l;emduilgraﬂ'lxthoqanntla&gﬂ%lﬁgal hQeri€ KL espond to the
ei genvector p3 (0 -1, bel onging to the eigenvalue X3 = 2. The power

met hod t hen procgédsO byOsub ragtitg OheOoutfér 0 péodyct matrix p3p3T from
t he second resi dygl trix o formapthipd yesi gual matrix R3: 0 0 0 0 O
0" 10°6°0% Gt Imlo__éfnio:bdé‘é.

0 -1 .1 0 0 -1 1 0 0 0 0O

0 0 0 O0)1{0 O O O0) {0 0 OO

The fact that the third residual matrix R; vanishes indicates that the eigenvalue A, =0 and that the
eigenvector p, is completely arbitrary. The eigenvector p, may be conveniently chosen to be orthogonal to the
eigenvectors p," = (1,1,1,1), po" = (1,0,0,-1), and p;” = (0,1,-1,0), so that the eigenvector p,’ = (1,-1,-1,1). Indeed,

one may readily verify that:

211 oY1) (0 1
. 1 2 0 1]=1| o] [=1

= BED2, =11 0 o 11-1]7|0TY 1|7 H2
011 201) lo 1

In this case, since the eigenvalues A, = 2 and A; =2 are equal, and, hence, degenerate, the eigenvectors
p2’ =(1,0,0,-1) and ps" = (0,1,-1,0) belonging to the degenerate eigenvalues A, =2 = A; may be conveniently
chosen to be orthonormal. A Gram-Schmidt orthonormalization procedure may be used, for example.

Similarly, SVD of B shows that B = PT", where P is the Principal Component matrix and T is the Scores

20  matrix:
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01-1001-100000 100R=30-1.10-0-1100000 0000O00O0
O0O0OO0OO0OOO The fact that the third residual matrix R3 vani shes indicates
that thevwogzeesd ue X4 = 0 and that the eigenvector p4 i BCTORp/8IE y
arbitrary. The ei genvect or 124 may be conveniently chosen to be orthogonal
to the eigenvectors (2,2,1,1), PT =(1,0,0,-1), and p3T =

(0,1,-1,0), so t t{& ei genve% 1247 Indeed one may readily verify

that: 21101 1210- ~)p41021 1 01 4p4
0112101|1h|s(base ge@vlue j:Zand?B:Zare

equal , and, hee degener ! t e |genve s 1pRT== (1,0,0; 1) and p3T =
(0,1,-1,0) beIo aéng th t he ge rla g\ﬁu U@s = 2 = X3 may be
conveniently 1 be o rn@l oA @ Schn?dt orthonornalization
procedure may b @ed or xarrp@ Simlarly, SVD of B shows that B = PTT,
where P is the |nC| Corrponent matrix and T is the Scores 20 matri x:
-22 WO 02/ 23289 (B %/28003 012200B- /20/~/200010 YO
YF2 -12 0 0 0 O

-A0O0O -YF2 O
and 'J2, the pe
23 = 2 of the
12 100200
5Y712Y12 1
IYAF2 0 12y /

SVD confirms that the singular values of B are 2, V2 and \/2, the positive square roots of the eigenvalues
A =4, A, =2 and A3 = 2 of the matrix product B'B.
Likewise, SVD of BT shows that:

0Q0Q0 D /22000 YBO/2-12 00 =PTT O -/V
0 VD c?agf—r / Fy?t e05| ngul ar values of B are 2, 'J2
t ve squa 00 the eiLgep@Elues X1 = 4, ~2 = 2 and

i
(%éx &odut}]/ TB//% i kew? seY2 $VD of BT shows that: 12 Y 12

1 0@0()/ /J—0010000X12X120
12\]/32 002( 2001 =000/~ =TPT. 0000 N2

1002000(/// f
BT-OIOO\/EOO/ /\5=
00100 0 2 0 /\/’—y\/"0
5 A A A
2000%/ / /
0\500/ ‘/§=TPT.
0 0 42 0 /\/'_%/—0
hoh ohoh

SVD confirms that the (non-zero) singular values of BT are 2, V2, and \2, the positive square roots of the
eigenvalues A, =4, A, =2 and A; =2 of the matrix product AA”. Note that the columns of the Principal
Component matrix P (the rows of the Principal Component matrix P") are the orthonormalized eigenvectors of
the matrix product BB'. Also note that the non-zero elements of the Scores matrix T are the positive square roots

10 2, \/2, and V2 of the (non-zero) eigenvalues A, =4, A, =2 and A; = 2 of both of the matrix products B™B and BB".

The matrices A and B discussed above have been used for the sake of simplifying the presentation of
PCA and the power method, and are much smaller than the data matrices encountered in illustrative embodiments
of the present invention. For example, in various illustrative embodiments, about m = 100-600 processing runs
may be measured and/or monitored over n = 10-60 processing tool variables and/or processing parameters. Brute

15  force modeling, regressing all m = 100-600 runs over n = 10-60 variables, may constitute an ill-conditioned
regression problem. Techniques such as PCA and/or partial least squares (PLS, also known as projection to latent

structures) reduce the complexity in such cases by revealing the hierarchical ordering of the data based on levels
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SVD confirms that the (non-zero) singular values of BT are 2, g2, and 12,
the positive square roots of the eigenvalues X1 =4, X2 = 2 and A3 = 2 of
t he mat riwop?/2zatect AAT. Note that the colums of the PrineCp&EBo1/28esponent
matrix P (the rows of the Princi pal Conponent matri x pT) are the
oo sor SRR FORE Qi Bl BB R Moo kLA PR B P 0"
2, (2, andPARS,¢fis intedves finging 2uscasdiveditgpbyeotalsues Al 4 X = 2 and A3 = 2 of
both of the n@tskdw mqg;!.k&cltssa BIB AN dedBRE. dataEbiﬁts rr@brxhaga;% e & Idaﬁ@fuﬁﬁd
above have been used for g;e sake of S|qg*g the g gsent ati.o

f9P may fa?

PCA
and. t he BB PPYEIRDA FEG Sy B rah i A PhETHAEG: REUFIGES Fracid
encofint @epbnem ellipsbidd 630 p2veFignb Bl Themtas vecok 1620 rapbaBemtindd by @kitg bnavelagrof
exanpl €yl BuMay drQuss VEIJalll Hﬁ% fn@tt'ﬂ( W%@ﬁgbm%&neﬁgﬁgstmdl 18307 mé]ngveGQQrstplirfﬁglga?S| ng

runs may be nmeasured or nopnitored over n = processi ng tool

vari abl ESMBgRENt 4§40 ;STP@%ré‘é‘é infgeusraloh ik & feagth W%}tt‘eth%rgf%\“%"é‘v%d’é?h? Pg-sFaegrdeia si ng
all in maﬂ:ﬂ@(«lﬁ@ﬁd B YESndORMREpd) Cempldder® 0550 atiin@lakie s, Figtby/1 63 Qs tildnpth equalno the next
ill-con echni ques such as PCA and/or parti al

| east sg egt% gn(vﬁll_eéﬁ eme§ f%%%gafg%ng(oﬁ&ectl on to latent structures) reduce
t he 18onpl eX| Eyr qunrévdh 3(>,<aslet51x BY givenabencinmp be hkenhis e aredli ealmagixdefiamgfoote t he
dat a Eaﬁﬁ? opﬁm&h‘é‘%&msg&ﬁmy\@ m{ls%%a%%a%@é USQldwa8R 93uRf7, (A%ea&eaee 198 of data

vari abi |

is rnvolves finding successive Principal Conponents.
In PLS P%‘Etﬁ 718 s besrietied s -dupspaipna] varipfilespace Tbe Peas VegtedTa0g: reaydie aidlas Gpmen o0& ent
vect or s 2-disenSéraMminéipal Ebrgponent élﬁi;sou’ﬂl’BO atdies pikc a dBOOraekllipkdldd TROMAA Secthb 100 May

be plotted in an n-di si gnal abl.e sp igure 1 The mean
vechor Eaomy et by T Wt ShpE iEn AR ER o e Bt e Pl TeBREB hen
el | ilpsoiCdmaB30 elfipsaid 1739 ry gavea it PrinciphleCompenantul @49t (Gnaj a6 2@ lnrﬁggurb@)dect aasemndled
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as the OVEI’ matri x agal n
elhpsmd 1840 (really a line, a very degenerate elhpsmd) The mean vector 1830 p may be determined by taking

the average of the columns of the overall 3x2 data matrix C. The Principal Component ellipsoid 1840 may have a
first Principal Component 1850 (the “major” axis in Figure 18, with length V5, lying along a first Principal -
30  Component axis 1860) and no second or third Principal Component lying along second or third Principal
Component axes 1870 and 1880, respectively. Here, two of the eigenvalues of the mean-scaled data matrix C-M
are equal to zero, so the lengths of the “minor” axes in Figure 18 are both equal to zero. As shown in Figure 18,

the mean vector 1830 p is given by:
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the sake of sinplicity), corresponding to 2 runs over 3 variables. As shown
in Figure 18, a scatterplot 1800 of data points 1810 and 1820, with

coor di natv@ 0%/23289 1) and (-1,0,1), respectively, my be plPCT/®801/230G3
3-dimensional 25 variable space where the variables are respective rapid

t hermal processi tool d/ or paranmeter values for each of the 3
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i s not hirgsepctivsl aeferrario @GWW@FIMPOI@B@P@’L et 1469, 4870 4nd 18R ori gi naI vari abl e

axes (here, trb@meaﬁ@&@a@m ¥ thA €M, RH TR0 S 584 L 1P] thand!z%trﬂapmﬂz@t er
al ues for each of the 3 variables) aboyt the endpoint " of the mean vector

183d° t(Cm)t(ﬁjll\@t?ﬁﬁiwlh%é%a“("@mf}‘%(cl ) Gith @it to the original coordinate
axes and coordi nat {0 yithrespecy Yo the new Principal Conponent
axes 1860, 1870 and 188 The Loa i ngs are rely the direction cosines of
the new Pri n&t pdf =0dnpBnertl/3xd421860/2 18762 and 1880 with respect to the
original variable |gxes. hq Scor ¢s a@e sigply the coordi nates of the data
points 1810 and 182 Cg) "5 0,0]"and [-5'5/2,0,0], respectively, referred
to the new P( ncj gal_ (V'rrpdv‘\’énto xes 1860, 1870 and 1880. The nean-scal ed
3x2 data matr itis Lt{ansppse, the 2x3 matrix (C_MT, their 2x2 matrix
product 10 (C—MT(C , and their 3x3 matrix product (C—M (CGMT are
given by: 1 -1001 -1 C'thl/%c A1/22E1/2 y 5£4 1100 (CMT
11/20=-1 (;1_1]2{0(151~ 1/1211?/20_15 1/2 /4 -5/4 -1 -1/2

0 -5/4 5/4 ~QC J-1—25/l41_ ¥/2)0 =11/20 00
0 0 0 The 3x3 matrix (C—M(C—MT |s t eoconrlance mat ri x S3<3, having
el ements sl1, where i=1,2,3/ pand _ m 1 0
1 /72 0
(C-mYC-M) =|1/2 -1/2 =1 1/2 0
-1 -1/2 0
0 0 0 0 O

The 3x3 matrix (C-M)(C-M)” is the covariance matrix Ss.s, having elements s, where i=1,2,3, and

2 2 2
22 CiuCik — Zcm chk
1

j=1,2,3, defined so that: S; = k=1 2 k=1) k=1 , corresponding to the rectangular 3x2 matrix Cs,,.
EIG reveals that the eigenvalues A of the matrix product (C-M)"(C-M) are 5/2 and 0, for example, by
5/4-4 -5/4

15  finding solutions to the secular equation: = (. The eigenvectors of the matrix product

-5/4 5/4-2
(C-M)(C-M) are solutions t of the equation (C-M)'(C-M)t=At, which may be rewritten as
(C-M)(C-M)-At=0. For the cigenvalue A;=5/2, the eigenvector t; may be seen by
[5/4—,1 —5/4) ( 5/4 -5/4

-5/4 5/4-14 5/4 -5/4

}‘—O to be t,"=(1,-1). For the eigenvalue A,=0, the

-5/4 5/4-2 5/4 5/4
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eigenvector t; may be seen by

); =0tobet,” =(1,1).



2Ejci kg k -EG KY, Gk j=1,2,3, defined so that: s~ = k=1 2(2 k=1) k=1 ,
corresponding to the rectangular 3x2 matrix C3,,2. ElGreveals that the

ei genval we@ 022289t he matrix product (CGMT(CM are 5/2 andr@sofaspoexanpl e,
by 5/4-A -5/4 15 finding solutions to the secular equation: - 5/4 5/4-2 =

0. The elgenv ctors 0 e matrix produc CMT(C re solutions t of
the equation ? ?‘;I‘W) {lr exagale, MK ?:'f‘?e‘hﬁfet “}ﬁgﬁﬁfggte‘ﬂvg‘b‘iesg‘sand PEBYIANFERCIME- X) t
= 0. Fomatrkereig (E@-‘DVB{GJM)TXﬂzheR 15é agentzéﬂm @iage® the eigtrtctdrd p AR oldnS e eNthdyquatiwh4- 2

-5/4 (- _ For the eigenvalue ?1 = 0,
t he %@Aixﬁ)(gﬁvﬁ By Tp. Aﬁlﬂelgglf%torgl 4&5 1)1§§y15e§? -5/ 4 eigenvector t2 may be
seen by 514 614 A1 S5 4 5 1=0] t of 1:131. 1) -25 WD 02/ 23289

PCT/ US01/ 28003 _The r Aret hod, I used to determ ne the
ei genval ues A€ H\d)&o%éﬁt b/?ofo = %Z? Tﬂg ]p(br20 (GM(GMT, where

t he ei genval ues X and the ei emve@ct 0041 re solutdons p of the equation
((GCM(CMT)p = X p. Atrial,eigenv PT =(1,1,1) y be used: 2 101
31 ((GM(GMT)p=1120(B=1D 31 2(%3% 0dd1002101521
((C M (CM Dge UG- 0rfhg = 15/ 8 =% 1/2 = am—sm/@ 99p0 5 This
illustrates that t etrlal‘elgﬁenv = L, 1) gﬁ rep1aced by the
inproved trial eigenvector 2, h t hap to correspond to
the ei genvectﬂa{s ilRkthatds thal thd /el Ql)éenb&ko@ @@u: ag, 1t) %etg Fb%laé‘e'dgﬁ et Rvel bridf eéér&ectorThe
power method then proceeds by subtracti n% product matrijX 1@
fromthéd nﬁltlr’%(i?ﬁﬁfrlﬁ‘aﬁfﬁetdm f"é‘fem‘(d@mel*gﬁtnkﬁec bRinT él 1/%‘&*’6%%“9?&???‘%‘2“‘1@" M0 1

2 1 0 1Thé 2ovebr nidthod tHen Jphétedds by hitPradtitg He2oulk) Proliuct n2trB: pp1/fRmlhe nQtrix pr&u@ 0 O

0 0.11 Qg 94[) t&'{()%lQrfB{%armajn/ 1/40. 00 0.11 10 Another trial

ei genvecto ogonal to the eigenvector PIT = (1,1/2,0)
may be used: 1 22 @ -9\0/-1 (C—M(C— T tplpY JpERlp=2 WP 1/4 0 2 = 0
t hat
<4

=0 2 =A2p2' O 0,.Thi s, enyector PT =
(-1,2,0) hap ne 1t(?)p%opre 24)% eh&:c? ?);?ZT/% (Y , 2, 0)
bel ongi ng to thel@igénvaljue X2 0 The wed neé h d t helh p@ ceeds by
subtracting the ult €5 o
R =(1/2 1/4 0]
0O 0 o0

10 Another trial eigenvector p* = (-1,2,0), orthogonal to the eigenvector p,” = (1,1/2,0) may be used:

1 1/2 0Y -1 0 -1
((C—M)(C—M)T—}_JIET)g:ng_: 1/2 1/4 0| 2 {=({0(|=0] 2 =/12£2.

0 0 OAO 0 0
This indicates that the trial eigenvector p' =(-1,2,0) happened to correspond to the eigenvector

= (-1,2,0) belonging to the eigenvalue A, =0. The power method then proceeds by subtracting the outer

product matrix p,p," from the residual matrix R; to form a second residual matrix Ry:

1 1/2 0) (-1 1 172 0 (1 -2 0
R,=[1/2 1/4 0|-} 2 [~1 2 0)=|1/2 1/4 0|-|-2 4 0
0 0 0) {0 0 0 0/1l0 0 0
° 0 5/2 0
R,=|5/2 -15/4 0],
0 0 0

Another trial eigenvector p’ = (0,0,1), orthogonal to the eigenvectors p;” = (1,1/2,0) and p,’ = (-1,2,0)

may be used:
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product matrix p2p2T fromthe residual matrix RL to forma second resi dual
mtrix R2: 11/20-111/201-20 R =1/21/40-2(-120)=1/21/4
0 - -2 4W0 002289 0 0 0 150000 05/2 0 R =5/2 -15/BCOUSQ/BOG Anot her
trial eigenvector = (0,0,1), orthogonal to the eigenvectors PIT =

(1, 1/ 2, 0) and P2T = ( 1 2,0) nmay be used: -26 WO 02/23289 PCT/US01/28003
152000 ((C—M(C—MT pl pl p2p2) p=R2p= 5/(21-15/5420 ®¥0p (60 0 1 0 O
((CM (C—MT n 0_ R3 L i s indi qpf 6%$= t the trial
ei genvect or (%'@LW%@ 1)ph£¥b€1ne%2t—£6)gorlreze€p r?-mto ltsgg el p v 0 or p3 T=
(0,0,1) belonging to the ei genvalue X3 = 0. I\ndeed, Yone § r ily verify
t hat : 210000 ((CM(GCMT)p3 =1 1/2 0@\0 =0 0 =23p3. 0001015
Simlarly, E)of S:\qd;/l qvvsth,at C—M—PTT erle P is the Principal
Conponent mat&§ 5 coPubns B Bﬁﬁnﬂm I rzﬂedﬁel genvectors
proportional to pi, p2 and p3, and whose el engnt)s are the Loadi ngs, the
direction cosines of the new Principal Conponent axes 1860, 1870 and 1880
rel ated to tA&isopdiegienghat e frighpigenvesion ) = £HD Thaprsnadnie Seewes by ieigenvogts s e

rows ar 60,8081 bes dne, datn:m BObRtSy 84 vaitelind820, referred to the
new Prl%:ﬁa p&r‘?g%%?m o il 0, 1870 andy188 F/~0~~011 CM

/1J/~2000/~00100Y2Y11(DD Yv[5-000—PTT. 001
0 0 The tran S Oor_t ri t he product of the
matrix of eig nvm Z‘f)gﬁ Sl nﬁt‘z 6( rov?/éare ort honormal i zed
ei genvectors proportlonal to ti) arﬁbl t@? 1| n Figure 18, the

directi on cosi ft TPrln a nt axis. 186

res pgct to t hgmﬁrhﬁ (%M/%Pﬁs tglat é*/[; s> Wit e% h@%ggqg%fpmeﬁfﬁmf‘x ( g%f‘ﬁd
the dir @eltlmﬁrﬂrq:mmwem(hEedarmerrvgc)tor@ﬁromolrt@nﬂ ity it P:Ppd pc indatho€aleponent tha kpsling860
with the direction cosines of the new Principal Component axes 1860, 1870 and 1880 related to the original variable

axes) and T is the Scores matrix (whose rows are the coordinates of the data points 1810 and 1820, referred td the

new Principal Component axes 1860, 1870 and 1880): .

S N )
. ?ﬁ y/}f o {ﬁ V5
0 0 1 0 /\/— /\/—

y -] 0 NG ~5
C-M= yoﬁ %—j OA OA
0

The transpose of the Scores matrix (T7) is given by the product of the matrix of eigenvalues of C-M with

10

_ P77,

— O

0 0

a matrix whose rows are orthonormalized eigenvectors proportional to t; and t,. As shown in Figure 18, the

direction cosine (Loading) of the first Principal Component axis 1860 with respect to the variable 1 values axis is

given by cos®,; = %g , and the direction cosine (Loading) of the first Principal Component axis 1860 with

15  respect to the variable 2 values axis is given by cos®,, = %/g Similarly, the direction cosine (Loading) of

the first Principal Component axis 1860 with respect to the variable3 values axis is given by

cos®;, = COS(%)=O. Similarly, the direction cosine (Loading) of the second Principal Component

axis 1870 with respect to the variable 1 values axis is given by cos®,, =_%/§, the direction cosine

(Loading) of the second Principal Component axis 1870 with respect to the variable 2 values axis is given by
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15 respect to the variable 2 values axis is given by cos 021 = ~r
Simlarly, the direction cosine (Loading) of the first Principal Conponent
axi s 1860vowr/bB28®spect to J the variable 3 val ues axis i sPQTAvem/48903 cos031
= cos(~)=0. Simlarly, the direction cosine (Loading) of the second

Princi pal Conponent axis 1870 with respect to the variable 1 values axis
is gi vemob@zpesz Zang the dirdagondbdire (lLdading) D¢ s2eond Pliraipeli Geapponsiit atik 876 @BlORebect
Principal Conpgnent axis 1870 with respect to the variable W2JJval ues axis
is given Bg -27 WD 02/ 23289 PCT/ 801/2 32Ené:os 022 nd the directi on

cosi ne (LBRYFALY® Gt HE SBEBRY B PucT B by drsstopegrna fafiog) S fct
to the i axl S % y .cos O = lastly, the
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correspondi NGatify 4anbtiftS eRanfle, 32 VaLd abit@s. DASidEHAN td Nthd=| GUr GnakB, BY  given
scatterpl ot 1900 of data points with coordinates (1,1,0), (1,0,1),
(1,0,-1) and (1,1 110)1 réspectively, may be plotted in a 3-di mensi onal

vari abl gp3pape| 1159 wher e_{ ﬁla}y@erthléplasetﬁe &efa rd§§91§tﬁ§ kv(ggﬁfn%al b staizee(ffmlpm%
processi ng tool| and/ or, parpaneter val ues for each e 3 vari abl es

mean vector 19 qlmaty1 | P¢/ at the center of a 2-di mensional Pr| nC| pal
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aver age dew*ﬁ‘é el uAd), 60 had é\xé@hrqspesmlywa%ydwm?q in aéydlm%onpir‘iamhlepsmce
Conpenerihere |itel \ﬁﬁﬂ)lled aﬁe9r3@edﬁﬁeyrabﬂ\t&nﬁal pldcéssihg 8ol mﬂopﬁdrar@cefmﬂﬁbe Fér hOAE thd be

Conponen ey Sheyigyechs Py uifey Prepidnlsior esitihafte WEud: codbelgigre PRY o
i n Fi guriealyQ, ciralk, saosoma\tvl’m fleeergtate eBipsoid)yThagneal engr 2926 ecoin de Iaetermmlecpw taﬁogrﬁenent

axi s 1979&3 e %ﬂgag)gxgltnp Iﬁétge g)\ref'ap% épg?‘alta rﬁ%’l’qe)]? nﬁln%rl?cgﬁap@onﬁ)o?eﬁtgell (}lch 959 m VQ gl pal

Corrponent Xi'S enva an-scafed dat a
mat ri x @Walpcwalea@aqonensk?‘m t(th%“maeqx’g@m molflgttrhé? withjlogt 2a fing" %ﬁna@rﬂrsta&@@p%f
t Ee 2B i rmmp@knt@ﬂmﬁyemec@h Pkl donap%e(at 1960 fieQWiR1Ris | Lb@]g&aliloe\wulallﬁngmmd
tere 1.NI ue .1 of the other

e nor gk she SRR Bt ConP R s lo e nSRit B ‘?@%ﬂertnlyw ghes 1 s
equal @rlmwonmgnesmmﬂ%OnHm,g\m@ theGjgetvalgesrpf Ha megescded ddQ20QTixiDsMgrasgml sby: 1

1111 tﬁle 18ngfs 3F tge "'inajol= andO‘m%BPI’ atxg!;%f Rt Hrihes a%&ﬁ@nénh@lh @@93‘6@&%@ﬁre 1—@%@ bghf or
all 4 (% 0. col ums. shown |n}|): ds_noth nor e

As
than a 69‘iah8"|‘dpt§? re&%‘f‘@g PRttt SBRl 1P RerooP |ﬂ&|l Th ‘\féfﬁ"ﬁﬁ‘i &Pingeds of the Principal

25 Component ellipsoid 1930 in Figure 19 is equal to zero. As shown in Figure 19, the mean vector 1920 y is given
by:
1 1 1 1 1

1|+|0|+]| O {+]{—1||=|0| and the matrix M has the mean vector 1920 p for all 4
0 1 -1 0 0

L= 1
= 4
columns. As shown in Figure 19, PCA is nothing more than a principal axis rotation of the original variable axes
(here, the respective rapid thermal processing tool and/or parameter values for each of the 3 variables) about the
30 endpoint of the mean vector 1920 L, with coordinates (1,0,0) with respect to the original coordinate axes and

coordinates [0,0,0] with respect to the new Pfincipal Component axes 1950, 1970 and 1980. The Loadings are
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(here, the respective rapid thermal processing tool and/or paraneter val ues
for each of the 3 variables) about the 30 endpoint of the nean vector 1920
R, with ovorzennsdes (1,0,0) with respect to the origi nal PODUSIIVRIE axes
and coordinates [0,0,0] with respect to the new Principal Conponent axes
1950, 1970 pd :1980. The adi ngs_ar 28 WO O 9 P /28

rer el y TR aRPH solliS o B8P S pd copriiont Bep B SR b W S s e .7
and 198(9r1w’1aﬂ Mariakle peeet The Scargseare Hinplyithsepoordinatesath rﬂ@ c@msmtsﬂh@ 08doF.&ls [0 €] midnpl y

t he coor[dlolo]ate@&c@&ytr%éawﬁe R B &ipal Cdmnd] axed 19501 199 and 1930.1, 0] and
[-1,0,0], re%Eectl vely, referred to the new Principal Corrponent axes 1950,

1970 and 19801 %A @askgrofut (GBI GEeT B M (D-NOT is given by: 0 0 0 0 0 1

0000 5(D-M(D-MT=100-10900 13020 01-10002 O

-1 0 The 3x3 matrix (DM ( 0\/9cr|@ 30t aesothe oy@r idante matri x S30,

haV| g elene re li=1,2, 4041 14| k | d;k Y d k and
33 deflned s)th\r,]mﬁ 1 9 8’—14310 cor e@o]%dikon' to the

rect angul ar 3x4 matrix 4(A4 )1D3x14 =] Orevleal s| t @&t Ot K&/ ei genval ues of the

matrix product (D-M(D-MT are 0, 2 and”2. Tha ki genvectors of 10 the

nmatrix produghe £:.8MrkpMyib- M)E@%gstth@&sarancgﬁna&lta@ 9@15% egﬂleﬁté%}\bﬂeﬁe@;m fp =

2 , anmay be seen by inspection to e pl1T
p3T = (1,0, 0), belonglngto4 ﬁg_ f :2 X2:2, and k3 =0,
respectively (follow ng the Vet | aC| ng the | ar gest ei genval ue

first). apki=hdy, doined sethat &) Fi cerrerengusione tdtwadinrig) mefixt he
first Principal Conponent axis 19 th respect to the variable 1 val ues
axis ispgjven by cos Ol1 = Cos() = 0, the direction cosine (Loadi ng) of 15

the fi t P i 1970 wit t to

val ues axi s, E BIIBATEY Soe s ot payotis b LERATE gt indd) HR cefirde’er
(Loddi ngfe norixt aedudti (DNDIPM) hak [S(&llltloﬁbm’rpf)ﬁle nquamni (D-VEMNipt=h\p, idspede stea by he
vari abl ?nsg’ect\(o%ltk'%plax'(()(?l 6)"518?I )b d pIs %&é )5 9&%‘% mels%r Ly, L he@“?o

directi on cosSi ne e secd onent axis ™1
withr eép%@»trequytl‘tehéfoil)afrmam @n\_’@nwwﬁlé@miheéarzest egplwelne firs). cos 012 = cos(~)=

0, the di I’eCtAs@Hay Qeos%énrl@ F(glﬂ@@ﬂ'tﬂ%gﬂrec(ﬁgn éogﬁe @ﬁ%@ﬂof'ﬂfe'fﬂs@t’m pal%%@%@c%{ls @Sbs
1970 with 20 respect to the variable 2 va ues i\ is given by Cos 022 =

Cos(% it respediishn igiaklé 1 RGkd 4B iCH%H BE cHL @A @g o ttmeilrgﬁsmanﬁmbaa&gpﬁl
Conponent axis 1970 with respect to the var| ab 3 val ues axis is given by
cos 1032 tte @ot (Mihcipal Conipasdnt \axis 1978 dith ectpradntoc i maiaflt » adiuag )axiof ist Bigert byr d

Princi pal on Xi§ 1980 with, respect to the variable 1 values axis
i s giverf B@Oggosg% £ @g degiredipn cpsitg q:i‘?afhéétqfél?? ey Sringry COmBARFRG pxinF0op fah

third Princi nponent axis 1980 with resg ﬁ Iﬁo the variable 2 val ues
axi s is'gPle tbi/"aé’sblﬁ)é’alﬁeéﬁm ‘%é’é’fr%?* cgs® an‘d qs p./ P edimilggly: &6 dirgion cosigdi ng)

of the tlljoa(ﬁm%) Q (s:elzc I%bPrmclrgl)%glggc;[nen Xl 3{9]78 with reépe to 51835%%%& /vglg%%gls \{saél\llelal't?)l €

val ues éXIS

PCT/ US01/,28003 %vg/?reanﬁl@caﬁgmg; cdNE AR B FRGLbA AT oREon R0l 196 Wik P! Y

by rrultlp ying t an-scal e
20  respect to the variable 2 values axis is given by c0s®,, = COS(% ): 0, and the direction cosine (Loading) of

the second Principal Component axis 1970 with respect to the variable 3 values axis is given by

cos®,, = COS(O) =1. Lastly, the direction cosine (Loading) of the third Principal Component axis 1980 with

respect to the variable 1 values axis is given by cos®,; = cos(0)= 1, the direction cosine (Loading) of the

third Principal Component axis 1980 with respect to the variable2 wvalues axis is given by

25 cos®y = cos(%)z 0, and the direction cosine (Loading) of the third Principal Component axis 1980 with

respect to the variable 3 values axis is given by cos®,; = COS(% )= 0.
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matrix D-Mon the left by the transpose of the Principal Conmponent matrix
P, whose colums are P1, P-2, P3, the orthonornalized eigenvectors of the
rratrix proaoegD-M (DOMT: 01 00000100 -1 TT =PrRCDUMI280030 1 1 O
0-1=01-10 120001-200000D5 The colums of the transpose of
t he Scor es ok &

are, indee dn%{]lérgﬁé%ger ﬁ%ea%cgrgwg%@i& e[mtnlé}é/’oe Bﬁﬁned%}pﬁlyolgfl rgrlﬂgp]lﬁl? té ?{ne?tsr]sgalé[dodata 1,0]
and [ - 1 7@y P-Mrog dhisdeft yiikq §anspptsfod the Bencing! @qﬁwonenféwtrprﬁ rré@spacrlun@@mwﬂemns Hres
1950, 19#kbnandlizAO8&nvetids offld hbEesodcaDdn®-sh5cussed above have been used
for the sake of sinplifying the resent ation of PCA and the power nethod,
and are rmuch.snaller than ftthel d&\g0métrPced encbut ePed—iln illustrative
enbodi ments A0~ quT(yjm J SENY |1 £ngi op. Epr_eyanple; ig|various
illustrative enbodinent aboBt = _100- 600| pt ocessi ng r ns may be

measur ed and/ or nonitored 108- 60! prO g ng Q0010 yari abl es and/ or
pr OC§SSI ng p%é’i%ﬁlgg.g &the%agsltpgse oI‘ e §c%rem9c§ilf W cgglglgrﬁﬁlsthé‘lrgwéa%fjthés@(g& nﬁ@%'ﬁoo

runs over vari a const
regress |ar9nm1§f>r~’<é> e pardimass Rh ihg é@%p%rrﬁ% L%, [%A] HrdPlornd FA00), sispectivalys relSwesde s
(PLS, a|n&@Pﬂﬁja@WEoﬁ§on]9ﬁtQj:@¢¢5K)Oﬂ97dzﬁid hesbent structures) reduce the conpl exr ty
in such cas€s, by rev i t he rchical qrderi a

| evel s 15 of Srg e%“r‘tré%f‘é :En g \E/5 gdrlsrmésf)ed al"fve %ave R dc%?rqlr?essa?e?r 1“\%5”“? qﬁ&’feﬁeé’?ﬁon of
successiP¢é am thmwptaheﬂ@é,rﬂpd)rrem@ smalrrr mrshet Ghmirigeescostatd in digstifivAnBdinidniss

I NVabVess b PidicAdn@ s E5% eMBipleah §RfouY BIGIHBNS -embdlinYedfs] eﬁwﬁ rﬂ 1 {gascbs g.foéeys% runs
enbodi nent the tool and/or sensor drift drrng in=1 5

proc essmbﬁrla?réurr?@a PG E R O PEFEd a8 yargPles ag OrGWCW‘B%@?&eWG B8
vari abl ésceandielinz, peesag silmg= pedr@fretne roger mey1080 vaBg{pe dndyccosstituecni ilt-adndiibned
pr obl emrégressrmm@rémﬁacﬁqdule&mfs PR Adfor parrrm Easwlgaréq&sparmm &%&%ﬁ@h&@g the

= processing runs) through an n-dinensional space
( r epr es é'i‘ﬁcfuff@) redyes the complgxiggn ?Pzﬁ}r‘ faéfﬁlbé 55)"‘3&1“@(5%? IHegrchia! qidasipe OffﬂE?rdafék%fFF’p‘rnéeve{S o]
corrigct of dveresstpvaiabiligrInRCA phiohesws fglimyuccéssieh Reiatipah Gordienapih (BDS leaﬁlaues such
mul ti - d'aﬁﬁﬁiig ntﬁiL 1nv519ets %Bblgggsucée&\@ ?atemgtorg rin t\/{}%usp I s?r%ﬁr% lg)d m ?ts th Ec;laa‘bd/
and/ or processing pa to conpensat na.
drift fromrdhgdaas ﬁ@ettnr v &005589 pr@reﬁrrng\rws preasureqd gad/grypqniered (B’FI’IIET waﬁmprféessmg oo
il uslt r ahriavies SEROFORRRE @ar?]@aapﬁmw& nﬁ@ﬁﬂdh(? ROeqPiv G HEHIHE omd@lnamanyw bﬁalbbrﬂl Ibt
in al terngf ch. adaptive. s in roces al so be
f or med by 1D0-¢ 6%? d)mn¥s {r Opresentmg dtﬁé) T g%)l 6%5(}) ocegm b{ls tﬁrorﬁ%/ OI’ Onugenéllp aler%p%CG
pr oGéssilpyespuina e n er1§6@lmﬂ|ahi‘§) Bﬁé mgy bempeda fop PP@@EIS‘»é(P oogreqt ha apidEheampd breeessrfg bguch

t ool Vaﬁﬂdﬁbﬂn@Sanaaﬂﬁé&fateﬂﬁrﬂﬁ-@ﬁhsﬂﬁalp%tﬁﬁﬁt Bl HRY ok Qﬁ@f)ﬂoe%%m‘érl@ol Qhrid¥IRE @nd/or
pyrorreter trace read trace readl n one oOr

o e T UBETRRIEPRE S 1 PP R e o e P RO P AR gs. one. or
nore i nfrar édvygibR)alismgive llusteadi engpedimentse adaptiversampliggppro@ing @mwidsmgnbespéicih r um

r eadi NQ3ner2fife \%s @th%déﬂﬁ@%%m@ﬁ%cessﬁn@%@é‘]s‘f%.ﬂl afso B@ﬁme@gémoﬂaﬁlg@ﬁe Mo 100l
process gas pr essure readi ngs, one .or npre process gas flow rate readi ngs,

one 80 S et W98k PR Uyt H@Ceswaﬁ’fnetﬁrﬁ F‘Emﬁ PRICRE S| PERFEF S e Krrawlep ef sughferl or
nor e r esaribleyintyr pre@ding gsamaddmiyh@mbptik @ne drinotd@ometei/@dct udingd| ohe binadre 1afp

Ut bl GuBTRRHLITER! p ol Al fBERRL LY 6,5 TRI O RTQRAISHNG, BT S

may conprise fit e collecte I‘OCESSI ata usl ng ast one of
pol ynomﬂérareé ey élgflrltrfqdﬁlgs Peas fn°§q%?aé§mf5fl?nt FPﬁ?jT“m %ﬂ“&ghd??i? &F noEaBIPCeEqeMr es
fitting ,tenrpaamfwéamﬂgzmna lor m@aﬁbce&cguagra&ré ﬂeztdtnrgrl gne MRbE broeeds éaew rafs GHABR @ Sone

fitt , 1ttl t
I 3'0 ng or more gtkh cie % ne grléngr%cefss 1{? aels ’&11cl?n%sses ne or more rep %v r8a 1nlgs(j I,argigllgqug Ilétﬁesg 5

non-pol ynom af -'squar erth
al ter natVﬁrweS @l@matlysuﬂrgtr@aﬁr Gmfaﬁm@éaémﬂ(@qu@r felsptl(/PLa@pllrmrrd¢cgq51an0¢ﬁdﬁi 1| comprise

Conponemise Aatysds fielng @H @65 Ch i1Re0ne QJ@S} @nomla’iQm\O@ fﬁg{g BaBQuares fitting,
PCT/USOl/2§OO In vari Qus |IIutragvee i rents, sanpl és may. be

col | ect é\alyrfogya Iﬁ_ia_%sral&rte&d E)]B% RP%P X{lim? leasmée}r@ ?ttmg \Ielbhéed least-squares fiiting, werghted

polynomial least-squares fitting, and weighted non-polynomial least-squares fitting, either in addition to, or as an
35  alternative to, using Partial Least Squares (PLS) and/or Principal Components Analysis (PCA), as described

above.
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N, N+1, and a polynom al of degree N, N PN (x) = ao + al x + a2x2 +
+akxk + . + aNxN =y akxk , may be fit to the N+1 data points (Xx;,Vy;).
k=0 For vecampd2g9 100 tinme data points (N = 99) nay be taR€enwusel28043ng t he
pyronmeter trace reading p, the lanp power 5 trace reading f, and/or the

tube tenperature trace .readi during .a processj step, .tq the \
ef fective Vi grf FpUs usna%??(mgjfé(;‘%%’-%[g’ sea%{eiglin%gbefc @%‘?ﬁe‘ﬁﬁ% %%Sté@%"gtf des‘f}?f?’ =12
resulting in réspectivel,sets afd N+l data pormomiglpl, t)of (f, t)degreend/ or N,
(T,,t1). The values nmay be the actually negsured val ues of the processing
tool varpak)es, angt o, pt pcessi Ko+ -paa?ﬁﬁt:e a, X0 mh@bd 0% @ NACIaPolnM (x.y).
nmeasured val ues (normalized to respective Feference setpoints), or

Iogarit €X e er . 1 —'Q ¢ld ] ee. Cce Ie t . OWEr
desor b fiple 1Rk R0 of. 00 EAPRRUE DO Bl HETRAND) bE b on
Engi Aeetrgce repdingf, wd/qughertiihs derpeigivesriram ipading g {W5ing 2 PIRESHINEGIER,, to o gectiveryiehhipd's
230- 235 workBRcek exfidificefBRitthe prb@Esing Nep, td3@tin@ah EREvaketsBNE XdataRRHS (3,7 GUR Badidne

N+1 dat oints (xl,y) i = PN (X =l .akxk , fo = 2., ..., N
Ne, o SO Rauds i sl e dchaly bRistile R ot RSt et bopl i et
det er nmi meramdtess, Nrratjos obasfupllycieaswres vallkes (fopnaliked=o @gpectiye reference spipoiifff)eor dhetreslmms afant
of the chfibs ke BladpRIPolyReniMIAMIER AL YEH, 8 etnBIE, ih B BRMANIA AR isrs 1 X1
X; o deéﬁXZ XE .;7 x2y915 det erm nant: V¥N<+N% )i‘m@xk 1 where i =1, 2,

. Yoy, gmd Egppeqzs, by Ry W. Pamming, Doypr Plications, gy eyl RB6oat RpeesdiQ-g33, Kerreaniperpghiythat
Vander nonde determ nant VN+1li considered as a functionaxf the variables x1,
VN+1 = ViRHpolyxdmiat 2y (x) pass-tadplthg N+ data polnedr.biyis @, poPylro Ea;xf Jfhré=vaziall,es
Xi, as may be seen by expandi ng out the determ nant, akfd a count of the N
N(N + 1+1,e%Q008AtdnEianNThdsh a1 doheticle@é8mpktely RierpRb WO ORI ebkffitisntdn, forle =t0, 2 +

3 + Kk + N=k = k=0 2 (for exanple, the diagonal termof the
Vander nohd& determ nant VN+I is 1 x2 x3 XN-1 . xN+H ). 20 Now, if
XN+1-= xj, for j =1, 2, ..., N, then the Vandernonde determ nant VN+1 = O,

since any determnant wth two identical rows vani shes, so the Vandernnonde
det er mi nant VK@ 19¢efsipeipant 0§ ethe heoeffigientso o8 ths Npknowp ) coeffigienty ar i the NVgadermonde N |
corresponding to th Nxfact)g)zrs_!—] (X1 - x ) . Simlarly, if xN=xj, for j
=1, 2, ..., N1, then®the ™j=1"Vafider nonde determi nant’ VN+1 = 0, so the
Vander nonde det er m flantr, VN#t: nust &) so have the factors (xN-xj), for | =
1, %5 - determhbudyy cOLE:espondi ng o the | Mk Fagr0rs bl (XM apndeld, 1 Gopesal 1Y,
if x,,, =xj, fof'jl<m where ni = 2, V=125 L N, N+1, then t’he

Vander nonde determ pant~yVNHy =0, %ot he Vandernonde determ nant VN+1 nust
have all the -31 Og/ 23289 PCT/4JS01/ 28003

Vandermonde determinant V., considered as a function of the variables x;, Ve = Vyni(x1,%0, .. . XnXp01), 1S

clearly a polynomial in the variables x;, as may be seen by expanding out the determinant, and a count of the

. Y. N(N+1)
exponents shows that the degree of the polynomial is O.+1+2+43+---+k+---+ N = Zk = T
k=0
(for example, the diagonal term of the Vandermonde determinant Vs, is 1+ x, - x32 ----- xﬁ_l . x]}:,] ak
20 Now, if xys1 =x;, forj=1, 2, ..., N, then the Vandermonde determinant ¥y, = 0, since any determinant

with two identical rows vanishes, so the Vandermonde determinant Fj,, must have the factors (xne1-xp), for j=1,

N
2, ..., N, corresponding to the N factors H(xN a—X j). Similarly, if xy=x;, for j=1, 2, ..., N-1, then the
J=

Vandermonde determinant ¥y, =0, so the Vandermonde determinant ¥y, must also have the factors (xp-x;), for

N-1
j=1,2, ..., N-1, corresponding to the N-1 factors H(x vy X ) Generally, if x,, = x;, for j <m, where m =2,
jAl

25 ..., N, N+1, then the Vandermonde determinant V., = 0, so the Vandermonde determinant Vy.; must have all the
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factors (x,,; Xj), for j <m where m=2, ..., N, Ntl, corresponding to

the factors H (x,,, - xi ). Altogether, this nmr j=1 N NN + 1) represents a

pol ynom avoet2xteégree N + (N -1) + + k + + 2 + 1- L k =PCTASIC28003When

k=1 2 in = N+1, for exanple, j may take on any of Nvalues, j =1, 2, ...,

N, and when in = N, | may take on any of N1 val ues, J_ =1, 2, ..., N1,

and so .0 e<xa when I [ =1,

2. and V@f‘lorSme j)%r j % & myV%:Iak é\méﬂl gdrrgi 8&]&%' %g%ct&@ H J\é@hXEO Ethér t%iﬁ

all the factors have been accounted for and aII that remains is to f| nd any

mul tiplicative constant by which these tw{? representiati ongM-or) t he

Vander misatsents depdyarithat dagree 1V Ghr It 118k +-As bt e dbove, S The sicagdial

term of the Vandernonde determnant VN+1 is 1.x2 %*3 2 XN-1 XN+

and t hi s ey, foeexeropip 4 meyitakeoontalneoftievaties o2t heNlaed whdnanrdNginge sikodn dnpef N-1

)B]r O-?'IUCE szLfles I}'*—flaft Or]\ﬁl (aﬁdigo foﬁjf-i (\}or exaﬁnﬂle(m Ln 3@&&&1@%& twe(vdluel ] 1, 5 Jand(%h%n

i denfi céi’l 2, seax ﬁ@ %m ‘inF rﬁlvf‘ear ﬂwhl%maeath%t afl ghe farfory hayg,bpen Pféowﬁaﬁéﬁwd@t r

N+1 det &ﬁrﬁlnﬁlw’lto Nid+dnyi muibifibeativé cdnstantxtgl which these %o Neprgsentatios Sor khel Vaaaddnlnor(deXU?
X j ) =1, This fRctor t r r.m nan

shows t et rmln‘Fmt im %(}ﬁ dlfﬁ? 19s ﬂoﬁﬁ al)cR/ tﬁ)e dlhéyf?i/ eci% r%ﬁ;ﬁ g%l% d'g-;tgﬁecg ﬁiﬂ'etﬁrg‘uriaﬁt\)%&ﬂ 1%‘

cannot bex &420,.. \M;yrlcwr{earmstm& h@& bd &omb&ecﬁtb‘ﬂ@)’t&mﬂﬂﬁrﬁﬂh@leﬁ b sked Mehd Q6dubinse
unknown coeffl cients ak since the Vander m)nde determ nant VN+i is the

determ nant of the coeffi nts o unkno 15 cgef i ent K. S vi ng
for thefSnown coeffi ci eﬁ Xak X Lsﬁg"»det‘év ’émt‘s",;?f ﬁ@ ﬁpﬁﬁ j :
substituting the results ™N'into thé‘lpol ynom‘dl of degrde N PI‘(FI(X)

aleﬁO’ %ﬁdl ®ag-_r-?(-l IQg \?ﬁ'{clzht g bg%w%{, e%t f%)%ga;t{er Qéﬂg‘nrtlgs IR Ifi](?he V?nﬁerand
solutlon to the polynomal fit Tth \Anfi(be seen YN 1 XNx 2 NXNN 2N

yN+1 X Ndétermhdardt V)«N%JV,\di(xlemﬂy,msl)Hﬁtkl Expapdi ng this determ nant by the
el ements of the top row, this is clearbiy a pol ynom al of degree N. The
coefficient of the element y in the first rowin the expansion of this
determ nant by the elenents of 20 the top rowis none other than the

Vander nonde  dg 50204 oir/l%ﬁslwnhama{db%emaslsm hlewm‘aae{p;x,otvort a§ gfhement |y
inthe first rowis, in fa t he Vander nonde determnant ndeed, the

cof act oV *FmoRE dﬁ?’ﬁl“@f‘*e’weﬁﬁnnf”r}’etzﬁ & Vich gyeans fhaisft is g@ys@onill o SOIVC f"r Npepnkiogh ¢ e
pr oduct cefficich®e ag siedefthecV@ndrmaide aeterunmadnempmltl}erttmnﬁhaneommbﬁﬁnentstyhemnENwﬁx) _
Y akxk wi f-h. t ake
on gﬁy \é%etfﬂﬁkgg . ycg&]lg%{?p@gg{% ecgéff)ﬁ(‘&éﬁég us\{lm"' rnl:uﬁlgnts W&BIEP% sdb tltL?flR?‘mgﬁ%uhg hen
two rows of the determ nantP\Agcljl dzbe ];he sane and the

into the polynomial of degree N. , and rearranging suitably gives the determinant equation

i s

y 1 x x* e XV

» o Uoxmoox e x

ol x.z x; x;‘/ =0, which is the solution to the polynomial fit. This may be seen
ywo 1 oxy  xy o oxy
Y 1 Xy Xy Xy

directly as follows. Expanding this determinant by the elements of the top row, this is clearly a polynomial of
degree N. The coefficient of the element y in the first row in the expansion of this determinant by the elements of
20  the top row is none other than the Vandermonde determinant Vy,. In other words, the cofactor of the element y
in the first row is, in fact, the Vandermonde determinant Vy.;. Indeed, the cofactor of the nth element in the first

row, where n=2, ..., N+2, is the product of the coefficient a,, in the polynomial expansion

N
y=P,(x)= Za X" with the Vandermonde determinant Vy,. Furthermore, if x and y take on any of the
=0

sample values x; and y;, for i=1, 2, ..., N, N+1, then two rows of the determinant would be the same and the
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-32 WO 02/ 23289 PCT/ USO1/ 28003 determ nant mnust then vani sh. Thus, the
requi renment that the polynomal y = PN (x) pass through the N+1 data N
poi nts (WOyY2/2328%i = PN (xi) _ | akxk , for i =1, 2, ...PCNUSMNZBPO3 S
satisfied. k=0 For exanple, a quadratic curve rray be found t hat goes

h h L h dat
;I’ reogg _ em%n grRtstglefma\?ixﬁshz‘?hulgihe Iajtgrbm«%gthatdhe %{)ﬁr 0 )}( 1%’1\, ® ;@ss t 815‘g§?h_gg\g}fad%?2ﬁ

inply that ¢ 5 b =ao, c- gal, and c+a-2b = 2a2, so that y(x) = P2 (x) =
b +2-a ROWS(zwazyzchxQx)— ‘ctm,- ifor i lsd -t HENyissatigfisdp 1 -1 1 a-11al | a1
-1 result of expanding &% -1 1=0 =y | 00 -1b 00+ x b 10- x2b10b1
0011212cl12cllcll C111the coefficient ofy being the

respecti ve Vandernonde determnant V3 = 2. Simlarly, a quartic curve nay
be found thaForgaespls, hreadgtic tire waiplf@nd detagosetrofghizhajample-data Is (-160 (&), and

( | ( ) (laéjd]"h(e%hréé)equa[% at“é Y, 1§QH§,§Ola9th§ P?fO? géltao al%) zl)@ c—@Qa,b Wﬂi@?mﬁ@%ﬁaﬁsa&u

P
= —aoa+a2a+a (0) = ¢ =a P

:Z?g ) +%2§°?§-+a§§b ke ?%omft@wiﬁz?’l G %a‘?’sﬁt&ﬁ@@f LR

(a-c)-16(b-c) -12a2, and (a- c) 4(b-c) = 12a4, so that X P x

=Cc_a- 16b+15cx2+a- 4b+ X4 ()x*4() 12,12 In,various rn tlve |II str tive
enbodi ments, sanpl es bg co Il ectell fdr ﬁta]po n y|) i =
1, 2, . resyit M emyaskiny |rst egr eOp:oj;yno(maﬂ ~(& sorabg bll (x)o- ao
+ a,x = akxk , may bepfit Qinlda k=01 east|- sqgar S tothf ata
points (xi,yi). For e¢xagple, 100 ti atapfnt a

relating the pyronmeter trace reading p, the |anp power trace readl ng f
and/ or thaeoctfigivat of g hyierth reppestiver Gpodermadadetegmindnt Vxd-i ng a processing step, to
the effective yield t of workpieces energing fromthe processing step, '
resulting in the Mdata points (pi,ti), (f,ti), and/or (Ti,t1l). The val ues
nmay be the agti@ly, ¥ qilRRSUERlaVil @8 tlﬁtf gotsharo@hamaﬁmmta steto(cu a) Narlsh,ahhas,s),

o o RS R PLTE LoBF o EeSte 3 SR W RS oL G e,
ratiles, PEQr= éX@ﬁ'{)f’@“‘%t‘@:&@ﬂ Ps@irar é@+2tqlt4t7:rt&cg+1634, d/élsk; umnb)etitat crw, Oexarmpl @vhichn
gu gf"“ ctaiso ﬁ@foaﬁgx%m]; 0E ksﬁgﬁitg té bfsfht§ daedseﬁngt%?aa 3}3 J@zgraﬁ Rand/ (ald?m(mcﬂgnapwetﬁat

ubl i cati ons w Yor a a e | east-squares

criteri gﬂ gg;j;{;@ _us eé"lwbshltSG?tl cﬂ‘rs4 8festhere is nuch nore data avail abl e
t han ramet & so t hatijzexac natchQng to within round-off) is out of the
guestion. Polynom als are nost commonly 25 used in | east-squares matching,
al t hough any linear famly of suitable functions may work as well. Suppose

sonme quantit f

307 S kSRR PR B A MR Pl 6 e
rreasurenentsx elated to the "true" tity X b)alztélherelatlonx =
x +s, [=tor: p%a&daffst degree polypomip| &3 %ratgt‘féme)r% gué’bs‘f‘éx egapdedt 482

noi se. The principle of |least-squares states that the bést estimte ~ of

t he 16 r udeaspadugnes sense) to the M data points (x;y;). For example, 100 time data points (M= 100) may be taken

relating the pyrometer trace reading p, the lamp power trace reading £, and/or the tube temperature trace reading
T, during a processing step, to the effective yield r of workpieces emerging from the processing step, resulting in
the M data points (p,t;), (f,t;), and/or (7;,1;). The values may be the actually measured values of the processing
tool variables and/or processing parameters, or ratios of actually measured values (normalized to respective

20  reference setpoints), or logarithms of such ratios, for example. Least-squares fitting is described, for example, in
Numerical Methods for Scientists and Engineers, by R.W. Hamming, Dover Publications, New York, 1986, at
pages 427-443.

The least-squares criterion may be used in situations where there is much more data available than
parameters so that exact matching (to within round-off) is out of the question. Polynomials are most commonly
25 used in least-squares matching, although any linear family of suitable functions may work as well. Suppose some
quantity x is being measured by making M measurements x;, for i=1, 2, ..., M, and suppose that the
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is the nunber that mnimzes the sumof the squares of the deviations of
the data fromtheir estimate MMTf() _s; _ (x, 4which is equivalent to
t he assuwoovm2Bhat the average xa, where i=t r=t M 5 xBCEHU$018003 i s the
best estinmate ~ of the true value x. This equival ence may be shown as
follows. First, the MMMprinciple of |east-squares |eads to the average
X,y - Reg&?smewgm#xu(afe)relate%to the “yue” quantity ¥)bp thggelgjiof in &4 0f; & i FHE2 -i,24 wherg tgest
S?;;gﬁéﬁ sidl lsn;: Eye Ha]g ?é[dl(a;s3901s\/e\:n %p{lneclpﬁ)e o(fgfjatt(s?qu%rgse st ?e%?tﬁt §e lge}strer:‘s%lma{eﬁ om r\(/)au‘?gd by
0 _] X: 1s|\/]‘.he nugxbertthﬁé_tmln@uesj_thm sum - -of yhe squares gfath,e dgvla}tlo]lsnofothhglpta \mlmd@;relr etigiatet he
choice xa = n14ni m'z@s the sum of the squares of the residuals M =t
da2f (~) _ M&ae :Ng(ﬁg@)“ sowtlidhats @quivatent2 Ihe=asdivhpriod) that L Gdrhdb €] QielOr a
mninmumis es rabl =1 Conversely, if the average xa is pi cked as the
best choice x3,= , it can be shown that this choice, indeed, mnimzes the
sum of the—sh I’xesis at bésh&tnﬁaﬁesrf %ltﬁe §alue xs%s e MvM:nM IMi)Me%Jvr(n)S@o(lfa's Fl?gt,)}h%
=1x7? -2xa§f1xM xa =Jx? -2xaMka +M (3 any ot her va XD Is
pi cked, then, pI uggi ng that ot her vaI ue ‘xb into f(x) |ves 15 f (xb) _ (x;
;(b t ),2 B prmmple c%%)l(east-squfaf(z lg%és Rl%\l/e auéraee (y%sgar)é M(&g gﬁi Iasn Xchgxat)f t fr Om
- Xb )2 > 0, so that f(xb) > f(xa), with equaT|t¢y and onlfy
xa. |n Gehestingh ds mipimiEatippe il aesrest 9 ibrodest SiTALiS B8y tm@e@um off eren@atlon
squares 9 he rgsiduals E;. Thus, it has bgen shown that the principle of
| east - s @% (#,heschoj centah th@h@svert@ge gxth @es)t-—zsﬁ HVRLe @€ that
equi val endé” 20 ere may be ot her choi ces bes desit he | dast - squar es choi ce.
Agai n, suppi)s;; sonme quantity x is being neasured by naking Mreasurenents
X, forg 2 = x - -or, MthePREHS HRRRASBoit1aL ghﬁﬂmi’z‘&%%ﬁlﬁﬁﬁﬂé S%Iuarés ofﬁr r@m&ﬁisat ed
to the ™trMeé4 quantity x by the relation Xi = x + si , 2, :
M where the resrdg{zlfsrfés ar e regarded as noise. An alternatrve to the
| east - squar.es Yy t.h apo her estimate x true value x is
theslprurr%elQ o ﬁaltmgat zemeaisﬂﬁfrﬁ gf thf ReerShEoT BE™ m‘F Eéllsg?d the devi ati ons
of the data fromther r estimate -34 WD 02/23289 PCT/US01/28003 M M f (x)
118 i x1 - X1, which is equivalent to the assunption that the nedian or
m ddl e value x,,, of the i=11i=1

Conversely, if the average x, is picked as the best choice x, = &, it can be shown that this choice, indeed,

minimizes the sum of the squares of the residuals & Set

fx,)= Zx —x) -Zx —2x Zx +Zx —Zx —2x,Mx, + Mx? —Zx -Mx?. If

i=1

any other value x;, is picked, then, plugging that other value x, into flx) gives
M , M M M M

15 f(x)= Z(xi -x,) = Zx,z - 2xb2x, + fo = Zx,z —2x, Mx,, + Mx] . Subtracting fx,) from
i=1 i=1 i= i=1 i=1

Sow) gives f(x,)— f(x,) = M[xi -2x,x, + x,f ] = M(xa -X, )2 >0, so that f{x;) > f(x,), with equality
if, and only if, x, = x,. In other words, the average x,, indeed, minimizes the sum of the squares of the residuals &,

Thus, it has been shown that the principle of least-squares and the choice of the average as the best estimate are

equivalent.

20 There may be other choices besides the least-squares choice. Again, suppose some quantity x is being

measured by making M measurements x;, for i =1, 2, ..., M, and suppose that the measurements x;, are related to
the “true” quantity x by the relation X; = x+¢&,, fori=1, 2, ..., M, where the residuals & are regarded as noise.

An alternative to the least-squares choice may be that -another estimate y of the true value x is the number that

iminimizes the sum of the absolute values of the deviations of the data from their estimate

-34.



M neasurenents xi, for i =1, 2, ..., M(if Mis even, then average the two
m ddl e values), is the other estinmate of the true value x. Suppose that

t here ar evan2/aat89 nunber M= 2k+1 of neasurenments x;, for i PET/USNIZR8003. ., M
and choose the nedian or mddle value x,,, as the estimate x of the true
value x that minimzes the sumof the absolute 5 val ues of the resi dual s

si. Any r |§§; n tihjs .v a

hat R RIS %l b g Ml BR BRI o R ot

xi above x,,,. each_ by sane anount. However, the Pmend Shlft_ln thls
val ue xMmeaggemegts & €675 lh%’r ecld 6T Mieevpib iy pigrage the twemiddieyalugsy isshe qlige fsemaert he
sum of th@e aRsahlt. Suppés| tht€Ser bre al tddhhﬁb&@ﬁ#ﬂmabﬁnaasuremmt x,,amt=he:r choj se,

i nst ead zin he. sum of the S r e r.esidu Id be
t o choo §fé) OEeqherﬂleﬁ}a%o?%ldt%l%valuﬁé& e est1 eVI g{fl% i e \\ll\lﬁwé atl nétgauze i e suwlorf'ths_ abs
Xy Bdr @5\9& of thL. lPé:s‘ld{lglsdg g%f)wgd gi@ft ﬁtsthfs WRLE: %ou‘dﬁﬁcré%?esﬁle Y ﬁ:hﬁ'selx R@It Hx%ﬂla()&x t 0

the various alternative illustrative embodi ments in which 'es may be

col | ect %QP\L 9 r aniogl?gi?cregé%l ﬁltﬁen(nf( lx’ i:!\: that [ eabg)ve x,,,,]each%y thi sdnle ag{t)unﬁ @]Ewé%exf hhk SLe

de?ree po yndnl a stral 1{ i t
| I n | WO
k=0 par a z%r(g ?%Zé m%lg \‘?aliug%c %&Hé E%f J‘tc ?a%leﬁget et ,z ( a,ﬁ t[ftt}%s lﬁ%{e’a:}{e tﬂe’ ngl;l QF {hg ab% lgte

m ni M zgalu@se zflmld 1@§M$1als Iheet fdametch@ee, nfté@a ofdihinlifing tM sf¥nlof ik dfaar@ of @B rddtudi(£0,
al) 82 [P (xi) - yi ]2 [a0 + alxi - yi ]2 and setting the parti al

deri vati V gci:{(a %oose tijmnm]ﬁéeo tLe ax%r?dma&'el)vla tion, \tv]hl els eCtx"t‘"wan ang Clua}!lrangf M =

zero gi ves JEHCnd  gao i Srie
a0 + respectlvely Simplifying and rearrangi ng
giveé §%Tm#°§&56ﬁ%ﬁmal 1 Il xi =l yi and a0 xi + al x? = Y xiyi ,

respectively, where there are two equations for i=1i=1i=11i=1 1=1 the
two unknown paranmeters ao and ali readily yielding a solution. 20 As shown
in Figure 20 Refugngdythpririous afjerpitivasillugiatlye eabdimopin dnyireh spaplesimpay by prlleqtqdrfend 1
Pl (X) a@Opetntd1ef,)7, jwhdkex k=1, MRy ..he s i tnd(ian fast| @Ak - SEUBMES @ERSARht t Bhef, he
data p0|nts (1, 0) (2, 2) (3,2), k=0 (4 5) and (5,4). The residuals

f i ~ 5.k 20.. Th
SI or (porao % ﬁ %a ek ALE be 9‘!1 (e nnylteas{: %uar S sens ao+ 1(%%31]?0{111? éx,,ggdt%rfgraeoty'_v% 5: 1=

equatloné bara fers ao an

50, respectively, on nU|tI£ the first equation

Chen SUBCRBEYT Aot £ G Re eBd SHUREHUADS BT etier BUgval FrbTae HEabe ¢ he
solution for the 25 par ameter al bec meg al= 11/10, and this inplies that

t he 150l whioby Figa,,the= Pacarct &f (ad—be e:@[aoaeapc, 31, ] Oand Titiéng the3BrivIBORLRS289
PCT/ US01/ 28003 first degreelpolynonlalfﬂthe straight line) that provides
the best fit, in the |east-squares sense, 'SaF&¥-4¥ Zu+ 11 x = 1 (- 7 +
11x) , as F&J&BMtﬂqr’resﬁ)b@UdS & 26 4, equal to zero gives ————— 1 z a, +a;x; =0 and

oF (ao a) L
Z a, +a,x; 1x,. =0, respectively.  Simplifying and rearranging  gives

M M M M
a M + aIZX,. =Z y; and @, Zx,. +q Zx,z =Z X;¥; , respectively, where there are two equations for
i=1 i=1 i=) i=1 =1

the two unknown parameters ap and ay, readily yielding a solution.

20 As shown in Figure20, for example, a first degree polynomial (a straight line),

1
P (x)=a,+ax= Z a, x* , may be fit (in a least-squares sense) to the M =5 data points (1,0), (2,2), (3,2),
k=0

(4,5), and (5,4). The residuals g, for i=1, 2, ..., 5, are schematically illustrated in Figure 20. The equations for
the two parameters aq and a; are Sagt15a; = 13 and 15a4+554a, = 50, respectively, so that, upon multiplying the
first equation by 3 and then subtracting that from the second equation, thereby eliminating ay, the solution for the
25 parameter a; becomes a; = 11/10, and this implies that the solution for the parameter a, becomes ay = -7/10. The
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10 10 10 As shown in Figure 21, for exanple, a first degree polynomal (a
straight line), 1P, (x) =ao + ax =Y, ak xk , may be fit (in a

| east - sqve0 6328Nse) to the M= 7 data points (-3,4), (-2, BT/USKB0SB (-1, 2),
(0,2, (1,1), (2,0), and (3,0). The residuals e, for i =1, 2, ..., 7, are

;;?:g: Ié'x?sgldg%reéalﬁgll&l%tiﬂ d I n}%F agﬂﬁ&ethﬂ%} prg\id-gg tBe léls%t gito I’I]I;S tﬂeoqeastt-gcﬁlartemense is

+a, (- 3- 2- 1+0+1ﬁ2+3) (4ﬂ4+2+2+b$0+0) and MMM a,lxi+a, | x? =yx;yi

=a, (9+4+H60 ﬁ?@q@g—(xaﬁ; +O+ppn in Figre 20=1 j =1 respectively, which give
7ao0 = 13 and 2 %l— -21; " respectively. In other words, ao = 13/7 and al =
-3/4, so that, 10 the first degree polynonial (the straight line) that
provi des t he. best fit, in the | east-squares sense, is 13 P, (x) =- 4 x ,
as shown in Psgahwn2in Figupdti dofs GRPRY &l tiefndedrsre Holhemselr 48  fesight line),
enbodi nents, sanples may be collected for Mdata points (xi,yi), where i=
1, 2, . .1?,(x)M apnd, xe= Dobywfqrmagive Gt (idagemeqiires sdlsdPh ¥ 17= aQatd'@oith‘@-z}l)Z (-2,0),

.. +takxk +.+a, xN =Lal&xk , may be fit (in a |east-squares sense) to k=0 15
the dat, [ I 1 ti DO ) y
be-t akeg PLRati e Pl s £ aRErRALD, Ror 2b S, Lo P PRl el lin p 2T
readi ng TPe  andyagrtionshe t@ﬁe t effiSer at ¥ trd@@mﬂ@adlngmw ddtt ng a&procé$sing
step, to the effecuive yield t of workpieces energing fromthe processing
step, rasM koY in= Mdlat a (pOi-s14 Ph1t52)+3) % (444 ¥ 2 +ahell 90 HO)J, ti )ana The
val ues may be the aetual |y nmeasured val ues of the processing tool variables
and/ or prpcessipg paganeters, or ratios of actually nmeasured val ues

(normalla?b xtmaggﬁecc;%w ref ©r+e4m@+@a11p+04m9)‘a=):(—pz 802l,0mar i phny, of such

ratios, T exa one | Iustratlve enbodi'nent, the degree’N of the

ol nom ul

P F( a0 y ré%ﬁecﬂ\% a\tNhljzh fﬁ%} Tay = g& %%dzgg l;e Oq% tlv\%\galg_?{}l{k vgr Eﬁc%ol_grgﬁ dp -i/4 so that é.N)
is dpveﬁhebﬁrst Mgwp Fp()]g@omlza (the stralghtaln@ thayy pgmdes jhe [bpqq f(t,x ) the lgp}stgsqlgﬁeg sglég t is ng
the partial degivatives of F(ao,al, aN) with i=1i=1 respect to aj, for
j =0, 1WB(x)=+ -N—qequabwﬁszmmalglves M MN 25 aF a0 a,, aN = 21 [PN (xi)
Y; ]XI =27Zj E7ak4X| - Y x/ =0, for j =0, 1, ..., N, since (x;y is aaj

i=1i=1 k=0 -36 WD 02/23289 PCT/U801/28003 N the coefficient of aj in the
pol ynom al PN (xi) Yak xk . Sinplifying and rearranging gives k=0 M N N

MN M In various other alternative illustrative embodiments, samples may be collected for M data points (x;,y;),

where i=1, 2, ey M, and a polynomial of degree N,
Py(x)=a,+ax+ 612x2 +-e akxk et aNxN = Zakxk , may be fit (in a least-squares sense) to

15 the M data points (x;);). For example, 100 time data points (M = 100) may be taken relating the pyrometer trace
reading p, the lamp power trace reading f, and/or the tube temperature trace reading 7, during a processing step,
to the effective yield ¢ of workpieces emerging from the processing step, resulting in the M data points (p;,#),
(i), and/or (T,1;). The values may be the actnally measured values of the processing tool variables and/or
processing parameters, or ratios of actually measured values (normalized to respective reference setpoints), or
20 logarithms of such ratios, for example. In one illustrative embodiment, the degree N of the polynomial is at least

10 times smaller than M.
The function F(ap,a,...,ay) may be minimized as follows. The function F{(ag,ai,...,ay) is given by

F(ay,a,,,ay) = Zs = Z Py(x)— y,] and setting the partial derivatives of F(ap,a,,...,ay) with
i=1

respect to a, for j=0, 1, e N, equal to Zero gives

OF (ay, ay,,ay) _ Z[P (x,) =y, Jr! ~2Z[Zakx —y,]x =0, forj=0,1, ..., N, since (x) is

aaj i= i=1 |_k=0

25
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| [akx1xl -~jak Mi -EakSk+j -M'xi.yi =Tj, for j=0, 1, ..., N, where i=1
k=0 k=D i=1 k=0 i=1 MN xk+' Sk+ and Y x; yi =T ] , respectively. There

are N+1 svoareass L akSk+ j = Tj, for j =0, 1, ..., |=1PEWURHESMN3 al so
known as the normal equations, for the N+1 unknown paraneters ak, for k =
0, 1, ..., N, readily yieldi ng a 5 solution, provided that the det er mi nant
of the nar uations i Z8ho. be strated b N showi ng
t hat thg1 ho?ﬁg%meeneottﬁs fequa § di 1§ IPW’) "02 7y hgmg 1?'11% £ V571828 Y $on
ak = 0, for = kON WhICh rraybeshommasfollovvs Mul tiply

thejth ene,p eﬁ,‘? n.h f: gver all j, fromj 0to NNN
NMMN a(f’( 5 f N Ea‘? iVis Eap%Exkxﬂa-E akxk Negjwhere=
(PN(xi))2 <& ch”: 0k011”|—1k01—0|—1 woul d i nply that
PN (xi) = 0 and herme that ak =0, for k 0, 1, ~.., N, the trivial

sol uti onsz Hee &%.graed théy, 20, depetinilnahe oé Ntltmuanorrsni]aké'g,yaﬁ Tofis j 9, hot,
zero, ané the normal @quati ons may be solved for the=N+1 parameters N ak,
L or k = Aoalsolkmwn as,themomtat@uamf ffoir 16 ﬁntttamtvn t)tianat@sasa tforchiDa[ es Ap&ham@maalg a0f
egree oi nt
Oy Sk s aon B gt ?B 2lowsi %%‘ﬂ'ts e ?I@énam RPEyee by
akxk, that may be fit totheM ta k=0 points (xi,yi) may not be easy
when t hehqydngrtkas thiheyogerigeus jeguations $a$ —rfbplylhbw ﬁlle trivig] Spélttlyn b Ogtor £ Thel, I-\H;l
normal N 15 equations Ylak Sk+#%° =T} , for j =0, 1, ..., N, for the N+1
unknown Apatietnfedyee shoa as thitdws Kviwtifly thd jth homogené\l,us eﬂiﬁz}tloﬁlﬁ)}t a; aﬂd-sﬁln ber @psyont 0= B0l Ve,
for exanple, Wnen t he de ree N of the e St - squ res Iynom al is nmuch

b
?Liatme&éia X g;amw o ”‘"ﬁome PRI N tﬁm@”%wﬂ

i nt erval k

so that i"~7k+"1 =1 xk f X +] dx = The resul ti ng
determ rvaznlti thiv tha 2xK*0] and, liche, tln@trar&IO @thatol bns, Vstht ltremal agpiooxiheefoe] he

g' vap b ﬁetgrm%ﬂ'tjof Jhe MTMINEF;LUOHS ;]s not Mol\l‘ih& thl_"hla'rtlnal elﬁd'atlbn'g :l-nab Be JoI'\'/led %pthé 281 éarahteters

N, where HN, forj,k = Hi | bert determ nant of
11121 31 | =
g;?gr ngwggpﬁhss N}:tgt? co %éléagsicg h% le]ést-zsqugres polynoéual of de}gre]e?v' ?N(x) t&acgkxapgllatcr)n%ghes

be fit to the M data points (x;,y;).

N
Finding the least-squares polynomial of degree N, P, (x) = Z akxk , that may be fit to the M data
k=0

points (x;,y;) may not be easy when the degree N of the least-squares polynomial is very large. The N+1 normal

N
15 equations ZakSk+j = TJ ,forj=0, 1, ..., N, for the N+1 unknown parameters a;, for k=0, 1, ..., N, may not
k=0

be easy to solve, for example, when the degree N of the least-squares polynomial is much greater than about 10.

This may be demonstrated as follows. Suppose that the M data points (x;,;) are more or less uniformly distributed

M . . M
in the interval 0 < x <1, so that S, ; = Zx:‘“ ~ M _E x**I gy = ————— | The resulting determinant for
pary k+j+1
th M N+1| 1 N+1
e normal equations is then approximately given by |S,, ;| ~|[————| = —=M""H,,,
E+j+1 k+j+1

20 forj,k=0, 1, ..., N, where Hy, for j,k=0, 1, ..., N-1, is the Hilbert determinant of order N, which has the value

lonmt. .. (v ~1)f

Hy = NUN + 1N +2)---(2N 1)

that  approaches zero very rapidly. For example,
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NC(N+HLD) D (N#F2) ... (2N-1) -37 WO 02/23289 PCT/US01/28003 1 '- ' 2 3 HI-

=[013 =Ill=1, H2 [01113 =1 2 -1-1 =1 -[0!'112!']3 =- 1 |- and H3 z 3 4,
where 1WwWQ@bL3B232293 3 4 12 314151 1 1 1345 1'- "' 2 3 pETWS@®@/BoB z 1 1

i 1111111121 1+ ------ +--_ --- This suggests that 2 3 4 -3'- -4"-
5'- 372 412 512 216 240 2160 1 1 1 3 4 3 4 2 3 345 the system of normal
equations i II-condltlo san en c difficult to solye Whén it he degree.
N of thqg Llﬁg ! fal2id égy_lar . jSet gt ant hoganaly,ere

pol ynomi al s ﬂEnd to be betQBr ‘bghadyed. 8 AEZshomn Pn B4sire 227 flor

exanpl e, a second degree polynom al (a quadratic), 2 P2(x) = a0 al x +

a2x2—Y ak xk , may be fit (in a |east- squares sense) to the M= 7 data
poi nts 3;4)‘ 2)), g 0, 1), (2 2),,and (3,-5). The
resi dualls i Elei fg rr&J f j «é} Pécln tac%lly_L Lei.lerHﬁs&dggiesmthQ 7
Figure 22. Th B qu i 872 a4b2alélgk+}’16= MHof@ley = o0, 1, 2,
where x { P<+]5 = Sk+j and k=0 i=1 7 2 Xyi Tj , respectively, for the

tEr eE p@feménebﬁncﬁ@al @16@101@, is @lREbndidoned Iaﬁcﬁ h@icé/ Qﬁfﬁ&ult&ks&ve-wi&, the Keg&e MPo2thd0 E
ak S =TI ; S1 =EX;
=(-3-2- ie_fﬂ__al_ i@i@j pog/ngﬁl‘%l is vegyzlgrge %iiﬂ. g%liogynag%)%nomlols Eenchtob %§er?eh?ve§3 —X
=(-27-8-1+0+1+8+27) =0; S4 =xa =(81+16+1+0+1+16+81)=196; Y ;=1 7 7 TO Tjy,
—(4+2+3+0 1-2-5)=1;T1 =x,y, =(-12-4-3+0-1-4-15)=-39; and 7

As ‘shown in Flgure 22, for example, a second degree polynomial (a quadratic),

P, (x)=a,+ a,x+ a2x2 = Zakxk , may be fit (in a least-squares sense) to the M =7 data points (-3,4),
k=0

(-2,2), (-1,3), (0,0), (1,-1), (2,-2), and (3,-5). The residuals g, for i=1, 2, ..., 7, are schematically illustrated in

2
Figure 22. The three normal equations are ZakSk+ ; =T, for j=0, 1, 2, where Zxk“ =S,,; and

k=0 i=1
2
Zx y; =1, respectively, for the three parameters a,, and a; and a,. This gives ZakSk =T,
k=0
2 2
10 > a8, =T, and > a8, =1, where
k=0 k=0

7 7 7
So=>x) =T;8, =D %, =(-3-2-1+1+2+3)=0;8, = > x} =(0+4+1+1+4+9)=28;

i=1 i=] i=1

I

7 7
Sy =Y %) =(~27-8-1+0+1+8+27)=0;S, = > x; =(81+16+1+0+1+16+81)=196;
i=1

i=]

7 7
Ty=>y,=@+2+3+0-1-2-5)=LT, = x,y, =(-12-4-3+0-1-4-15)=-39; and
i=] i=1

;
T, = Zx,.zyi =(36 +8+3+0-1-8- 45) =-7, so that the normal equations become
i=1

2 2
15 Y. @S, =T, =1=Ta, +0a, +28a, =7a, +28a,, D .a,S,, =T, ==39=0a, +28a, +0a,,
k=0

k=0

2
and ZakSk+2 =T, =-T7=28a, +0a, +196a, =28a, +196a,, respectively, which imply (upon
k=0

multiplying the first normal equation by 7 and then subtracting that from the third normal equation) that.
-14 = 21ay, that 28a; = -39 (from the second normal equation), and (upon multiplying the first normal equation
by 4 and then subtracting that from the third normal equation) that -11 = 84a,, giving 3a, = 2, 284, = -39, and
20 84a, =-11, respectively. In other words, ay=2/3, a;=-39/28, and a,=-11/84, so that, the second degree
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T2 = xi y; =(36 +8+3+0-1- 8- 45) _ -7, so that the nornal
equations becone i=1 2 z 15 E akSk = To =1= Tao + Cat + 28a2 = Tao +
28a2, L ak®k>/23289 T1 = -39 = CGa0 + 28al + Oa2, k=0 k=0 2 REUUR0IZSBIB+2 = T2
= -7 = 28a0 + Oal + 196a2 = 28ao + 196a2, respectively, which inply (upon

k=0 ”“'tHﬁL %pgé&pe(%&%%%%ngkpal e&%al$9”b§¥’i%aa”dt%gfq?%%qhkgcgkggrtﬁat

fromt h&YKITd nor me tlon)p?ﬁat -14 = - 0" al="~- omt he
second rmal 2emgat i am) , and,;_(u t,ipl ying the first normal equation

by 4 an&gﬁ e’n‘§u§’fé§§?“?1§@(§g‘ﬁ$2?nEFh%)tﬁ%?l}"&nﬁ’@r‘%mequati on) that -11 =
84a2, giving %ao = 2, 28a, = -39, and 20 84a2 = -11, respectively. In other
words, ao = 2/3, a, = -39/28, and a2 = -11/84, so that, the second degree

38 WD 02/ 23289 PCT/ US01/ 28003 ol ynom al éthe guadratic) that provides

the best fit 2% M"PRe Peddtrddual’ s%@ﬁ@e, aj geeondy qegrye . pojyromigy (@ _quadgaps), - q
(56 -117x -11x2 ), as shown in Figure 22. 3 28 84 84 As shown in Figure 23,
for exanl®,=a, J‘sep«)hdzxciegrz;ekﬁoln}amwmﬁa(in ¢ deagru@adreateng) to thQ MPX dae)pointsag0,4% alx

+ a2x2 = | akxk , may be ##t (in a |east-squares sense) to the M= 6 data
poi nks (Dnik,10) lﬂfg),fm,ﬁ%; Ak, (509, H) residudis E3¥or €4, 46)., 62806 sdh@naliy T ated in
residuals ei, for i =1, 2, ..., 6, are schematically illustrated in 2 6

k+j Figure ...The three normal e ticons are L akSk+j = Ti& for | = 0, 1,
2 wher e RS R RGN U5 5 St b TR0 T PEUBERLLTel v Por™ he
t hree paraneters a0, and al and aZ™ This gives E akSk = TO", i=1 k=0 2 2
Zak Sk+1&= T] , and E akSk+2 =T21 where k=0 k=0 6 6 6 SO =X,¢ =6;S =Yx;

—(0+1+2 %4 ¥57 71 5 raspectivelyp for  the Abrer, pEameiys-gE anfl .y udqmi This givey' B a4 Slo=Jxi
=(0+1+8+27+64+125) =225; S4 =~x =(0+1+16+81+256+625)=979; i=1 i <" 6 6

2 2
ZakSk+1 =T, and ZakSk+2 =T, where
k=0 k=0

6 6 6 '
Sy =Y x =68, = x, =(0+1+2+3+445)=15;8, = > x7 =(1+4+9+16+25)=55;
i=1 i=] .

i=1

6 6
10 Sy=>x =(0+1+8+27+64+125)=225;S, => x/ =(0+1+16+81+256+625)=979;
i=1

i=1

6 6
Ty=>y, =(4+7+10+13+16+19)=69;T, =Y x,y, =(0+ 7+ 20+39+ 64+ 95)= 225; and
i=1

i=l

6
T, = Zx,.zy,. =(O +7+40+117+256 + 475) =895, so that the normal equations become
=1

2 2
> a8, =T, =69 =6a, +15a, +55a,, > a,S,,, =T, =225=15a, +55a, +225a,,  and
k=0

k=0

2
ZakS s =1, =895 =55a, +225a, +979a,, respectively, which imply (upon multiplying the second
k=0

15 normal equation by 4 and then subtracting that from the first normal equation multiplied by 10) that
-210 = -70a-350a,, and (upon multiplying the second normal equation by 11 and then subtracting that from the
third normal equation multiplied by 3) that 210 = 70a,+664,. However, adding these last two resulis together

shows that 0 = g,. Furthermore, 3 = a;. Therefore, using the fact that 3 = a; and 0 = a,, the normal equations
2 2

become > a8, =T, =69 =6a,+45, > @S, =T, =225=15a, +165, and
k=0 k=0

2
20 ZakS w2 =1, =895 =155a, + 675, respectively, which all imply that 4 = a,. In other words, ap=4,
k=0

a;=3, and a,=0, so that, the second degree polynomial (the quadratic) that provides the best fit, in the
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TO =Ey1=(4+7+10+13+16+19)=69; T1 =j xiyi =(0+7+20+39+64+95)=225; and i=1 i=1
6 T2 = x2 i yi =0 + 7 + 40 +117 + 256 + 475) = 895, so that the nornal
equati onsvbewzared i=1 2 2 1 akSk =To = 69 = 6a0 + 15al + BGB{HSQl/ZSO(a;kSkﬂ =
Tl = 225 =15a0 + 55al + 225a2, and k=0 k=0 2 Y akSk+2 = T2 895 55a0 +
225al + 979a2, respectively, mhlch inply (upon nultlplylng the second k=0
15 nor rr@lasteqzarat peose, vy PACRARD + Pieh Ostist4-at i witclt katallf riotmatshggHt iling tas nlorwmsin
equati o i y ). _t hat a2i and g
t he secelr% %gf)rﬁe femgua?s Jfon gy?1 164 Z‘iLéf‘“ts‘h ldel(l%lcglg'tnrl act g™t fngtfcglgmfi‘tsh%tpd %hi rd
nor mal &gwag’-on nul t| plied by 3) that 210 = 70al+66a2. However, adding
these last two results together shows that 0 = a2. Furthernore, 3 = al.
Therefore, using the fact that 3 = al and 0 = a2, the normal equations 2
Ee 8 one % | gk ggn v?rﬂ-tﬁ gf(ﬁex&@:en-ra_}i@@ﬂlush'atﬂé emBodadedl, sdmples Ty Be Qol’lgcteﬂ x&a@da‘fa pleﬁtﬁ (x,%ﬂ d

a = res e i
|rrplg t HAFe 4 2 Zo ’I]\ﬁ"2 erzh’“\‘7\%18 mdepen%en %, Ofﬁ&i’]oﬁmi“ 37 galnﬂr étZO\M11 5 SOA{hat
t he second degree pol ynom al (the quadratl c) that provides the best fit, in
the -39 Wf@&fois)zagt MISe19,78003 - Hé’a#m(%hugésﬂéehsemax sbpz fx)(in= 4 +
3x + OX 2 = 4 + 3x, which is really just a str&’ght line, as shown in
Fi gure 3&—p0ﬂﬂ&nlﬁlﬂ$dst€ldq@3r@ s&ise) b EhE M defa ;Joantsz(x,yr) For e@mpR) iOOVl&l@ldStE'l pblﬁk@(mhqad)lhy

ous ot her

in this _case utra i n

al ter nat' a¥/§e th]TeP T §1ngat?;l rome? w Freéln S g amﬁ’lpower traceq%adm’étzj a‘i‘dé"ét" eeéx%]e 5PPRFESL a
poi nts (wde repiipg 7, CESlrmmeplecqssmg SEP tp the effectlvmlelendf ‘aorknmesanmesgmgrﬁs‘tepeme%mns et
of thl ) 6184380 {hQMdatafp@ﬁlts](p,ﬂ Q;t,), Ind/oR (T,2): The vues nia @e Pfte y&aﬁt me@Bed Riukor +

al fI I (x) .+ ...t . aj f | (X)) ... .....

my be AEERETG b Bepasp b st st P b
poi nt's (espeytive refbrerce esymimpd,er 1dk@Bhns ofsudiatt@s, Foi extuspl{. Me odeQi0)strative ymip@intealk ¢
relati ngurtﬂtfeNptny@tgﬁte%ﬁy hlicBGRert &RGHLAG fttm&n ﬂ#lmamm&st&é}eeh;n%d' ng f,
and/or the tube tenperature trace reading during a processing step, to
the effective yield t of workpi eces energing fromthe proceSS| ng 10 step,
resulting in a points The val ues
may be the ag%‘%g‘l‘“ftﬂ?n Bl é{‘} VE %e 5‘%‘2“1(3?150“8%"%5@% g‘i“ﬁtéfm %@t““v&”? Spiheg by
and/ or processing pa , |os of actually neasured val ues

( nortfral iZed. 40 45D nreeff[e@e)ew adt P ths )partialr derivagiaigsi ¢fhiteo.af...® otith
ratios, for exanple. dn on€ illustrative enbodi nent, the nunber N+1 of the
i near | yespedependenta, set f@f basios functians f gXx) iguat | @ast b ti n@ges
smal ler than M

oF(a,,a,, --,a
(a9, “QZ[V(X) y,]xl _2Z[Zakfk(x) yl]fj(xi):O,forj=O, 1, ..., N, since

561] =1 |_k=0

N
J(x) is the coefficient of a; in the representation y(x;) =Zak fi(x;). Simplifying gives
k=0

Zl:zakfk(x )ilf (x;) Zak[z.fk(x )i, )} ZakSk,j =ij(xi)yi =T, forj=0, 1, ...,

i=1

20 N, where Z Jex)f;(x;)=S,; and Z Sfi(x)y; =T;, respectively. There are N+1 equations

ZakS K= TJ , forj=0, 1, ..., N, also known as the normal equations, for the N+1 unknown parameters q;,

for k=0, 1, ..., N, readily yielding a solution, provided that the determinant of the normal equations is not zero.

N
This may be demonstrated by showing that the homogeneous equations ZakS k= 0 only have the trivial
k=0

solution a; =0, for k=0, 1, ..., NV, which may be shown as follows. Multiply the jth homogeneous equation by 4;

25 and sum over all §A
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The function F(a0,ali...,aN) may be mnimzed as follows. The function

F(ao,al,...,aN) is given by MM15 F(aOQ al, , aN) 1 s? [y(x;) -V,
]z and sav@omegs2Bhe partial derivatives of F(aQ ali...,aN)P@rkol/a8espect to
aj, for j =0, 1, ..., N, equal to zero gives_MMNaF(ao al, , aN) =2

~'2a.0for 0 1 Nsince X > > 1= ( )-.yid ~j

kfk( X = he eff|C| nt of aj in the
repgesle) JI @(m i ﬁkﬁ#«@)ﬁﬂ’”%é@?%h@}%&ﬁ %93 MN N M REM |

[akfk(x.ff‘]fﬁ"xu) -|f£k r(Xi)fj(xi) | fj( Vi Tj, forj=0, 1, ...,

;=1 k=0 k70yi =1 20N, where J fK (x;) f j (x;) Sk j andeJ
(XI ) Y; IO la, 1, (FCQ fv(e:h;a (xe))ér:eo Niiichegaiad 1n@nsthatl‘)b(}c)sak alnK hdncs, that]
for | = 0 al so nown as the normal equations, for the N+1

gg lk E?:M; nP _a% ?%3?‘ o ?hls\'é the l%rhvg‘)al ﬁﬁ{?lon ’Ih_ereQOrf: the deterﬁimarl}! of ¥he ?cgrlmla]yeﬁ%lngnls (ljsl nogzero %nd

zero. Kee TR e‘ﬂ?ﬁ"}onb@laﬂéﬁﬁ?i‘seﬁrfmfé@thbyP@ﬁWm@ fohét:()t he- hﬁnﬁgéwé’emsts Of the
equations | ak Sk J 0 only have the tyivial k=0 solution ak = 0, for k =

0, 15 . non-pdNmopdiai 1€£t-ﬁﬁ.¥esb€préhﬁﬁﬁ&1 g&x)faaE Vs, (xMabit gyl ¢ £t Redhé by LRrpEENEIYUS
equation by aj 25 and sum over all j,J_o 40 W0 02/ 23289 PCT/ US01/ 28003 N N

N N NL / fk

af f #151%( I}{B i/ nld _%h(keﬁklet o%NT(laBJLct 0115 h}_c) 1as§he(()§z§s1s d°or T\l}l% ;%/Pyn?(ml?l lea(st sqslareé( )a(_jl )
f 1) =Y whi ch | d I th t =0, d, hence,
thjat(xl )I%Pfeﬁenﬁgl%/( )ﬂiﬂv/p()@ flo(r: Wouo I1nrp. y % %/m(axtz. vi al g?n ut i gnc

Therefore, the deternfhant of the normal equations is not zero, and the
normal equations may be solved for the N+1 paraneters ak, for k = 0, 1,

..., N the coefficients of the N 5 non-polynom al | east-squares

repr esent at i fthg/qase)points|(x;,p] ard nof equadly reliable forrdlly/Mbiem4yi te desgatiidte whikld dtedatpby wing

(xi,yi) mon-hefgglve weighting factors w;. The function F(ag,ai,...,ay) may be minimized as follows. The function

10 F(apay,....ay) is given by F(ao,al,---,aN)=Zw,.g,.2 =2wi[y(x,.)——y,.]2 and setting the partial

derivatives of F(apai,...,ay) with respect to g, for j=0, 1, ..., N, equal to =zero gives

OoF(a,,a,, ,a
Ooa

’ -2Zw (x) - y,]xf—ZZw{Zakmx) y,}f(x) 0, for j=0, 1,

J

. N
N, since f(x;) is the coefficient of a; in the representation y(x,) =Zak f; (x;). Simplifying gives

k=0
M [N N M M )
2| 2 afilx, ﬂf,. () =>4 [Z WS, <x,-)] =2 W)y, or
=l Lk=0 k=0 L=l i1
N M N M
15 Zak Zw,.fk(x,)fj(x,.)}EZakSk’j =Zw,.fj(x,.)y,. =T, for j=0, 1, .., N, where
k=0 =1 %=0 =1
Zw Je(x)f;(x;)=S,; and Zw Jf;(x)y; =T;, respectively. There are N+1 equations

z a,S k= TJ ,forj=0,1, ..., N, also known as the normal equations, including the non-negative weighting

factors w;, for the N+1 unknown parameters a,, for k=0, 1, ..., N, readily yielding a solution, provided that the

determinant of the normal equations is not zero. This may be demonstrated by showing that the homogeneous
N
20 equations ZakS k= 0 only have the trivial solution @, =0, for k=0, 1, ..., N, which may be shown as

k=0

follows. ~ Multiply the jth  homogeneous equation by a and sum over all
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using the linearly independent set of N+1 functions f(x) as the basis for
t he non-pol ynom al |east-squares N representation y(x) =1 aj f j (x) .
j=0 1f tWeozizan28 points (x;yi) are not equally reliable fPeT/&EBI/ASPO3I t May
be desirable to weight the data by using non-negative weighting factors w; .

The function F(ao ali...,a,) my be mnimzed as foll ows. The functlon M
M2 10 u 1) -
RS o w g%ﬁm%»ﬁ By PR el o |05 9
respect o aj, for =0 17 ..., N equaT t0“Zzero gi

aF(ao, a, . w21 wl , T =2~ w L ak fk (xi) ~ Yi f j
(xi) = oz w,.g (JQ)J[ a,f, (x) ]w, @»@1, )) =10 kwiBchNvouN, inglyrioe yio()d0) aids hdnbre
coeffichent e representation y(x1) L ak fk (xi) . Sinplifying

g' Vres p(i( 8“%(“% IYI W N theacgv I\/%ﬁ g(?ﬂlt on f’ﬂhéﬁo)e“th@&%temzl}%l %ﬁﬁ% n))xfﬂla %he)umls 1%‘ &e(rc?( ) Y,

., aW{@ﬁ-r@maigqug;@nW d%g(the x)op]neqaskve)wegghtglgg@forsw@lay be_l_solyeql)fo; thq_/kfw‘-lmamn%ers]c Kk
(X|) f j (xi) Sk j and w, f j (x;) yl - Tj , respectively. Therevare N+1
equasi omg for &% 0; E1.,W, & clffigients offthf non-pofionjial Teallsquiies representijon H(sP=Knawyi (ap t he
normal equations, including the non-negative weighting k=0 factors V\ﬂ. for

the N+1 Mﬂk&}%"!ﬁ g1r @/ﬂ&{a%gﬁts @J(y, X ﬁsﬂlfg tl'fg llneagy 1n§'ep%xﬁent set M‘NJI %ﬂlgﬁolny f (3)5 'a?l!hgﬁagig fo§i

sol ution, prow etermnant” o e normal equations Is not
zero. Thi s may_ be denonstrated by show n he hormgeneous N 20

Squat i offs FOTRIVRYiSl R SayREY, TepsEtaE e AP Gt & Foh Taone ghe fgpnggative o

1, ..., N, which may be shown as k=0 folld®s. Miltiply the jth hompgeneous
equat i owelgitingjfac@rsob.sum over all j, -41 WD 02/23289 PCT/ US01/ 28003

In an adaptive control strategy, according to various illustrative embodiments of the present invention,
10 an online system identification scheme runs along with the controller and constantly adjusts the model so that the
model mimics the true behavior of the system. One difficult task in this situation is determining whether observed
errors in the output are due to errors in accounting for tool differences or for product differences. The following
discussion will outline a scheme for deciding which model parameters are in error and performing the correct
model updates.
15 We begin with a simple run-to-run controller for a single process and expand to the case of multiple
products and tools. Standard observability tests on linear process models will be used for the purposes of
illustration.

As an example, consider a simple etch or polish process where the objective is to reach a desired

removal on each run. A simplified model for this process is X =7 - , where X represents a thickness removal,

20 ¥ is a time-averaged rate, and ! is the time of processing.
In the adaptive control formulation, the estimate of the rate is adjusted from run to run using online
system identification. For simplicity and ease of analysis, the model will be linearized here and converted to a
state space representation. If the model is linearized about a nominal rate r, and time t,, then the equation for the

deviation y from the nominal removal y, is

where t and r represent deviations from the nominal time and rate, respectively. Then, the model is

converted to state space representation,

X, =Ax, +Bu, (22)

Y. =Cx,, , (2b)
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NNNNMMN/ NJaJl akSkJ - JaJ akzjwifk(xi)fj(xi) = w akfk(xi) I
ajfj(xi) but j=0 k=0 j=0 k=0 i=1i=1 k=0 j=0 MN N Mw ak fk (xi) aj f]j
(xi) _ ww@Qy#/xi2g8))2 = 0, whi ch woul d irrply that y (xi) = BCT/@Rel/28hesnce,

|-1k0]-0i—1that ak = 0, for k =0, 1, ..., N the trivial solution.
Th f det t no
RGN Ch NG R G RET N TEALAENT S LN

sol ved fBonattidagcoRheY hpeirtizrsttee pigl inhitsSiffedt futdrepalles of g stdtes. The, G mbrix trags the current

coeffi cwanés%ftﬁéstgtéa@umaou&g sﬂﬂ%@{’ually%sturegqyﬁé%reﬁt%%rﬁ)ﬁaent ation y(x) =1 al
] (x) j=0_that may fit tothe M data points (xi,yi), using the

f
linearly indepgndent QetO ao{; ions f(x) as the baS|s for N the
non- pol ynomi Irf ast A r tation y(x) = Eaj f§9(x) , and
including th +he at i ighting factors wi. In an adaptive

control strate rdi ng to various illustrative enbodi nents of the

present inve pf P E @%n online systemidentification schsyye runs al ong
er

with the control const ant | y adj ust s the nodel so that the nodel

mmcs the try ag%ec?‘o\yxgont\%h htge n rem%ral cal%eclc tﬁ;euame a?{;us%me tandt r2he devxeglo

situation |st}5e§ermn|n her O serve erro N e ou
errors ifitmakedoninelisigro fIb? meagipPmed| epteryYeonetains wly ¥f e deammlf@m tifi rromelplemfésh an¢he

fol | ow mgmpdm&m.scbmnswniylt t&tawlatﬂa@fran ﬁl@hﬁxﬂﬁ‘al fig¢ ,.deci di ng whi ch nodel
paramsters ar erto ng the r

ourn vt b G i BRF OF§ P S o HTE R e J B BeL Ry fhng
to tlle cuseruofandiilit adpised afer edth otessuameht.tlp @ lhigh-vSran darudhcotisemvigpmbnt thpweves t s

on |i ne%aalmacemexwg%&d%d wciuge tp&r'e M@ﬁ@n&@{ool& mpman@pﬁﬁﬁls Qbr, eaéhlp'rbﬁa& Adg- As
an exanpl e, consid or polish process where the bjectlve is

S
to reaclORbIEE i éﬂled e ﬁﬁ(ﬁ‘ﬁn}) TB%CO@% ROEE 1540 E*i"ﬁﬁ?cP fyneRy iyl r?gaﬁd efsifif which
process proguck ardd tgol cdmbjnatidngy i@nning. A sipipRSigmbash A td Asuak iesde breve\oltgtes agflies toiab a

time- aV% o@&ﬁuﬁg go%ﬁs T%quagvbdcﬁ o% ﬁ'}% Iﬁéﬂ?;ﬁ rﬁfan Qr{vg&l%ﬁ:' VOi sejvcpal Egl'? x@q?{?ltat] t\t{g rates

contr ol at1 on, he estimate o eraelsa uste romrun
usi g onPspereed V§‘§‘§ﬁ°§rﬂ‘i°€fé A be ideagticplby ittt fragn pash piasre horibfs bapsas, @fchawwhy% P s,
t he nmodebw brtdxt k;a@eakd Beddtdpzachriagie@o &R oRdNY List RElvi B Fgurest AisetheS @AGAler has no

represe%%hsliag&n&of %tﬁg @Qv%ﬁlﬁ éé‘a‘llé\&,n,rg] arnl1u hed about a nomnal rate ro and tine

to, then fromthe nom nal renoval yo is
25 y=10 t+rt d&or Mi}plwaéy EPPHgtong, ltrlewcéb/@hqerverbtbatétfﬁer@mroﬁmrwﬁl have wndliffeent t | me
and r at appafe@tspaeﬁdnlrml Mowelf188s rate i dmciﬁsln YafSh toCthB}V 8Vch eiot,ntycz,n§§ra&ua 1§&§1§%ade

repr, i (
o Beo B it ey ool Kblnd ektpd ey calplpllE mir FRbepaidtd b s e
out puts Jtracking agyesfimate foer fagciupto rgfis io pqgegpgable Wﬁ@s#aa}nﬂvltch to a different product appears as a

step change, as shown below. As shown in Figure 24, a second product was run from batches 6 through 15, and
reactor fouling caused the rate to continually decay over the course of the simulation.
Another illustrative method that is easy to implement is to group runs with similar contexts together so
25  that they share parameter estimates. In such a method, there is no need to identify product and tool biases
separately from each other. Each combination simply has its own rate estimate and updates this estimate based
only on measurements from runs under that context. This method has the drawback, however, that a disturbance
to one tool, for instance, has to be recognized by every context where that tool is used. This can be
disadvantageous in a large system because of the large number of runs that would miss their targets while the
30  different contexts were updating their parameter estimates. That information should be immediately or rapidly
shared between all contexts that the disturbance affects.
There are cases where biases can be determined to be caused by different parts of the processing context.
One example is that too-to-tool variation is repeatable regardless of the products being run, and
product-to-product variation is consistent even when run on different tools. To take advantage of this observation,
35  exira terms may be added to the model. For a CMP process, it makes sense to scale the rate for different products.

This is largely because the removal rate is dependent on the features of the surface in contact, and different
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B matrices convey how the states and inputs affect future values of the
states. The C matrix maps the current values of the states into the

out puts tWan2/23289 actual |y nmeasured. In the current exanpl BCT/UX@R8P03a= 0 O
Xa + 0 [t] (3a) k+l k5[Y] _[1tc tXadi (3b) r the state vector X

contains xadli, the change in renoval caused by the tinme adjustnent_and r,
t he devi ation . he nom nal. . 0. . asyrenent veckor ¥ .-congai ns
ont yy Pt P ek 2R 290 il 8hitnd QbR B RS HE RO R REKDE B T

contains only t, the deviation fromthe nomnal tinme toy This nodel is
adequat evhtrerX aemntsenela rafioval, €1 Ngd ngavesed sate chheansiongk @ol af eis@todimatpecifiGrate
assuned to apply for. 10 every run, and it is adjusted after each

neasur egife fabibk, hdnf IR HOLHOBr HBRUBCTHY JeRforeR \UnliRNMIBM sion ) QUBNEY describing a

addi tional conplexity is added because there are multiple tools and

pr oduct OIS RS> wor k, each product and tool combination is called the
context. The ¢ont rlﬁlangj ective is to have each run at the target,

regardl ess of—whicC product and tool conbination is running. A sinple
appréach is tarassupe that the one set of states appl(?)es to all processing
contexts. The drawback of this nethod in_an_environnment with several .
contexts is tEE A Réhergpayel Atds thedimpof pregseping; Kuis 2RteIfopsaR bl the aufgeyglocity, F is

dr ast i catlelfycctipplfe@aeA isfilicGiffeaatn odihtetact. When t hi s happens, each switch to a
new cont ext ears. . di s anc t cont.rol l.er .. as own _i,n
Fgure 20, adt PR ATl R Lk AN o o RO Ehine BB e
changi nge®®e& nuch. For exanple, in many applications, it is quickly
observed that di ffaﬂrfnt frod cts will fua e very different apparent

readvi on rat e¥.=Howdyel Tt/ o doet danJdifof.t from batch to batchs) even if
only one prodyct .is in e. . 20. This can be caysed by reactor fouling,
Gegh adat i o SPeEs s murETRe s dompd aEll Aa Bl M oo f p@ielilpe

t r acki ndacten resgeciivelrt Eheff@dlowing ftate spageureprasentatiominglalesbg estipades fordivl teo hedshsmeeach
swi tch toua.sdi fferent product appears as a step change, as shown bel ow. As
shown in Figure 24, a second product was_run from batches 6 through 15, and
reactor foulijng,caused thelrjate to cgntfnual |y decay over the course of the

si mul ati on. Anaot her _i{ll ustr ivenfhdt[rtft is easy to inplenent is to
group runs wijth giniiadr tontlexts| togethef!So 25 that they shar®paraneter

estimates. In fugh a @ethod,| tfiere isnojneed to identify product and tool
bi ases separately from each other. Each conbination sinply has its own
rate estimate and updates t bes, stimate based only on neasurenments from
runs;sunder tF[?LZEOQZt ext. T};' s,.nethod has the drawback, however, qthat a

di st'dr bance ne’tdol’? r instance, has to be recognized b>5 very
context where that tool is ysédl This can be disadvantageous in a |arge
system because of the | arge nunber of runs that uld mss eir targets
Wil et he 30 i fr abie G AreER ormarber S 8 Nl RaPhord f Sl M
That i nfidsntifiet.i kona Sineinvetiahidingamsystéinaike the ope hera hiedésy for gimaingdiribyedf Wesehsealability
cont ext sar;nnﬁ;caﬁ&epeggﬁgwyamn%atﬁgﬁggﬁ. There are cases where biases can be
determ ned to be caused by different parts of the processing context. One

exanple is that oo-gﬁhtool varjatio %sa?ryea abl e regardl ess of the
products bei ng Tun, d prodoc -to-gr ddct~ vartation i s consi Dent even
when run on different tools. To take advantage of this observation, 35

extrd terns rydgre Bemany theps ip Be maiix gig dhsludedmp peeded GNP to pebisas Bl rank, ifpaseibls. Betise to
scal e t hgsdnadhevef Or different products. This is largely because the renoval

rate i s dependent on the features of the surface in contact, and different
-43 WD 02/ 23289 PCTI US01/ 8003 O

O=\fo-ty fo-ty Joto . €))
Foly Tty ¥yl
This matrix is not full rank, so the system as it is currently defined is not observable. Thus it is not

possible to uniquely identify the model parameters using only run data from a single context.
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products will have different pattern densities. So, the equation used here
for the renoval is X - r f t where Xrepresents a renoval, r is a

ti me-aveve@ez2a8t e constant for the tool, f is a product - BOEUS/I8003at e
scaling factor, and t is the time of processing. This relation is simlar
tier e e (AR ID A LU B o PEHEN) DR RS ol B e (9
const antdepeidengiest ihis usafiy! fiplenee 4 mbdst thatyinclydes adl thet differnpproessays ghritext, nfarnghtign aboutt he
sur f ace gafeRa: Pdudtdsh6QNbARLred DR thdlf) 8RNICE OGsa@BRUbay RntHPISbIRR at hOentifeQoneditH t O,
t he equat.ion for tp?elegatw %tl on éﬁﬁr om.t he nom nal rempval = beconmes 10 y=ro

fo t+r. FEPEEH BV epthan ycefiptpeen individual soniexis opeahs M@t devi ati ons from
t he ﬁorﬂ nal tGonsder ¢ Mbthﬂ:aalero@cm ghanthere am dwtoolel (icand Spadd itm@ prddants @¢ B, and C).
respect ityg) ¥in bl R uf B LRWDHotbAbiESP LS, HERLEILH %@ﬁ]'agﬁf Llrgcaésldlgﬁ;glé?ﬁ?r%is .

estimates for the two nodel paraneters ~“as states, X

r =0 1 swglF q_ongnaﬂ t}dm(t é%{) all gompipgtiops, @eldeylaqenbfr%dpmlfg rfrwval:i[q eqchy contgxpycgagpe.  t o
r (6b) dbsciB@d by fee equathd.on that arises is whether or not the two nodel
paranmeters r and f can be uni quel pdentified. For a tinme-invariant dgi near
system like the one here,”it ﬁé"?teé%l"fffaf’f’ﬁfm& fogul arity of the observabdr?Pity
Graniioan can be perfornmed by conputing the rank of O = CT ATCT (AT)2 CT L
(7),"720 where as many terfs=lm/t e’ Watlrt% &ré incl uded as needed to t¥§ to
achieve full rank, if possible. For the systemabove, 1 0 0 O=1fo - to fo
- to .fO - to . (8) No -Xo=fw/c?th hdo*+to/Thi s matrix is not full rdfR, so
the systemas it is currently defined is not observable. Thus it is not
possi bl e to uni quel y i denti f¥ thérmodel tpararfet ers using only run dat@)from
a single context. -44 WD 02/23289 PCT/US01/28003 This result is intuitive,
for in order to be able twosrdedt ity fihe+pr-dduct -t o- product and t ool - t@e)t ool
dependencies, it is useful to have a nodel that includes all the different
processing contexts. | nforgeti oh-taboul- e fferent products should be @hared
between tools, and vice versa. This may entail |ooking at the entire

col I'éction dhispitisrwagesngs canbiphdinte a single ke seteareddoncent rati ng on

i ndi vi dual contexts one _aty a td,ne. si,ger a hypothetical process where
g (rEel o eEuck s 1

there are two tools (I arid 2) |a ree pr ts|(A°B, and Q They can be

run in any product/tool| Bopbi nftilof. UsPnflthel |inehrized form above and
assum ng that there is la, singbe 0" non nal 'O&pfgi nt |f oy gl conbi nat i SURTY he
devi ations from nom nal Fepo b f0ro each 6 n}Aert’r cap

fa 00001 0ff, 0
fe lin 000001j_fc_k | 0

Y4 | 1 Jo 't 0 o 4o 0 0 |x
Yip 1 fot 0 0 r-t 0 n
Yic 1 fo-t, 0 0 0 rotyllr | (10b)
Y2 1 0 forty 7oty 0 0 Ja
Vs 1 0 Joty 0 Foly 0 /3

Yac | |1 0 Jo %o 0 0 Fo -ty | Jo |

where the states consist of the adjustment (x,q;), tool biases (r, and r,), and product biases (fa, fi, and f¢).

This model is of a hypothetical situation where all product/tool combinations run simultaneously with the same

20  input settings. Although this situation would almost never 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 f
product factor is used for ail runs of product A, regardless of processing tool.

The observability test as calculated here,
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descri bed by these equations. Y]A =r0 fO t+r, - fO tO +rO fA - to (9a) 10
YIB=r0 fot+rl . foto+tro fBto (9b) Yic =r0. fOt+l foto +r0 fc .to
(9¢c) Y2Aavopp2R2@t+r2 fO to +r0 fA t0 (9d) Y2B =r0 fO PeT/BS0B0G30+r0 fB
- to (9e) Y2c=rofot+r2foto+trofCto (9f) 15 This entire system can be
conbined into_a single state space nodel, Xadf 0 0 0 0 O O Xadj ro _fo rl
010000r1dr2bo1o00l0r2 +01[td0(10a9 fR0 000 1% 0 $A|0 fB O
00010fBOfAf CGkgl OO0 000 001 fAOK @-tYIAH J@ t000 10 t000|0 Xadj
YIB | fo to 0r0Ooto @ r,f,¥)Cr)-tfof,.t,t 000 O & roo tofr , ¢10R):, | YBA 1 O
fo. toro 9 10.0 0 §A YQB J.,Qfootog) re.,to @ quYZ,C, 00 0|0 0ro
to fc mhere the sStates cansi$ he adj u tnen (xadj) ooI bi ases (rl
and r2), and roduchblages (éA ‘TE @d f? "fhi s 3 de? i & 6f aé

hypot heti cal $i fuati®n ftiére &Il 8rod@dt/t8ol c%nbﬁnétlo%s rdn 7ot
si mul t aneousl, same 20 input setti Al t hough this sjtuation
woul d al nost ‘%‘é’%}‘eﬁ{eﬁ%ﬁﬂt °‘?e SR & g f’bSF%abF?s‘%fth PRt g™ HEe <P eH BTN of
under st aamds imgmetnlimixi im E@raat(V)onSich dheveaon fohtisdd thitell ent arpraedssi tydotartendts.
It is Clbﬁ?‘%n’d ath)q bl!isnﬁltl MifEnal Eoﬁ?{gm{ 1@9 eﬁédqg{“ )?0 '\A/‘arlapl'é gltheC&th E%%taﬁgxah@a a(}ilb]:sor

all runs of product regar processing t ser rty
testas pe*alMem éztpéranqa@%measurs thitpah z?rmbwwfwswﬁ 5®8b0Bhis youd 1dd1ext1a ystgmQ 0
000 .fo . fo tofg to 00O .fo to.fo to.fo to0OO0OO00=000
fo -to OFtB“tStyé)—fdanFé’ZO 920 .fo to Jo -to fo .to, (11) =roto 0 O roto O
O roto O O r ,wheh Qlc@e)@ernﬁbnfsaretnﬁt a0 oﬁloh le i9altb {dssib®d 10 sifhply) sdldet Orefrendd tddl brProdhd® O O
ggserva%‘ag ha{s ﬁlel;n?mng b1as %dl]sag}/arrhfsagrq'qus me olfl(i\’sI t at_lrt]t b¥ bep c? S’lbult t01 erﬂ%?’e ge%?‘cﬁ%o% hot
mat ri x |0hprEll|leiaI!?@wu(avt)lrng@ﬁ‘fm@@entﬁm@ Cp@asfb’r?h@émgt his is that all runs are
convigl ut ed byr RoduhlifRatRh @ehdGrhentsiicddded RthPexh syBbrRBbovéMhe adlHbdiguPR@dtion for the
constraint needed to fix one variable or the other. As an exanple, it
may be §°’f513‘§e§is3ﬁe@mto experinmental |y neasure the tool paraneters by

qual ifying the tools.[yIRi §1 wpul d add gx,toraosyst(erm outputs yl = 1"1 and y2
=rz Yip L fy-t, 0 0 Fo -ty 0 xaay

Vel 11 fity O 0 0 -t A

Yag | |1 0 Jorty Fty 0 0 B (12)

Yan |1 0 Jo-to 0 For 1y 0 Ja

Yac 1 0 Jfoto 0 0 roto || S5

¥, 0 1 0 0 0 0 | ]

LY, | |0 0 0 0 0 |

The observability matrix for this new system,

1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0
ol forty forty O 0 0 1 0 foty forto forty O 0 0 1 0 ,
0= 0 0 0 ANty firh foty O 1 0 0 0 foty forty Sforfy O 1
el 0 0 "ty O 0 0 0 nrt O 0 5t O 0 0 0
0 rt4 O 0 -4 O 0 0 0 -y 0 0 rty 0 0 0
| 0 0 ry O 0 x4 O 0 0 0 rny O 0 nr-y O 0 |
15 (13)

is full rank, so this system is observable. Here again, only the first two terms in the matrix in
Equation (7) suffice. However, the system here is still the rare case where all possible runs can happen
simultaneously. In practice, one run happens at a time. It is possible to determine the appropriate way to update
the model states after each run.

20 Structurally, this system resembles a real system where the different measurements are sampled at
different frequencies. This multirate sampling problem has been given treatment in the recent literature. With
such a system, the observability changes over time as different combinations of measurements are available. The
underlying implicit requirement, though, is that the system be observable in the limiting case where all possible

measurements are made at every time step.
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When such experinments are not an option, it is also possible to sinply
select a reference tool or product that has the nom nal bias. One

di sadvantve@e2/2z282 hi s nethod is that it may be difficult tpCT/A8NYI8H03 a
reference tool or product in a manuf acturi ng environnment that is
B T L
YI A 1 . flbe nextgtepisfoefipes oentwllwvandlanwewréhaecaemmthe red p@cmtijo the\ﬂtoéeltpa% to 00

32 rCO]. E)Of Bi (Fllcz}:ontrmzébbjektl@: fs00 dre feth fuf tQ thert 2re§é§ﬂess1 09 pf‘o@essﬂigo céhtek© Thfsols 0 fa

obser vaB‘i“P‘PFP?h ﬁg’frﬁb% ige tdﬁtdabe?teﬂﬁi‘%"yiatw e fhe1°“irert b%“ f“‘“dset) "6% “tf’(‘)‘ti Sti“eﬁ %0
f ot 05 f opatidubat pro@ssihg GortexPis frepragentet] by £ sihge GwOn he buiPut nGurix(C. Fodexdrople, thefdetimioh ot 0
0100 ﬁmenSlmBeQ re'xlngvatl for ﬁ’oé’tﬂzt IQruﬁmﬁg%Qoopz Q given ba/ %LQUQ] (Qe) Q)th:h '&Q'Peg)ogdsgo tEQ&t}QO\Q 0 0

0 OrotOOOroto O O0roto 0 0 roto roto

roto 0 6 ttl?)?‘t‘}’“bmﬁmﬁtgor(ei%)"f nqtagio, fhejroy %H’P{e O“B’Bt r{laﬁt‘ﬂxscoggﬁgqnéﬁ% fodthespyere %E?Fte“”“Her e
agai n, o&adeyottdi®,,fThers the Hevbed iggubi. batisflehe matrix in  Equation (7) suffice.
However, the systemhere,is still the rare case where all possible runs can

happen si nulY a0, |AXpt AU one run happens at a timey It is
BRED Li&s
possible to determ ne the chi%vo rlate way to update the nodel states after

eacHOrun. 20Y&HF Loyl He|dgsire @t“g‘f@tﬂéﬁi‘“’ﬁ’é‘sr ey’ Flef%r this pracepsing wente S lpiag L thpe

di f f er emputiigageidsenrent s are sanpled at different frequencies. This
multirate sanpling praqbl em has been given treatnent in the recent
literature. WH‘(CSUB’l Gsystem(f heA servability changes over t|H§> as

di fferent combi nat’ons of HWe&suren®nts are available. The underl yi ng
inmplicit r eq Ohis eqretivn, giteh dwghput fg abhprbcetsing ®ytet, egiveh eheclugen waiplaies pihtht In@del
limti ng £, Wwhere all possible neasurenents are nade at every time step.
-46 WO 02/ 23289 PCT/ USQ01/ 28003 At this point, a nodel for CPOt heti cal
systiém wi t h SPhRPPeaYer Jysh AR ’B%as‘tr%?‘etl‘ﬁ@“t"erﬁ’fl p"s°§re§5t igthiheanode) 59 ‘Ih%tlﬂa’é Updatp,ean QecRy.

st ep i S Thodesigf df e obsewarnid Mo0ds sinfi agiihel camfrol 0dws Eliasedsort ikt iCgRerfipXinizla énetis@@ent

process ﬁjmqt rr(Efes? Pt g ?an%lg‘ég Gy bcIlrl ?he qk%rl] tl:)irasc) Lnd_?t%- ég&uttvbgasi ﬁ]etﬁgﬁdg&%] \e/%r ﬁéh%@ld rb%' hto

target, ess of processing ere

usi ng ada@gﬁedﬁe%e%tbﬁtamﬂet WtEFsFWeWH@O@GVQHéW@ Bdgrcayirsaiaasigre nepged motelel
states. tlAexxﬁm@ﬁlf(hhzﬁidhal‘ processi ng cont ext is represented by a SI ngl e row
in t,t)te out puty matri X val for

product B r unns i snnp fe Waf’ 1o aCCﬁm}laq ﬁaqps iz to l%)magme %hVI erenE| glerjteng' vﬁ%%gho ut bt

y “equa t 1 ON orresp aas to
t he 5 h indiyigual @ﬁfnsqrh\ehlémsrpm ﬁm?trthf% lasP@tueeazeba RSP npaturptei ghangds ghem glie @eneﬁﬂmé

out put  md dpprsack k=8 RARGLREGI sta@ dbit/eCMEy 1R Aksi B ¥y @Mding el ehtire system into account. An
observer gain matrix L can be chosen such that
X = AX, +Buk +L(Yk "C)A’k)- (16)

25 The observer matrix maps the differences between the measured and predicted outputs into changes to
the state estimates. However, there is a major drawback with leaving past outputs fixed at their last values. When
the input changes, those outputs are not really valid anymore, since they are no longer representative the current
state of the process. If the measurements were current, they would change in response to the new input.

At the opposite end of the spectrum from leaving the inactive outputs constant, all outputs that are not

30 measured at a time step could be set to the values that would be predicted from the current state estimates. This
method results in all old measurements being ignored when the state update is performed.

A series of Matlab™ simulations were run in order to illustrate the concepts of the plant-wide model.
The first series of simulations were all run under the conditions specified in the example above. In this example,
there were two processing tools and three products. Tool qualification events were available to directly measure

35  the tool-specific model parameters. The starting point for the state estimators was that all tools and products were
assumed to be matched at the nominal values. The control objective was to keep all the different tool and product

combinations running at the nominal removal y,,.
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be denoted Coon. Then, the desired input Ud,, satisfies Y con,des C con (Ax
+ Bu des | J, (14) 10 where Ycon,des is the desired deviation from nom nal
rem)val Vo 02/2d289 pr ocessi ng context. Sol ving for the i npRCTAdER8Y3e] ds 1

= (CconBll | Ycon,des - CconAX (15) Thi s equati on gives the input for any
pr ocessing c ext [ {] e.node a .
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cont3pol | er r Gaetest situdatian cass@dtaitvad tigh catrant hadeC@timak ef the statts t6 kstimhtabal@s for the

fﬁt abl 1 85 reReRARE Werd Griddie | dsha YSHIE Blch Qe bl BEF LonRASELRIESCANAL fn ml YR 1S

being measured. The testing conditions were similar to the previous simulation, with the random selection of

runs. However, a step disturbance to the rate on tool 2 was injected at run or time step 80. The results of the test

can be seen in Figure 27. Figure 27 schematically illustrates percent deviation from target in this “predicted

35 outputs” case. This scheme reaches the target and successfully rejects the disturbance. However, the response is
very sluggish compared to the case where all the information about the process is measured.

The test depicted in Figure 28 is the same controller as the previous one, but a different set of rules were

applied to generate the sequence of runs. Figure 28 schematically illustrates percent deviation from target in this

“predicted outputs™ case with extra qualifications. The tools were qualified twice as often as in the previous case
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used to wpaares2she state estinates. Wite noi se was addedP€DUSHIE28MI30CESS
output 10 during the sinulation, and a step disturbance was added to tooI 2
at run 30 ) ns th sul
the test. rtou%teen?%e sl%a%rcrta n?%zflo?mﬂ 3Ilcr)‘ﬂm ¥ Sat.’ttgessys%nr (e:‘tlaﬁlt%ral e\%ogtqrulcﬁy ?n‘r% thec{te rget
in thi stherﬁigﬁtydltdrlfemowaﬁsﬂbé@tm(t:la@eor%senar| 0. In th| s hypot hetical case, the
% ﬁnt rol Iter | Soadd Be dcRakliith Ky sys@ACHe tataeesttt@&geroo@m 7 $r6du8€ triduR o dinshaschignce.

e nos

ortant result fromt is that_the system ole, in
g S PR o A S S ST L M S RS SRR
avai babltedealpethfromtip disglrbanceAl A stept diverbab@sitas added th tade bkt rvd dr imensiee50; el praitidt 6
situati QLB a\@@ﬁ rd%tuwaﬁ\cecé? %x{ 911 {uﬁé stQ;S"lb’o hﬁ’é réulﬁqp%?éure(%f) Jelﬁ@ﬁstrét@fthg{ {H@tcbﬁllaller-rhe

subsequent runs w | enpt to illustrate some of factors that are
i rrportaﬁtccﬁstﬁlﬁéflﬁ’rsﬁlierﬁ‘%bafl?es PYTER B TEITOIMET LR functl on with the reduced
set of i nf ormAatsii@portakibecane xideSinkitatet thejsmtee&taeddélmaMer Be ¢ spsrxaﬂslme@@urm only

one at %01t W&eg@lg bltash c{% N tl Qyutlcis be%‘ret%ct&'l%hqe g%%uct was rul??nﬁ on %‘8 too?‘ &Ea% 02% [ ngu Ct hey

are update ran E@
run 18n &stimgissont atlfbfalwoutérbe admﬂpélstlahthc éﬁlt Byt @Wéfrﬂ“y praduct @gtgéd wopld [stilegxbihit the
possi bl @ia8 @emgu 9% 1kt é&tcﬁi) QHuGE b@Rate mtl%tua bamjhsteweven dul fofileGRl k@R cOYBNt S)

had e roba oceurr a one re o ly,
1A e SR mmgiel o S e e 6 e 5 B st T B S B Es T S 1o
i nput ¢ hangeén thiy configwritibe, cashestatel estinrafeopdntet is oy, using infdwingion frers the ntehsereinenrurtf the S

changi NguAR: BY &fn¥e Sillder t;wm%h % voA 1g9&£cphnis ilnBorRfi f G RERLLH 18 BRY) dalnp®
Thus, the outputs used 2 are not re resent ative of the true

for
state of4REVIUERSS msri‘icatrr Ea?@ 0y ﬁt{?@\}&t £ 198 fopkShed @ somsral st wasdyehenthamereicted,
F| gur e 26n schebsit oftalebtimatel fors tuidf 8 tqoéave Bntrdetiooratilyomddte toentdasigietecessant thi s
"fixed o AthSreq AT Spherb i grgattcwur - IR 1088 5r AR Lot @tt?érﬁrofdﬁctscoq o Plirolvb\Er, the

process very we Information contal ned 1| put vedétor

adver selcgpPsetf ‘fpé%ft strafegy ouly ghlewsdhrswddefo tschased o8 thenesulip st é‘ﬁ‘@ﬁttrgn cﬁy havige Eppear
respond obgarvahangese sl ciaBges frov edcls run, by stite€ @lllSEI8ast héve Gamd croﬂéct @fectiofs, hdall the
(S:IO%? gf ?%ng to Qﬁer [] nqrc}ve §B ?tg’t% gsgl ﬁtbs tlo ‘f:f‘lag&rrre]:?t valgeé e@esatrlg‘ ,Eﬁsre 1!ieaysolu ?n tg-Er hi§ pro?l)élgle oul{i o
est i mat etspgf i‘,?é@ml?“t?ras heh mtqea%@pr% Respibls freh ald mﬁerlemmt%vethnlge neﬂyal@ps maedoing theach
state u@ﬁf@%@lm@ﬂal y cont ained information fromthe fun that was Dbei ng

measured. Th hemu gr c%(s)sl;]dl tnlte())( sscorx\rggn SI qulll raeI; sc%lg e”ﬂc% retyl Ou%c S}nm“lr aett (n)n
with the random set et onesT™ iy S HVEITP PUPBRATEE BEFRE r at e

on t ool iergshme dopfjobehabaigat’s confrel o ettmn‘eongmerzﬁclB@as dﬂré)prdets @iatnsle@fe etthepro@ssing can

be sgen ehVkofthAths azc%ntrrﬁ’elgééEseas ?a7wt§)féhﬁ's|f@<§ bﬁﬁwsﬁ{g bt U§ Ttr{dﬁlﬁdﬁﬁ REIGERE atdﬁﬂ'rhéat Ion
fromtar schene reaches

t ar get 3&‘8’5*‘%‘%&8’5 it ey?e ?08 18‘6‘? §h°t”HEath‘3é‘%etx F‘t’iéﬁ% meﬂoﬁé’ ?““@H%“‘F‘é%“ﬁo%%le‘“r s
very sl witicsiroie isphle echatde thdhticagemwheroscdal 4l thdwiffiraf poamts on about t he

process is MEE A ﬁgtors -ﬁﬁ'ﬁentcﬁscﬂe ]Q%H{n%c@ gf ttupc (glgl‘r ft re%gs 6n%a$1ggethfﬂ5@? lnﬁ)%&tll&lp lt l'er

(it

as the pr eVl ous one, but ferent E rul es were to gener ate
the seqEEned Fprutripferocesy a"trr éecrzen §k‘r=rbw%ﬁt |’“b%ﬂ Pry cqch Fisip it Ség%erfeéﬁqthatorét/twat i on
frorsnt amgesired hast Mdrsstic ‘efidcech it @etfoatdnpll tA%0, HBasmtrol résboreé(isl‘lﬂprﬁ%ahﬂhfeﬂ ﬂa’ﬁ{ taﬁ s .

The t ool §t8g1/ %gg!%%yé% 6o§1dev£n\t@ 1% ecf’irﬁ vptfh l%npr%ctlon rLE heI’hQ chJSdlr ? easurem nts

02/ 23289 I'n or er t'0 eterm ne con | er.
I n thi s peostent mpdedpasymstessm equi | i brat ed nore qui ckI y and rej ect ed the
di sturbance e &te@e@ﬁdg' f¥atdr16HMhit rysttdae tKHt the knoA &8st bmbtl@%enwwtosr@el @bdubit by of

the s st roducts.

o hert P pap R0 1o & becatts 87 g Subre 30 o BRERAT et ARHPE & may appear

| ar gé- sdabee @y@?@mt ecdly pritides gyightante the gasessuvidadris o imtuittyk. Sinvelthh aldervds nmug beleal
with rrulrtbmrrlbese&itr&tyrnhm% cabh ﬁﬁe@ﬁb Qi tﬁ&@@m@p i@ OG0l Back AR kteptndBit o UN

or time step ﬁ[?ro uct dastep di st ur bance at run or tinme step
150. Thiired Er‘}dtpé"dt“i’id i 5% n&eﬁ&ngtnreaferedeteﬁat Ort P& PGSR should be treated

differently depending on the other contexts in the entire system.
When the system is viewed as a whole, it is apparent that there is a great deal of information shared
40  between different parts of the system. Since the performance of the controller is tied to the quality of the
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20 because traditionally tool dedication is thought to make process control easier. The best controller for this process
will be able to address the dual control problem of simultaneous identification and control. Making the process
choices involves a tradeoff between tightly tracking the targets and helping to characterize the process because
the two objectives conflict with each other.

In various illustrative embodiments related to polishing and/or etching, for example, referring to

25  Figure 30, a simplified block diagram of an illustrative manufacturing system 3010 is provided. In the illustrated
embodiment, the manufacturing system 3010 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. A network 3020 interconnects various
components of the manufacturing system 3010, allowing them to exchange information. The illustrative

30  manufacturing system 3010 includes a plurality of tools 3030-3080. Each of the tools 3030-3080 may be coupled
to a computer (not shown) for interfacing with the network 3020.

A process control server 3090 directs the high level operation of the manufacturing system 3010 by
directing the process flow. The process control server 3090 monitors the status of the various entities in the
manufacturing system 3010, including the tools 3030-3080. A database server 30100 is provided for storing data

35 related to the status of the various entities and articles of manufacture (e.g., wafers) in the process flow. The

database server 30100 may store information in one or more data stores 30110. The data may include pre-process
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central
the tools 3030-3080. A particular lot of wafers may pass through the same tool 3030-3080 more than once in its

production (e.g., a particular etch tool 3030 may be used for more than one etch operation).
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O course, nore or fewer conputers may be used. 5 An exenplary information
exchange and process control framework suitable for use in the

manuf act wo nz2x$st em 3010 i s an Advanced Process Control (*@(H(I};mflzswsevmrk
such as may be i npl enent ed usi ng the Catal yst system offered by

KLA- Tencor, C. Y stem us Sem.cq d n

Ve er al s | ntBr e RERATo ARy T SRS T RGBSl St P o By

Fr anewo mkplempthnam togly giape bq artaegeh oAnp gidersf aredpings Abdtgadlyt mecqﬁ@bofam bativden deess
Cont r ol 1§oRPfy) 2 BhANERNYdp dd MehrPEMreidn QR IconneBlidY it itRNkwokD 3&e Clifel Gk T ON
for Cl M Framewor k Domai n Qr chitecture) and APC (SEM E93-0999 - Provi sional
Speci fi é’ﬁ?r?od’l’f““inﬁl?e“’(’flsm Bf°8frewor k Advanced Process Control Conponent)

specbfi cati ormse areespudplroicieeratad lcaruiols the path SEMparticuRo idt o6 mafenfthibips thawelt i on
and cor r3@3§)%§5leQ£d g@h@kés?&j&tadﬁé Hc&g k&ﬂol%'ér@er@O%ﬁ%t@xg tllle Er@t‘in ta@g itﬂ!: ton?r e,
or al gor| th olicre esent ations of operati ons o

within a0 @&Hﬁwmr?ﬁéﬁﬂw@maw@% Preag pest mqeeﬁe%&w&erﬁ%ﬁr‘*@@emefeﬁ%éhr?ﬂge thehe
ones by touhiz00-108@ Fer @fimd, ¢ anpaivuls leblishing ®oll Hg, ’E)IAt is efaefraelﬁg m\aeta;e tleamv&ycehiae 15
subst an(faest I?Jhshl heehe r‘@)@ skco%lgol(gt h?%é%onfoteg&g Qr%er}é rocess cong'cﬁ serv T 309% may also

al gorithm The Permis use Xk ued al | g

condéi vedmm thlg epes?tlsestﬁtes@fmbﬁr @plewvcheet!}a etdbteolb?%% toelptsnﬂneafdherfgrrqnestee Qfé@l etchd

result. t&hﬁv&iﬁﬂ&.@[&-cer{tg.@ﬁ@ efc@fli ring physical nmanipul ations of physi caI
guantities. i uantities

ual | th nec. ssarll .t hese
fonm of oni i Jaf Procstsatf e 0 muSERER P biolenia S S ARt b Reor bl Sett o,
t r ansf e mpaegary crodeivinmieckhe eporaiiarsetds of thardole 803613080s Enerviata ifipu gt nettologyt evimgssmayrbev en

conveni et o ttAef@écesspJohth@ s I3¥o0f &f an%a&&P%oxﬂJuu%OﬁEQx@e U 3 Sretwofk fo%ﬁz{nd 20
to these signhals as bits, values, elenents characters, terns

mb

nuntdr s 2abEeG plemalixely. the ProgeiR EAPEP! 58 Veh A1) ey ACCRT Hdcesﬁw‘iﬁ%é{f“eafly colprige ang Sf“’r%i’r ih
these amg daiarsioteea0110e Forsexaniipte, po-pheesa sisiowitat@eks wietrdlogy hieta nap pave pednabiecphifsi cal
quanti ti, %u?tpﬂs s e}l‘é s l%ca‘fé?d?avrﬁlgﬂr&% cbidPGhdordRRaki&dod © these quantities.
Unl ess specifl cal rwse, or as Is apparent fromthe
di scussi on, t18¢ ﬁ*@ceémqatrds*ew‘fsﬂé%gvgiUﬁ@s the, purreplppTBnE rittes B the tels| 3033089 Ay or

"det er n‘idé‘thﬂ@les 0 parlﬁhlﬁf)lloﬂylg RYa 1006t vialtes throle@ therpedeak 60 of thtemﬁﬁfal:tﬁlﬂlg aﬂdam 3010.
Pr 0685585 Bl e SPPH' 20 S LT3, R 8L ALy BUECHY R0 BBOTRILIDG IS
quantit |detsrmmeﬁ e wrﬁamr@%ﬁg gt dighed ye@oew)sof Fhe g\ia?tsem she ém& hﬁerma qeatral ﬁﬁmr dMBer
data si rﬁla!y ﬁrﬁtla}sé aﬁ&ﬂél@g‘é@ﬂén&d da&mmay&felsﬁﬁke pr@ﬂl@cﬂtabct:ds@ﬁ dith §k 501108y GOMTIHEBbn.
syst em es. or I sters._or o?' e’rﬁ‘r such informa

n
Y anam SUPRfiegRn i SR ectler e pRAE i SV ols8 e P G prEbEser o
of |i ke stgpbfsthe aélsldrermleémb@r B Etie dadmaafhick ewl(s) Aaygar ttridensy & poli8Oin warkagner or
| ot 6f \Q@xﬁ@fn@mﬁ}gf Q&lfh@%@rﬁmé E’tfrﬂu%noﬁl@% &1991l:§n1§£§1@f‘ac%%leai§ disﬁed' tﬁe &eg’sgcontrol

manuf act ur ed t ool per form ng a spec unction in
the proc®¥ Py o“\%emlz‘k%‘ﬁﬂ%‘9°169@ée@§‘?%&’e{a% & a5 en st ?‘F?E‘F’e{d’é the incoming
phot ol i tsivéage prpfily issbepd €r Procat chirdlcolve,30Wepbas § pdishitgrod! $O70p807Ehipagtitedoh s,
rapi d thgpiml; pgocessing tools, ion inplantation tools, and the Iike. Sone
of the tools 3030-3080 may al so be netrol ogy tools adapt ed to neasure

char act er i st i‘c&m{as agproack giay §¢ arplisdoPiop &kl PeFest: Hbe RasseT CnBiseiyer pPYcskgede | n
t he 30l | msﬁwmretdnembonﬂwmsm hatifiEanSo@érati stht® @dnfhlidEnta30id GhRA-ir3OB0E suf fag HRSRNIF thet ch
EI_SB: (S:al | cgminR %rt%c% e is cP s?xec{? thg'glz)g 'rAé C%Qt o(i) sCervrep ﬂ?@ %e?eas an e?clh tooﬂﬁrog&\g-%&% gepegtgix&ig ss

fl ow varauceéer~sfvﬁetatarsee@§$ IEthqoenng§efavfe¢rof3@eéomeéuhee§°°meontrplrsdw Pl a¢lectsan s

t hr ough e{cﬂa,omomeg)sod&@m@e@e&dﬂgﬁgﬁg&ethe steps that need to be perforned
and t he avail abi i

t | ti f f
mmy pass 1 hr QIR DS EAREOFE TS0 St TRarEo T RER TR Ferion SRRt  on
(e. @5, af pannditisuheisurgteply st Glom30&urima yoobeto usid sfpavisanp pecdstignadpseess, Gliher
oper at | Qﬁ%}mally i&/&%aﬁ%ﬁ@ 9topgﬂo'vj§qa;lrélg:89@t§r I&H@olt ﬁ’i@lﬁeld?’%pcﬁeﬁg&g xﬂgn? of the

illustrated 1n a rank grouping for 1llustrative purposes only. In
an act ugboverdisgles ‘IOéI'E‘}eHﬁ of @H‘éeﬂ%ar SAREFIERE agepraifg & the resp, NgFnEey pgyide a
gr oupi ngignifckdi fripematentyin sﬁdﬁ;ﬂlng; orthedlopp B tréadhgvamplink € an integrated part of the dynamic

control environment of Advanced Process Control (APC) systems. Rather than applying a static “optimum”

40 sampling rate, sampling is treated as a dynamic variable that is increased or decreased based upon (1) situational
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tools in a particular group are neant to represent only connections to the
networ k 3020, rather than interconnections between the tools. 5 The
process ovavrzi28server 3090 controls the path of a parti ceCEUSOIERBI@Gf waf ers
t hrough the tools 3030-3080. Based on process data the process control
;?g‘é:;sf‘fh 20 gt%oﬂ,géugtp Ia’\sstlhg gt?lou%r e_ otr IéaQeg ots %haartlp%%zlré e esvarr;rae 1§1§ lflnl’ g,ﬁeélh ?333%) eveI% ] suclpt as

pr ogr es Siamggnanhy @d/gh‘?h@ﬂiﬁs mttb%Prscemﬁte% Q0 the ppgratien apdidrd3) requiremapigrof |C®wﬂéq0p

pol i shi R@-tb-a8l con®ol@rs, in 78 séhSmQAPR’ AR cdnBoldmSdedlrfrah . Aﬁ%@ﬁﬁycﬁ‘rﬂt 8 mef ast
ocess

pol i shin cont.r ol server 90.not es_that tendencg
Bont r ol BF PRI D AR S b o T8 ol PUP R HEEGHETANR Ho'"s (ACES B rafpe
t ool §, sengépnaéistor ldeviet flricttpol with3DB3€rs¢dodatze @rquiare andf prediong iircreased  effciatoy @fl t he

etch t %teasfe@ﬁ&fé yﬁﬁ nén%hné @%ttreaﬁlfmeq %ﬁg ﬁr‘hplﬁ‘ Ie&) o&g glere%cxgz{sﬁ{g %%orﬁﬂ%ﬂ/ ol
server 3090 naéglnltlate pre- processin nd/ or post - processi ng netrol ogy

events &8 1oygigibe ggsy ok e ‘EPé‘tlfé?Wﬁ“ﬁ EOFFA B‘érre%ftnlg F’i‘@"“%‘tpé‘t es of the tools
3030- 3080. Tirge ghattcalarfembodihéng diselbgeo bigy/arelaedntise BElY, abte inva@itiol e the thddifibieand

process p%%%%cg 91' dl%&éf}ég ﬁt?tgacl)en{ 915%%8 f;? apegtth%rt}t&«? rs]ﬂ?llrf'eitil 15' gher a?tslg)al(’ﬂt%?tt ?etfp %f the

net wor k zed hati ve process c server
30900 mayrcadEee heeip F @ftte@soredm kmiggtions gigyntengd) teéta defaily ﬁacosttre?te@l 0§ qesignt peeingdhevan,
store 3Qhd0hanke rdeﬁﬁﬂﬁﬂ’f‘ﬁﬂ fle cl@tﬁt@‘bﬂB\OCIEi%&he?dﬂde Pa&ht thdt @eq)sﬁlcﬂﬁtefnetdﬁﬂaﬁtsdﬁsmseﬁay
have beeg cog %g%ﬁ: M od) {mﬁ s & thtO ener. teislgtlstlcal %%ﬁ
process “CEREPDIP AT ST Palirt *Hel el BRUFhES SPeaLsVEBhF Srops & 8?‘3

eval uat ésyerttiow Ir particelat; e@pexlamewﬁgal@t éptf 8s fgh, ‘tftveﬂ dovkdo 8080, 30.8Quizdenily, “from
det er m REgoddiRelPR S b€ o}, Rbuit Ry, ngo@fa?@ﬂ ey bwa_tts@tt)s%d bR qgtt BeNGaRLQRES S

ro of the nanuf act ur i 20 For ex erf orm ng
o RITHEPe]S BE ety S+ HE s D BHRSC B oy e Tanes b e b i 1 G
f i rst detcerdinghethe prtectionsougt Bergin Bh{ seicforfhein ghe claichs Bded or doned) of the wafers
in the lot. The process control server 3090 nmay initiate a netrol ogy event
to determine the surface profile or access the data store 30110 for the
information. After determ ning the incom ng surface profile, the process
control server 3090 evaluates the current operating states of the
pol i shing tools 3070A-3070C to determ ne which tool (s) have a tendency to
polish in a manner 25 conplinmentary to the incom ng surface profile. If the
i ncoming surface profile is dished, the process control server 3090
sel ects a polishing tool 3070A-3070C operating in a center-slow state.
Simlarly, if the incomng surface profile is doned, the process control
server 3090 selects a polishing tool 3070A-3070C operating in a
center-fast state. A simlar approach may be applied to an etch process.
The process control server 3090 selects the 30 particular etch tool
3030A- 3030C having an operating state conplinmentary to the incom ng surface
profile. If the incomng surface profile is dished, the process control
server 3090 selects an etch tool 3030A-3030C operating in a center-slow
state. Simlarly, if the incomng surface profile is doned, the process
control server 3090 selects an etch tool 3030A-3030C operating in a
center-fast state. Any of the above-di scl osed enbodi nents of a nethod
according to the present invention enables the use 35 of paranetric
measurenents sent from neasuring tools to nake supervisory processing
adj ustnments, either nanually and/or automatically, to inprove and/or
better control the yield. Furthernmore, many of the above-disclosed
enbodi nents of a nethod of manufacturing according to the present invention
provide a significant inprovenent in sanpling nethodol ogy by treating
sanpling as an integrated part of the dynam c control environnent of
Advanced Process Control (APC) systens. Rather than applying a static
"optimunt 40 sanpling rate, sanpling is treated as a dynam c vari abl e that
is increased or decreased based upon (1) situational -53 WO 02/23289
PCT/ US01/ 28003
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information, such as the amount and/or rate of change in the variation in
recent data, (2) events, such as maintenance and/or changes in the process
upst r eamvod or/p®8oper ati on, and/ or (3) requirenents of cl oBETURWRS003
run-to-run controllers in their schemes to identify control nodel
paraneters. Additionally, any of the;abgye-disclosed enbodi nents of a

nmet hod of manufacturing according to the present invention enables 5

sem conduct ot deviA(,‘eeﬂ?OgB MR on with increased devi ce accuracy and

preci sion, incr easaaq;heg(ﬁug laesh@%nammeteﬂ&a@aeeﬁh dert&angyiebrehed @NARtpRge @
strean i ned and si mpl i f rocess fl év )t her eby decreasing the complexity
and | owering the costs o?aStt HePRENUEAC r'ng process and i ncreasing

t hrofighput. The paotdling|ter atelnﬁbbdmenelmastermws ohrosde abpvd vare ai pdagister amplipg
only, as the invention yysikemsmect fo), %@atﬁ gamgﬁﬁgaeﬁtah Gl?egra{e@ﬁgjt étfaafyﬁ'dﬁ{w &H{rol

equi val ent manners apparent to thos in the art g gwi ﬁ’ benefit
of the 10 teachings hEFEPHPEYFY IR ?ﬁf‘}nB inglhgset PRAP EHEPLRE LRt LegRoL o
the details of construcpsremm orntdes reguirehensif nmstommentrolidieandt han as descri bed

in the clainms bel Qfﬁ&l arlgtthe' a%apttlwascaﬁglggﬁro@ewl elt(B@}to Pfﬁgg%%t |5§ H‘JO?ﬁme processing

embodi nent's di scl 0sec and” suc
varil8tions are consi deP@&’r‘WdﬂNhﬁattl%% %emawps{b%h t of the invention. In
particul ar, every range of val ues (of the form from about a to about b, "

or, equi Val eat ly, Isue Jagﬁgd 0?9191 erem sa gﬁ)}jtggHO)bthe at aSt 0 e Lzlilr \ﬁ%éere c%%raé{ér tic ol%g)r(er]

approxwrately a-b Iosed here be under's errlngto

t he powerecessng rerfermedsen theyyorkgpigee wbﬁsféﬂegat oRef precpraing e FW“Fean@tO@ﬁg W HD thes,

in the seBs@NOhaReE: farRk@l using ACRRIEH RGNS cohibs? (AW LBehi(20). Sought herein is

as j?t forth in the clains below -54 WO 02/23289 PCT/ US01/ 28003 CLAI M5

. met hod conprising: sanpling (110) at |east one paraneter

characteri st Bc of The netbes ofndpitp&r Woreie chowtpriag (WD Kipi @ destione claracienstis tpargmeter

pr ocessiyQgh & %ar{cé@é)messfvcom @Apda gysﬁehmz@s oAk uaREmE RALAES Fblest dofirdp AL RITEL er
sanpl ed usm an ad (ﬁ_tlve sang ng ﬁéﬁ?sm nodel Yg-ﬂ%}‘% treating

sanpl i ngS%8 (&) ot 4t Egft pierteo gt Qeg‘;? ErOETHRE 67! i B e qpe Pr?/“&?swi%ng

t he sanptp igp)based upon at | east one of situational information, upstream

evenps and requirenments of run-to-run controllers; and applying the

adaptive sampling Broces& ntlg nodel (130) to rmdlfy (135, 155, 160) the
processing $0 perPoRAEe 9fiflaihd wherenamedeling e % gt as Pagctensiy parapisly sampled The

met hod afing ki ataglive Whepliag roreasipg intgel (BRD koriges aising eas tadaﬁﬂﬂe PRAPIAMFeHredessing
char act ot | églk@e%cox%agtmlgp P Cl%g 099 (Rer f &b n%rgdﬂ'ctlg/p e ﬁ&ntroﬁe{ Tn% a

| east one processi npri ses
one charpé’é?l‘efrnPlslt‘tF%al'ﬁmVaWt@P) %F%lgr @HD%V%%@JHEEG@S%%NCOM rol (APQ) syst em
(120Q5. 15 3. The nethod of claim2, wherein nonitoring (110) the at |east

one characterl sti ter u5| ng the ad process control
syst em (120) corrp?rlhés?es%ggloﬁ Pladmheh ARTERCBHE tjE}ocga UV BRI PrRBEE ™ @E@%
(120) t dncpromittiner teet dtedepst ome tobola vra¢dp1abﬂ>redlc(ﬂi€i0}0n¢rbl aMACH c egwiolyy tapd| 2

during tph)ﬁorﬁgnalhﬁ}@g%l-d&%tn@r(ﬁl@?%&‘Jtrgmzr haviz @R 4t 1499 )one Rfing parddhiGer Q&ﬁﬂ?@g u@iflg gkai m

1, wherein nodel |ng %St one characteristic ranmeter ‘sa

usi ng t A¥PREARER Ve rg&fﬁﬁbfrgl I?f@*elrs DL BRI B 2 50) SesBE Bk mdilﬁ%e Gl
adapbi véMB@ngphtraligr gl ecdsed-lngp propd@hal{inid0)-ddaringive (RIPptdnngleabavingafsdt atdengt @k a
model  prgdi gliygcontrol (MPC) controller and a

6. The method of claim 4, wherein applying the adaptive sampling processing model (130) to

modify (135,155,160) the processing performed in the at least one processing step (105) comprises

35  tuning (145,150) the at least one tuning parameter to improve (155) the processing performed in the at least one
processing step (105).

7. A method comprising:
sambling (110) at least one parameter characteristic of processing performed on a workpiece in
40 at least one processing step (105);
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proportional -integral -derivative (PID) controller having at |east one
tuning paraneter. 25 5. The nethod of claim4, wherein using the adaptive
sanpl i ng wo ovzxsd ng nodel (130) incorporating the at | eaBCT/OR&/28003a nodel
predictive control (MPC) controller and a proportional-integral-deri vati ve

(Pl D) control | er 'ﬁ%\iéﬂﬁ@ tﬂehgt ﬁr&st ogeaéﬁaragt@I%UE %%aﬁaerpé 1@@%&5}; 919 Mil&eﬁmﬂlﬁf

the adaptive sanpling processi ng(rll I ncor poratin east ofie of
a cl osed- | oop nodel pré’&HCEFE‘P%/@O‘E %oﬁd’lea@@ SONABE 2s 2 it geetad @prt gfrfclygamic control
cl osed-1 oop proporti onahvitomhegrakingee Isdﬁ@hﬂng\/lﬁse(ilﬁb@)at Cas0 bifeQlf kigittioRd \iifeiaticne at

| east one tuning para (99 h al.m 4 rejn ing the
adapti ve sanpling pr ocggés] mmg i IPE?Sthe %%3“90% °fva?‘8 C?nm rf Tﬁ@g{%gg %%?1% %‘5 o
procéssing perforned inhe M@a%ﬂn IneﬁlStre‘@Wed%? opEsan rﬂje%ﬁt EPRILIOG Yt dwsipine sés

35 tuning (145, 150) th@na@ﬁenh&@-ﬁﬁ aoﬂ&eisulfﬂstﬂgmpﬁlﬁadMg@J ik &e'ﬂ?&és@"t@stl(e%ﬁSAndt he
processing performed in the at |east gces

t
net hod conpri si ng: sanﬁ?quﬁed“e("il@f) Tuggto- fu8a§‘fn & 6%?}%{’ : eplé%ﬁga(‘f?”ér? é‘f‘)d‘&l of

processi ng performed omaamueslkpi ece in 40 at | east one processing step

(105); -55 WO 02/ %ﬁ%ﬁ@g tﬁgﬁéwéﬂagﬁgg%ces%qﬁddkﬂﬁd Q%oaffy 41%31%5 1600 e processing

charact eristic paraneter san(ﬁ usi ng an adaptive samnpling processing
dél (130), treating PEHPFF E]thﬁétl?ﬁ"}lerﬁr@@ﬁs’é%gﬁ’ @t of a dynani ¢ control
envi ronment, varying the sanpling based upon at |east one of situational

i nformation gconp r"[Ih§ h‘%&o@‘%i{ LIQ@S} WA Ein %Ln;?ﬂ% %@Daltj neta?:c| Q)fne éﬁgrﬁe@etr ﬁ)ali‘]aciegstilé g)tF &gtam

data and a rate of he vari

events @@ﬁﬁflilgsﬁerf@rma@ o} fé%\wrkmfé ingthe at dggst ﬁ’t‘edﬁ%fﬁ%@g PLRp %05@ COEREISS mab@pp H) dd
changes ai Rast e ﬂi’a&&eﬁsﬁc l}b@ﬁlﬁé’t@&ﬁhg anddvah®a l;bkd’c&ETE&{n%l (KPO) uymhmzroy; rhnd wherein
contjol lers at tify cont a i ng
Che B an e Rt TRl sl e LEER Y p el Slog IR G ncc BB SIEL S:Fenp BN S BPRN
process |0Prgprlse}:@51%th¢ %Slr*’fmé@i prqgess Pf@tr@lt(Al’@a?@teﬂdh@) rmesmies 3f lpagt ot topl verladBY(11080f aThe

et hod Qfpidhaddhiprbeesirabd? tiling ﬁlgpclléaﬁgnet;h&:eﬁfng Ltéiﬁ%S%one par anet er
characteristic of the processing performed on the workpiece in the at

| east one processing step (105) conprises nonitoring (110) the at |east
one char act efi st i dhparhokofeainy§i wigreénmetiigited I@stone sigracteritic pdran{ePEmpydst em

(12Q), ge Waershie lsém,smgl Br&edsRg hdderkBaby tclsyﬁpr@zs Ls%?gssn Q&Qtl&ehé;rng efhaldg

parameter using . the a vanced process contr ol é system conpri ses
using tAY %\&\93}1 PR GEe 25 eaahtow of Apepded y Brediiive 1%¥°1t M ?Iﬁplleat adegst
one t oolpropatierabihtegr{lXitdptiGf(PIR) cangiechatihest teast ofprtatieSBiameter wmkelrdmihg thg adaptie at

| east oragnp%gﬁ%@e?s&n%gm%&%ﬁof hQoratifk thd meagr%w&dﬁ Igeidjefidé&ﬁcme COHM@@QOI{&%H&' ing

t he at ast one characteristic par aneter sa usi ng t aptl ve
sanpl i ng"pt He@gt@ilarlrgﬂ%ﬁhéqm@%6’)‘D>cf@1ilﬁﬁl?r§é§naf§ﬁ H dras RUHRPR PHABICEGPEPIISAYISIng
pr OQGSSItmgadaﬁmd@mp(lﬂ@ﬁbcehsﬁig(]ﬁcméll’(mo) ﬂl@orﬂfratlhgaﬁfeasﬁ o 6f a aosafmiefi mpdied @ebitiivé e

control ﬁ)g/ﬁ%z n&n‘ér?l el gnd crllc%ec?lb?p uél‘)l : n Bl -mpeigrrg{ detiPhti V\e’?'(rgﬁ% corﬁ‘r héf%ngn%/ Qhe( éeDt

controller one e Adapti ve
sanpl i ngnw%%snawgle%d@ld (Wheein |am’r>orrgpdheatqdqu heampling| e@sqssmnenml (b30hﬁde|
predi ct |n%81fyc@3ﬁ 158 60§ W@)pr&@dgﬁlé Cﬂe}f&{ned andna P reRO fohd Wésmh@tsﬁgﬁlﬁk)' dﬁl’iﬂrl\l@t Ive
(PID c ntr el the at | east one tu n&g Ea anet er. conpr.i sels us

06 Che. amsloda lRsl PRt Raleauti Homae < o b PSR TG A o Bt one
of &0cl mmedsmgﬁﬁp (Wéblel predictive

10. A system comprising:
a tool for sampling (110) at least one parameter characteristic of processing performed on a
workpiece in at least one processing step (105);

35 a computer for modeling the at least one characteristic parameter sampled using an adaptive
sampling processing model (130), treating sampling as an integrated part of a dynamic
control environment, varying the sampling based upon at least one of situational
information, upstream events and requirements of run-to-run controllers; and

a controller for applying the adaptive sampling processing model(130) to

40 modify (135,155,160) the processing performed in the at least one processing step (105), wherein the
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control (MPC) controller and a cl osed-loop proportional -integral-derivative
(PID) controller having the at | east one tuning paraneter, and wherein
appl yi ngwoez/ztapt i ve sanpling processing nodel (130) to PaDERIY28003

(135, 155,160) the processing perforned in the at |east one processing step
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i nprove (155 g essi ng performed east one rocessi ng
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nmodef (130), taof duing rﬁhj %é%ﬁl%grownarﬁtqprﬁkoég Maereid ﬂpfacrompmr raoddlylaafm @ leaéidﬁlﬁ r ol

envi ronment , chadciiishg parmetﬁaﬁmﬂlédngesb@s&@buwgﬂlpmg tr&8Sthg @R g%oﬁh&tg)axtaiu@rml
|nformat|on gstre mev run

t t
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processing Stpﬁ)gesilﬁlgolﬁgdel Mﬁﬁ rnﬁbxlﬂorﬁtﬁg at Tea oXéQtO;élgs@d?ggp BQJ %@&Ivgg&%l (IM}@) for

sarrpl ing the at | east one paraneter characteristic of processi ng

per f8r med on cpnall %’i‘%bf’léf?@ 1°°P Rropgieonglintpezalderivative GE)IPQ)(S@%IFGH Qavé’igé‘ﬁf ¢ JE@St)"ne
conpri ses a mmingpatmdi@randonréiothe tgirdllkd §plyinh ée ataplieastpliof grocessing aadl €30)sb | C
par anet er usi I t he
advanced pr ggglggn %%g%’r o?%&P&%%%%tﬁg@ng% % LA on%%iotceg{rﬁgl( &%g%%%érqggtﬂ%o

vari abl e (11dppstope Bping gyapeis memwfoefeeé%hﬂﬁfgﬂr@e%swéPerawqdrfg thetb legit onegessspe
processi ng step6h05), wherein the conputer nodeling the at |east one
characteristic paraneter sanpled uses an adaptive sanpling processing nodel
(13(}? incorporating at |east one of a nodel predictive control (MPC)
controller and a proportional-integral-derivative (PID) controller having
at | east one tuning paraneter, wherein the conputer uses the adaptive
sanpling processing nodel (130) incorporating at |east one of a

cl osed-1 oop nodel predictive control (MPC) 10 controller and a-cl osed-1oop
proportional -integral-derivative (PID) controller having the at | east one
tuni ng paranmeter, and wherein the controller applying the adaptive-sanpling
processi ng nodel (130) to nodify (135,155,160) the processing perforned in
the at | east one processing step (105) tunes the at |east one tuning
paraneter to inprove (155) the processing perfornmed in the at |east one
processing step (105). 15 -57
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