WO 02/ 44820 PCT/ US01/ 44616 CLUSTERI NG FOR DATA COVPRESSI ON Fi el d of
Invention 5 Invention relates to profileonetry in the field of

non- dest rwej jgouasraeasur enent : of wafer layers in the basic pwaiego1fighgi cati on
operations of |ayering, patterning; doping. and heat treatnents:
Background of Invention A relationship exists between the physical and
optical properties of an IC device 10 and the information fromli ght
shined on the I C device by instrunments- such as an . ellipsoneter and a
scatteroneter. The physical and optical, properties of a:wafer are.:.

hi ghly sought after by chip manufacturers, since mcrochip fabrication-
machi nery. can- be tuned and opti mzed once these parameters are known,

preferably through non qm i ate in.real tine.
15 Unfortunately, duri%%’ wa ﬁﬁ?abrlc |on rerre ous §Lant|t|es .of data,
are produced that cannot readily be used by a chip manufacturer to control
processes.in real-. tinme, The present _invention addresses the concern of
quickly turning raw data into i L VoRtl m crochip fabrication, using
cluster analysis, a technique of nultivariate 20 analysis that creates
degregs of as Spention whatbetomefileoetry iathe fidkd ofnoudestmstvgmeasuremetiof it ens.
1 WD 02/ 44820 PCT/ US01/ 44616 Sunmmary of |nvention The invention resides in

provi di ngvaferiyRkd in@REBALLY waRS g atibN op@blNRIT 1aRaihg, patterning, doping and
heat ﬁeatm’ents.’

~ Background of Invention

A relationship exists between the physical and optical prope:ties of an IC ﬁiéyice
10 . end the information from light shined on the IC device by 1nstruments ‘sqc"h as an
ellipsometer and a scatteromefer., The physicai and optical pro‘pefties of awaferare | o
highly sought after by chip manufacmrérs, since microchip fa’bricatipn'rme.c._hinery,iée‘n: _be
. tuned and optimized erice these parameters are known, prefelfabl-y.‘ through non— |
destructive techniques that opera?te in real time. | 'A
15 Unfortunately, during wafer fabrication tremendous quant;ities .ef data_er;e -
produced' that cannot readily be used by a chip manufaeturer to coﬁﬁol proeesses:if;;é'al-.
time. |
The present invention addresses the concern of quickly turmng raw da{é "in"tbi :
information in microchip fabrication, using cluster analysis, a technique of ‘mu'ltivariate :
20 analysis that creates degrees of association between items and the groups assigned to the

items.



provides for cluster analysis to match incomng real-tinme data signals
collected from profileonetry instrunents, such as an ellipsoneter or
scatteromveoer448mth a library of data 5 stored in conput ePCIvBREIr44616The
library data is first represented by clusters, having cluster
representative data that is stored in primary nmenory while-the clusters
are: stored in secondary nenory. The incomng.real-tine data is initially
mat ched with the cluster representatives in prinmary nenory to find the

cl osest matching cluster representative. Wen a match is found, the
cluster associated with the cl ysiehatoBL8satbati ve having the 10 cl osest
match is | oaded from secondary nenory to primary nenory. This technique
avoi ds the exgessive: di sk i-ng f ' [ L AHES e :
i nvention rra)lzg}ge li% %ﬁ%er?‘kﬁgésge%%? gk!?ﬁ%go Sgﬂ%gﬁeg%'sf%%%%fiﬂ{‘%m p ?gi@gpl cation by
and large data.from ; neastrl-n i.nstrunents. i s, oft.en.mathenatically

conti nud?fg‘.’l%%foé cﬁﬂﬁré??eigﬁs mg@%’ﬁ%‘?‘i’f?mgﬁ rc}ag% Figngly ﬁ(-’l%ﬁ%%aéf%ri t hm of
T. Genzale is . 15 used as the preferred clustering and partitiaoning

met hod. Pofileemenyriestruraniss echrasfanrpilinsamstes e s¢atieraerire Witha ldagof

account for'special cases of borderline matches. In.sum the advantages of
t he pr es@dedimvaapitermai@ry.i Thedlittaryntaef 8 firsdepetmbdigntlnsterspirvieg d. Fi r st
t he nunber of conparisons that have to be made. for each incom ng 20 signal

signifi C@}P%téryre %g&ﬁgﬁvefcfa?fﬂmépﬂ- SRR S drory S1elHEBlubeKs £O 8RR SONS.

Consequen ere 1s achieved an I nprovénent in speed by at:|east 40

times. This can be achi.gved by. sel ectively.co ring.only. . £hose signals
assoc at BESHHEAYPEEPE 5 mf‘?fﬁmgée%%?%%%%ﬂtﬁﬂﬁ 4%%‘1@‘% Bt ched
cluster representatives. Second, in the absence of enough RAMto |oad the
entire |1epresetativesyippemarsmemoshtorind g slosest maching eluEt TSPHFEMAYh expl oits
an i nportant o s .

When a match is found, the cluster associated with the cluster representative ﬁhaylggg.the ,

10  closest match is loaded from secondary memory to primary mgmég'ry. ThlS teohmque
. avoids the excessive disk ﬁnashipg found in prior techniques. The ig&gnﬁéé makes -
further use of ﬂ’;e observation 'that in chip fabrioaﬁon by andi largé dé’cg ﬂommeasmng
instruments is often mathematically continuous.
In a preferred embodiment, the heuristic min-max algonthm éf T. Gonzalems :
15 used as the preferred clustering and partitioning method.
Furthermore, various refinements are introduced, such as ,t:o account forspeclal E
cases of borderline matches.
In suym, the advantages of the present inventioy are, in one-,preferredém]'déd.i‘ment,
manifold. First, the number of comparisons that have to be made for each incomixgl‘gﬂ
20  signal sigpiﬁcanﬂy reduces from 400K comparisons to less than 10K comparisons.
Consequently, there is achieved an improvement in speed by at least 40 times, This can

- be achieved by selectiyely comparing only those signals associated with clusters of the

2



aspect of process control systens: the variability of incom ng signals,
under simlar conditions, is small during a certain period of tinme. This
aspect’ wWQOB$420that during a 5 certain period of tinme tRerbest44nmt ches
for all the incomng signals can be found in only a subset of clusters.
Thus an incom ng signal is nost likely to find its best match in the data
that is already residing in RAM This significantly reduces the nunber: of
swappngs that take place during any given period of tinme. Furthernore,;
since: the ampunt ofdta - that needs to be swapped is a small fraction of
the enti rbgst%gt enf c1h 6 ABleleRitiveie SkidNaaithe bBRndDot ditR gk RAIQH 16hdant O
swapping fromhard drive to RAMis negligible,, and. hetce.the. t,, Q-

el apsed du

o ebsed Ui oL 0o DRGSRl Bk RAAEY FOBIPUT mhpotl, Tt
Lhe prof | LeoTeley system TRl erenll 00, L0t B8RSSR OBl S 2(2)

profileonmetry signals, and a two-dinmensional cluster -map of -such points .
FIG 3 i soaditiops,liesetll fudeg haettainperopekine.r Ehismepasbougeests thipt duringg for the
present invention.” 20 FIG 4 is a top level flowhart of a preferred

met hod ofceRalgelib@ 0k tenett Bed Shatéhek 6r all 6 Mtiotrigy Siknalk usd b¢ fowad iB ol a
02/ 44820 PCT/ US01/ 44616 FIGS. 5(a) - 5(c) are sinplified two-dimensional.

o, B RO L O it <

preferred ne ering. S a tlose-up o portion of
FIG 5(c). illustrati t r e f. "borderl.ine match'.-'&5 . . ¢
( )data that is aﬁreacfygresig?ng%nﬂl\d{n ﬂns gigmi%?:an y reduces 'the nurrqbe;; 9% swappings -

that take place during any given period of time. Furthermore, i'siiiqg the amountofdata

_that needs to be swapped is a small fractjon of the entire size of the data of}tl,ﬁ hbrary, the
10 time elépsed due to swapping fr.Om' hard drive to RAM is negligible,,and hence. the tmle

elapsed due to matching incoming signals to library signa1$ is not t'hat;t'a‘ffecte&.

Brief Description of Drawings

FIG. 1 is block diagram view for the proﬁleémetry system 1mplementmgthe '
15 present invention. | |
FIGS. 2(a) and (b) are simplified views of a vector field represgnting,j. k.
profileometry signals, and a two-dimensional cluster map of such po,iﬁts .
FIG.3isa top level flowchart of a preferred method of clusterin’g for the present
invention.
20 FIG. 4 is a top level flowchart of a preferred mefhod of partitioning data using the

technique of clustering.



Det ai | ed Description of Preferred Enbodinent(s) FIG 1 is block diagram
view for the profileonetry systeminplenenting the present invention. A
conput er v ov/esed- 10 having a processor 1-20,.runni kng t hBCT/A801/44616€
program of the present invention, cooperates with primary nenory (i e<,

; RAM. 10 1-30, secondary nenory (i.e., a hard drive) 1-40 and a plurality
of 1/0O devices 1-45,-'such as keyboard, nouse and nonitor, as well as 1/0
devi ce 1=50 connected to.one ovnore instrunents 1-55 that are used in
profil eonetry, such as an ellipsoneter, scatteroti .eter, . atomc force
m croscope (AmYss. §@?ﬂ@(@%§§iﬁ‘;ﬁﬁﬁat\%%ﬁé&@cﬂﬁl. %%EM@ $iEABSF BsSTf Abta

el ectron m croscope ( TEM)’, spectroneter (SEM EDX), or the |like, which..
preferably.ar 5 real-ti aeasurd i L .. such as an ellipsoneter
a nd scat Eﬁ%ﬁ?@%%rf ,paﬁmﬁnegglf‘gg%tp%f:eﬁg%{%{%ﬁ{é)dggt% g%S%snﬁ%h as scattered or
reflected wavel en . inreal-tithe, T d .S, correlated wi,th library
data to ascertFéﬁngé‘gﬁ%P}Qée‘%}P O%ﬂﬁ’gﬁ’t{é’é‘tor%th?(I@? ’fﬂé’éwtﬁz‘ﬁ'&%mo TREE4s grain
size, profile contours, critical dinmension (CD), filmlayer thickness,' and
t he |i ke.“botderloenpatkt. system of the present invention preferably collects
incomng real- 20 tinme data signals from non-destructive profileonetry
instrynments 1-55, and stores the incomng real-tinme data signals in
primary menory (e.g., RAM, in a format such as a nulti-dinensional vector

to allow for conpariso i - I QL o5, 8l HS JQormat. 4 WO
02/ 44820 PCT/ US01/ 4461 e\f\éﬁjneuﬁsﬂ‘%sglég@hng TEfeed. neozllﬁ?g%tltsgdata is then

conpar ed agai ata fraoma libragy stored in nmenory, indicat.
conceptual Iy :]Ifi&iizl (*fg]fcgghng?én a&“éﬁt%ed)fPﬁPWFXSr{D%?d@!‘%e"??ﬁgﬁ’a mat ch
between the incomng real-tinme data and the library-data: \Wen 'a match-is
made  betmessnt inventione chicarppiish pystanid-1@daxing ajpraresseiol -2oauanng e he
profileoretry instrunents 5. and the library data stored in RAN', . an

oper at or spfiwafepiopeseof the Praoit iaverkivaysoopbatestwith primary memory: (E.e:;RAM)

10 1-30, secondary memory (i.e., a hard drive) 1-40 and a plurality of /O devicéé‘ 1#45,5 such

as keyboard, mouse and monitplf, as well as VO device 1-50 «:onf}egtef(% to oneormore 5
instruments 41-55 that a‘re used in profileometry, such as an elhpsometer,scatterometer, .
atomic force microscope (AFM), scanning electron microscope (SEM), transm1ssmn
electron micfoscope (TEM), 'spe,ctrometgr (SEM-EDX), c;r the like, Which;,pféffer@piy are
15  real-time measuring instruments, such as an ellipsometer and sca;tteromet‘e:;f,‘t?au ollect
incoming data, such as scattered: or reﬂectedlwavelengﬂl, in Jseal-‘jcime‘.1 The dataxs
correlated with librar}; data to ascertain features of intel;est in die 'fabﬁca'ﬁc')n,' such .';15
grain size, profile contours, critical dimension (CD), film layer thickness, and the like.
The computer system of the present invention preferably collects incgoming real-
20 time data signals from non—destruétiv’e profileometry instruments 1-55, and stores the
incoming real-time data signals in primary memory (e.g., RAM)? in a format suchasa’
multi-dimensional vector to allow for comparison with library data in the .same format.
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characteristics associated with the |library data are al so associ =aced; with
the incomng real- tinme signal data collected. These characteristics are
used to owdoukse@e cross-sectional wafer profiles, that aPeT/wRowvd4bHl
inportance in wafer fabrication. In profxleonmetry,. it has been found that
a relationship exists between the physical and optical properties of:an IC
10 device (thickness, coefficients n and.k, the critical dinension (CD),
and the., .crci87seation. profile of a patterned |ayered wafer) and the
magni tude (tan 'F) and phase (cosine A).of reflected Iight shined on the

| C devi cenib¥ndoffthd HARARR siGH4¢ Batd $s 8Bn BbthpREQBRAIRS: data frorh A b9 stdr@THNI ques,
however, there are potential problens associated” with storing and.

t
Comar | B B 2R e ao§?°2¢*‘%§4@f§1'ﬁ9%ﬂ§%h;?”have to
be made bet ween dat oints call ect ed fr m Jj.nstr and a n, t he
li brary Pgte %ﬁﬁvegnﬁlges{}xch@mﬁ{ cakriime dpip aing%?q llﬂ)]?mry %ﬁ%nﬁﬁ?ﬁ vélmfd[ebr ary
data conpri si 3’9400 000 I|brara/8¢prof| | es that have to be rratched to

i ncomi ngbaiween the indoming resésime data sigealmepilegtoddydhparediloametey inptjumeris have
enough .RAMin a conputer in order to load all of this library data into
RAM andand“ths tibRar? Qata ysiredvi RAMIBY opetator o€ theqmssehnt mventiemkddvgithet the conput er
systemwith.that nuch RAM Each incoming real-tine data signhal .coll.ected

b t | o

ol | ?psﬁﬁ%@“&?ﬁl@%a%?%%"ﬁg AR 1Ry 8RS ard 288 %%5‘?5‘%% TRihe Mecndn fseal |
02/ 44820 .PCT/ U [ 44 dr t

ensure afBfs! gﬁgf %aé?:f’ e nﬁ?ts u q‘?"ﬁ?‘gg?‘ﬁg‘g?‘@ﬁs léfcua?%g 8%1‘15%%"3"1"3 ct ed an d

l'ibrary data, a sufficiently |arge library of data _needs .to be.stored,
pr esent | yafep profiles, teBarerpfsii t)z/denmﬁrtamp xrh\s@‘lvesl fohcatiog. B Profiipemetr ftag
envi sioned that in the future even greater ampunts of data: ray.-- be

col | ect edegendbtndthaes ﬁélatﬁodshiprmstebetWEersﬂae phgsiel gnabpﬂaxl @mmytlds@f
which creates a further potenti al o

10 device (thickness, coefficients n and k, the critical dimension (CD), and the cres ;tiqr; E

L
3

profile of a patterned layered wafer) and the magmtude (tan ‘P) and phase (cosme A) of
reflected light shined on the IC device by instruments: such as an, elhpsometer

In prior techmques, however, there are potential probl« ms. assomated Wﬂh stonng

and.comparing 1arge amounts of proﬁleometry data, Whici:l this invention -faddfesses: “One ‘
15  problem-is the sheer number of comparisons that have to be made betweea data pomts

collected from instrumeénts and data in the library to find a best match Thus 1t is not =

uncommon to have 11brary data comprising 400,000 library proﬁles that have to be |

matched to incoming data to find a best fit. It would be expensive to try and have eriough

RAM in a computer in order to load all of this library data into RAM, and in some |
20 systems it may not be possible to conﬁgure a computer system with that much RAM.

Each incoming real-time data signal eollected by a typical wafer test and evaluation

instrument, such as a ellipsometer, is a broadband signal that can be composed of over

5



bottl eneck when using prior techniques to match this data. Finally, yet
anot her reason RAMis enployed to store library data is that in& ng.

dat a- col Ivv@bvB##8R¢ om i nstrunments have to be matched to* |iPCEUBIGEGE | N
real -time, since mcrochip fabrication apparatuses are best adjusted in
real-tinme. "Having to store library 10 data in secondary nenory (e.g., the
hard drive) rather than primary nenory”(e due to insufficient RAM or
having a large library,.slows down the real-time cal cul atzons~ that have
to be nade, since |library data has to be noved from secondary to primnary

menory. Ao StiFedQnilonehts REGOIPH2RIARER! (R diguierd watd gerfect Makiktyeea suf
iciently'large 15 damount of RAMto store all the library data. associated

B Olomfiehime HRBI104 aﬁchl?)ra#t B SR guAardeQithy SrQERD On

'S swappe o an out : whenever the

conput er pro mcalls for hi,s . t he

di sadvan?%&é%b e ﬁ@?%l’@ﬁwy‘g’itﬂg Gﬁﬁ? 81@8?961?1 ‘ﬁ%‘%ﬁ@%}’mg?l gg%%\sm P?I /O
transfer processes is typically several orders of .magnitude sl ower than
communi cenvisioned that iRAM fitireGue Btpaien ampunts oF da3imay b Wilestrd 2o Sﬁ}ﬁerﬁ]ay occyr
bet ween RAM and the hard drive, as a programattenpts to find the best

mat chs betipReRs bhoicdGiaNdath Galy-Heiehmlsiatiawhichloaeitesch fusther potbutialy ~dat a
stored, creati ng a bottleneck. 6 WD 02/ 44820 PCT/US01/ 44616 To ‘address

this probl @‘F;Q{ﬁ){ﬁi dhfater.alia, a clustering

t echni qug @%}’? crea egr?é;ﬁgr&gt%é@gi u(raan cr ar)sl data, initially loads only the
representatives t he Iuster f ~ A
i nconmi ng real - eﬁilé( ¥4 #go Srzieﬁ%gx:[()ug/#ﬁggg)%}p@%éé@%@%@%%%ﬁﬁﬂﬁ
| oads the cl usters associated. with the., clos 5. .mat ching el uster -

r epr esentdatiopBestedfromhiastmaments havedo bsmeateher tp g‘%ﬁ%ﬁﬂﬁt@ﬁ’é e Se 8eh;

II]lCl'OChlp fabrication apparatuses are best adjusted in real—tnne Havmg to stare h'brary o

10  datain secondary memory (e.g., the hard drive) rather than pnmary memory (e g R

due to msufﬁment RAM, or having a large 11brary, slows down the real—tlme caL
- that have to be made, since library data has to be moved from secondary to pnmary SRR
memory.

At some point it becomes economically unfeasible to employ a sufﬁmenﬂy large

15 amount of RAM to store.all the library data assoc1ated w1th proﬁleometry Therefore the -
library data has to be stored on a hard drive, and the data is swapped into and out :O;f RAM
whenever the coinputer program calls for it. This kind of “virtual me;mory;"ha?f:i{hé
disadvantage of beiné slow, since processor connnuniéation with /O transf‘e;\r proc§55es is
typically several orders of magnitude slower than communication with RAM. .

20  Consequently, excessive disk thrashing ma}" occur between RAM and the hard drive,asa
program attempts to find the best match between the ihcoming real-time data @oiiecifEd

and library data stored, creating a bottleneck.



t her eby reducing potential disk thrashing. Thus the present invention seeks
to enploy clustering to mnimze the nunber of conparisons and mat chi ngs.
t hat. haweovv448ake place between real-tinme data and |i breeyud@rasionni | e at
t he sane tinmeguarateexg.a bestmatch: between real-tine data and |ibrary
data. 10 To illustrate the theory behind clustering, FIG 2(a) illustrates
how i ncom ng teal - tine data signals collected by the system of the present
invention from a microchip fabrication process are stored. The data from
an incomng real -tune daCa sag a frame a- optical neasuring instrunment,

such as an eltd REGERNETS préflchSk s@RkEEvatdnaeloys, (Hbi i, aiclusgeingr al _can
be thought of as any pararreterl zéd representation of a.. “nunber -into 15

comPonet Sinigiikihl ac'i'?aﬂest éiﬁét&)s frt? libloby ek, ALY oS 6hAY e FepPesthari G

vector-h Yt conrponent exanp corrponents t he

X; Y and_Z conpon for ustrativ

nunber dheehsigs 16‘?"2%‘%@1’ 0”9?-38’? %f‘éalﬁ’é%‘k gztkzﬁn%o(gnm%% eﬁ?as §0(§ S(%// and 2)
are shown. In practice, the incomng real-time profil egnet rd Signal (which
may al so:lus'ielpppn@etrrﬁsdlveb,eand onilythen leaga thedusters estogiated Witk 89495886 but st or ed
20 for later analysis) is represent ed by a vector.'of a nuch hi: gher or der

t han st hr@giching@lusted répreshnimive ifonathevaed drive o RAM vatempleie the sathence of
nunbers of - Iength n (e.g., ann-tuple of nunbers), where nis a p05|t|ve

| nt eger ; 11}%%@?# %@R&%ai%sﬁtﬁ GG CBndsThe {)fégent inventiolRdeks tof eMBlo§2/ 44820

PCT/ USO ar notation. Presently, the vector descrtbing both

th I i .l ect |

| nst r e S Bt P DA OB o A e fra?gg%éplace

par anet er i zed. or conposed of up to 106 corrponents (e’g
wher e n-b@@etmreshtimsrdetaeqnddibreryisiot, mile pt ﬂwwa@emwaﬁ@tww %.P?S"&?tt set

and the 5 incomngreal-tinme data S|gnals are represented in the same
format. Dsesenidajtimaiata and library data. “

10 To illustrate the theory behind clustering, FIG. 2(a) illustrgteé how mcommg j:eale, .
time data signals collected by the system of the present mvennonfromamlcrochlp S

fabrication process are stored. The data from an incoming real-tl{neda’taSI it

optical measuring instrument, such as an ellipsometer, is represented as avector (which
in general can be thought of as any parameterized representation of a number imo'

15 components such an n-tuple), as 111ustrated in vectors 2-A-10. Each vector hag a; ph:u:ahty

of components, in this example three components, the X, Y and Z components ‘In FIG
2(a), for illustrative purposes only, a number of three-dimensional vectors ha'vmlgrthree
components’(X,Y and Z) are shown. In practice, the incoming real-time proﬁleoméh’y
signal (which may also in principal be é signai that was recorded in real-time but stored
20 for laten analysis) is represented by a vector of a much higher order than three, i.c., a n-
dimensional vector, or equivalently a sequence of numbers of length n (e.g., an n-tuple of

numbers), where n is a positive integer; usually denoted by a sequence {m, my,. .., My},
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conponent (e.g., Xn) of the nmulti-dinensional vector is represented by
doubl e precision, nunbers in conputer nenory. Up to 400,000 signals are
present | yw@vw#4seo i n m esnory and collected b y profil eone€TAgSémasreunent s,
wi t heac hsignal having up to 106 cornpor eats (which can also be
signals such as wavel engths), which requires :over 42-null ON 10 precision
bytes of nmenory. Regarding the incomng.real-tine data signals, there is
often a corres of enee between an i'ncomng real-tine data signal collected
froma profileonetry instrument and,  a library signal. stored in the

conput er o?%ﬁma\éno{lalﬁ%n @%@ﬁﬂf%é%ior%&&fbﬁ@both@&ﬁﬂb&ﬁmg%@u&é f&asi gnal
vector with a library data vector stored in memory to find the best 15

Typical ly fit 1s foun

et § deafiamCedfEba m PR HRdn R AL S b R td%&iﬁ%a%?ﬁ*@%m?&ff‘?ﬂﬁf. B

i brary. data vectors thc{ best rra%{ the ncoinir ?k?hé g a 5|gnal
vect or nd%aé(F%tBr PrEANEiGHEed ot FHRRIGELET Wh W@H‘—*F’@t pe ’shown a
t wo- di nensi onal collection-of data poi nts, whi ch'.can be thought of as the
proj ect i ovhepé nEHeS inmeereferrehembodimentic {lbins osth thelibtagy datg syt avaths one pl ane,
such as the X, Y plane. A collection of points is formed, such as. poi nt's

2b- 10,5 2hndfain %Qea’i—t&ae a8 4i3nald brHQprBeht@bintfle sanelfoairat. dlaﬂegenﬁlgleaﬂs Wi t hin
the circles 100, 2b-110, 2b- 120 2b- 130, 2b- 140 and 2b-150, respectlvely,

formed by, gebgﬁsmg pg Sei %ﬁ@%@@hﬁg&% 1{hf6dfor 1B P és’ént Wg uﬁl‘é r&GLibNel Y

may be ter |nspect| ‘een that. t he

oer® " BRides guibu riondy SuBR B Busidraf a?‘%’/)\i”?etﬁesqt%é‘ Sl

n- dlnenS|onaI vectors wused.in profileonetry, such clusterlng occurs in

hi gher d.q@n@e@hmpr@memsmﬁm mthw&sug,nabba\awpﬁtcewmr@aﬂﬂ y.

(which can also be 51gnals such as wavelengths), which requires ;over'42_fnulihf9n gm:blq. -
10  precision bytes of memory.

Regarding the incoming real-time data signals, there is often a correspondence -

" between an incoming real-time data signal collected from a proﬁ*leometfy ms
a library signal. stored in the computer memory. The computer must match an*mcommg
real-time s1gna1 vector with a library data Vector stored in memory to ﬁnd the bes'c ﬁt
15 Typically the best fit is found by statistical techniques such as a Euclidean distance,, orV
“least squares” fit. A range.of matching library data Vectofs that ;best _mat(‘:h ‘jsl;ig mcommg g
real-time date; signal vector rﬁay.alsé be found.
Turning attention to FIG. 2(b), there is shown a two-dimensional collqetionlof
data points, which can be thought of as the projection of the three-dimensional vector of ‘
20  Fig. 2(a) onto one plane, such as the X,Y plane. A collection of points is formed, such as

points 2b-10, 2b-20, 2b-30, 2b-40, 2b-50 and 2b-60, and all datalpoints within the circles

2b-100, 2b-110, 2b-120, 2b-130, 2b-140 and 2b-150, respectively, formed by these |



One way to physically rationalize the phenonena of clustering is to note
that data collected fromwafers during fabrication is, by and |arge,

mat hemat ive@b2/y482cont i nuous”, in that data collected at aP@DUR/44m16ti me "f'
is simlar to data collected at sone small interval of tine earlier,
"t-At", as well as :data collected at some, small interval' of tinme' |ate>
t+.. 10 O". One possible reason for clustering maybe that the chem cal

,and nmeehan cal processes formng the wafers tend to vary the wafers in a
conti nuous. manner. Regardl ess of the physical basis for clustering, if one

i dentifi ﬁ%mlts%%&ﬁgléﬁg%vg}&?ﬁ%yz ?@%ﬂn@& a A8 38001 N Rerht 0 By%f?s;p%@t@o@i@ tdpe 2P- 140

and 2b-1 representative cluSter data center point

fromeach cluster group can he selected In EYG .15 2(h t he,representative
cl ust er i?ﬁ?gmigfﬁ%cgmﬁﬁﬁargooa}lﬁ%lg ﬂ‘épsg(sgﬁet]f‘?P%m%\yg * ét)ééh eOJgch;:sti.e.,gr oup, or
conceptual Iy, the center point of the circles shown in FIG b))*, such as
center, “cladieringsi e theapesept inyenting, \@@_@@}O(Qmpfgne%n-@gngﬁéongggégrs Each of
these representative cluster data points fromeach cluster group are
stored i unseRANprditenystry, vech clagterimpeodeurs indoghen dimensiongl spacelandbeaginghal i s
received, the data signal is conpared to the 20 representative cluster data

poi nt$s ffegaﬂyegézaeﬁ;&tg@?%hg;wp. The cl osest match is found between the
incomng redl -tine data signal and the representative cluster data points

from each cl 1 - est et eh s e qhhe--
appropriate-c p%é S&ea v Qéé gﬂgméarﬂyg%ag%%fg%gn%%@@ H%gi%é s ﬁi {%é;cgggd'{t d%t?
particul ar_ data associ ated wiith the representative cluster, data. paqint) :
associ at e@lecwdtfrpmw@f%fiw%% Pcﬁ‘téﬁ’r’é’g?é'rﬁnéﬁ?’ig& mpthemapc: f‘zf(o‘gtfﬂ -g"‘(’;E%,, t he
cluster center) is |oaded from ‘the hard drive into RAM -and asecond :
sear ch f tdmt datamolddviddsat parofimrintiphet ‘s 1si sindilatio detacpdlseted pi domag ymalbigeryelct or
within this cluster to the particular inconing real-tine data signal 5
vector. oftime earlier, “t-At”, as well as data collected at some small interval of timie:later; #t+:

-t

10 At”. One possible reason for clustering may be that the chemical and mechamcal : 

processes forming the wafers tend to vary the wafers in a continugus manner.

Rega;dlé,ss of the physicail basis for cl}istéﬁng, if one ldenﬁﬁes the clus ups,
| such as 2b-100, 2b-110, 2b-120, ;:2b-130, 2b-140 and 2b-150 in FIG 2(b), thena
representétive cluster data center point from each cluster group can be selectedlnFIG u
15 2(b), the representative cluster data center point could be thegeéyngaetricl; averegg§ ofthe
group, or conceptually, the center point of the circles shown in F IG 2(b)), suchascenter
data points 2b-10, 2b-20, 2b-30, 2b-40, 2b-50 and 2b-60, -Each of these representative
cluster data points from each cluster group are stored in RAM memory; then? as each
incoming real-time data signal is received, the data signal is compared to the
20  representative cluster data points from each cluster group. The closest match is found

between the incoming real-time data signal and the representative cluster data points from

each cluster group in RAM. Once the closest match is found, the appropriate cluster-(i.e.,

9



The advantage of the present invention over prior techniques is that
rather-than having to load all library points (or vectors representing

t hese poiwo 82/#482i gher di nensi onal space; in general it BODUK@/43616
understood that "points" in space: can be',-, represented by a vector or
n-tuple) into RAM or having to rely. on slower virtual nmenory 10 swappi ng
of data into and out of RAM in order to consider all library points, one
only has to first conpare the representative cluster data points with the;
.incomng:s gnat data point, and only then swap fromthe hard drive into -

RA'V' t hosg, Qa%tngtrt-c ar BAG aséoléateerw,[ K p&@éntﬁi%%ﬁt%’ier%a%ﬁﬂﬁm) sbdpefuddor

borderlrn cases, as ex thx then eretn . sonetines nore

t han one cl yster ou has S 3 S t.h sest.

15 repr e@@hﬁ‘&tﬂa%c r8 en, Vscﬁﬁfeﬁp ﬁa ng{ t%'F gus 6588%1 Wd“c} %C?%S?’nt .The
"menbers -6fth cl uster group t hys found are a . smaller se%~ égﬁ{ the entire
set of Itheharddriyadniodiiih and aserend seqrpl faradnaich b ﬂtﬂﬁé% ipd theclosssent i on
speeds up the search for a best. match, as welt.as . : .. conserves. RAM
Not wi t hslitsrayi datp veoradithie this tlusteotd e lpermu]:ae thcohdmgoreal-fimetiata sigaal pr esent -
invention 20 would also work with a conputer systemthat is conprised
entirel yy ye% RAM  The present invention thus does not need to enpl oy

swappi ng of data to and from pri mary and secondary rrem)ry 10 WD 02/ 44820
PCT/ US01/ 446 T. space of
FIG 2(b), su o &@{?5%82%% Slr%ré lggeétea Oieﬁé&%@&%or nt {Hgg&gegn IS
identical to data point 2b-12 that is a nepber . of . the ch{ group

2b- 100, lhavingtoread all HbrsreRQipts 4T VRsterp (RPN thessorqints da, £ 2b-10. The
sr gnal S woul d-be conpared by the software program of the present

" i nvent i dimeBsibnalepade; of géneeal neshoekidret undestood| that ‘ppings)i m@pa@@ea bpm nt
centers, 2b-10, 2b-20, 2.b 30, 2b-40

represented by a vector or n-tuple) into RAM, or having to rely on slower Vlrtual memory

10 swappmg of data into and out of RAM, in order to consider all 11brary'-pomts ﬂoneso_nly

has to first compare the representative cluster data points Wlth the 1ncommg srgn‘

point, and only then swap from the hard drive into RAM those members of the cluster .
group (or cluster groups, since for “borderline match” cases, as explalned fu.rtherﬁelzem,
sometimes more than one clusterrgroup has to be consldered);assoctate‘ct Wlth thedlosest ,
15 representatiye cluster data point found to the incoming data p()itfﬂl.: The ittembezs of the :
cluster group thus found are a smaller set that the entire set ot’ library data poinfSQ, Thus
the technique of the present invention speeds up the search for a best match, as Wellzas S
conserves RAM. |
Notwithstanding the above, it should be noted, however, that the present invention
20 would also work with a computer system that is comprised entirely of RAM. The present
invention thus does not need to employ swapping 'o'f ctata to and from primary and |

secondary memory.
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2b-50 and 2b-60, which are stored in RAM of the clusters 2b-100, 2b-110,
2b-120, :2b- 130, 2b- 140 and 2b- 150, whose associated library data
menbers aveozysse@ed in thehard drive. In this sinplified PREURIIM6Lche

cl osest match to .signal S would be with the; representative cluster data
point 2b-1 0, of cluster group 2b-100, which woul d=befoun. dby 10 the
program of the present invention after conparing only six such
representative cluster data points to the signal S. Once this |

determ nation is made all the library data nenbers “associated with data

poi nt 2b-1 Q ak=Tol Jo s tdhexar ¥e into
R AM ConceptggleSH%qmn%lq%%g%pl%%? g@, ‘r)rlé&nggllrls ofg%ﬁg%gF uste(PﬁZSgp%bgo woul d

lie th t th €, b 1Q0 b

thi's' ool | BEVRUR-OPard et B s, Sl%n%% s o %tasr%%ﬁt?ﬂv B R o
2(b). Th h.woul d th t the cl tch bet th
2 onar "B otla st Born SR 0oDH sl antenhi 02 SRRa b G po.em

2b-12. Once thls match is found, the search is terni nated . Consquently;.
nei t her @h—é&sﬂ"hemgnahﬁmbu}dﬁrmwnmmd Ly the seftvan puesrag of dbe plesest inyeptiohe
data joints in the stored library has to be enployed. 20 Thus, "‘turning to

FIG 3 aoteaph betgliedrbsantdtiat tlier bbRcPdRs poiht ¢onventaboro, iZb-m’lQMO 2848,
software tool of the present invention nay be witten in any: conputer

or ocasor 1oy 0 oY an@?ﬁa%ﬁ%%éw% O ik 4820&%6@TPU801??1-41%(1)’6 > reror y
ceyhoar d. 15, 48 asea(q%w%ﬁ‘ﬁnﬁ 8 Rl Bue e 5%

profileometry; or any speC| al i zed- har dwar e or f| rmar e, Pref erably t he
conput er @, diihie saplificd,aample, Saadenesipaieh origna tovayd beakithte:

data of profiles can be quite, large in, . size, .5 Depending on» e
| anguage tepesdedtativnslasterdita poit tmomstér@mqmu-m evl(mlnmmd;b v by

10 - the program of the present invention after compating only six sueh representatwezf i e

data points to the s1gnal S. Once this determmatlon is made all Ythe hbrary data membexs -

assoc1ated with data point 2b-1Q of cluster 2b-100 would be. loaded from thie’ Hait Ve

into RAM. Conceptually, the library data members of the clwasffger 2b-1 00+ wo i ethe

points inside the circle 2b-100. As can be seen bj' inspection,‘this collectioﬁ jocf datalsa

15  mere subset of all the points shown in FIG. 2(b). The search Would then- contmue for the
closest match between the signal S and the data of cluster 2b- 100 Wthh in thls example
would be point 2b-12. Once this match is found, the search is terminated. ansqu‘,e;nt}y‘,;
neither extensive virtual memory nor a time consuming search of all the data points in the
stored library has to be employed.

20 Thus, turning to FIG. 3, é top-level flowchart of the presént invention is ‘shown.
The software tool of the present invention may be written in any computer language and

run by a general purpose computer system, having a processor(s), primary and secondary

11



could be, any |anguage, such as C, C++, Perl, Java or the like), the
software may have any nunber of classes, functions, objects, variables,

t enpl at esyo b2/#4820 of code, portions of uode ste bock’ "soPcmmsemmanﬁ
constructs (collectively and generally, "a process step ,tpt,

process", "functional nodule" or "software nodule") to carry out,
the-invention in 10 successive stages as described and taught hereln and
may be either a stand-alone software application, or enployed inside of ox
called by another software application :c: The software process or software

modul e nRYmBS &%P&rafﬂa! & 80 18O fd&é‘ésof(@eaﬂpm)lxﬁéhn%fsuc}p&s Bonitdt, fb@seappl i cation
perfornms a plurality of funcgl ons,- as for instance in (bj ect' Orrented

progra T true, in
Pr 09" Mo, S U AUE RSB T g3 PRSmERy BBy ot
functions, apd Aill be function a sin grtjon.of co At any
stage ofsﬂeﬁépfﬁdg'l@é@ga@toé Ivars P rsﬁagé%ﬁle cioﬂ}Pél%fE’S @Wlaﬂae val ues,
vari abl es and data may be stored for |ater use by the Eﬁgogram Thus

turni ng segomdaly nntoe slerags, astbokibrirs dite abprofilasean e grise tge B 3- 10, where
20 the program of the present invention fornms, fromthe set of all the data

poi ntss const i Depdndehg onﬁleﬂaﬂghagé/u&ﬂt@&@fsuhet ﬂﬂhﬁxpléﬁd@td{e mw«:{wlﬁblers of
the data, preferably. through the technique of non-hierarchical :

partiti OQHQ%QB%%}%%%%B&%E%@@MSP&& Al 6r Bl ik f&heogo%dr@nﬁ%avé dpye. 12

WO 02/ 44 clast ef representati from-the’ | i'brdary data
set for eac t he ters s ed rt.her herei-n _.in Ctl on
ot Bl csinber it el B Ron, s el A

Ry
-l

Pl hS ordFUE Al e PAE

journal article by, T. Gonzalez, "d usterlng to M ni.mi.ze the Maxi.nmum

| nt er c| uandegonstoies fedlectivelnanst gsmerdly, ‘Bapease ptesp ‘@Wﬁ’é “biﬂlﬁkﬁn‘éeﬁ‘@’ampp
293- 306, (1985), incorporated .

process”, “functional module” or “software module”) to carry out the mventlon 1n

10  successive stages as described and taught herein, and may be.‘-e1,the_r a stand;alo.rj;e .
software application, or employed inside 6f or called by ano’;hex}:spftwayve apphcanon(
The software process or software module may be constructed so ti'hat o’h;é ppﬁién of code
in the applicationperforms‘a plurality of functions, as for instance in'.()bjéc't Orlented
programming (e.g., an overloaded process). The converse is adso true, 1n that erplurallty
15 of portions of code could perform a plurahty of functions, and st111 be functmnally the :
same as a single portion of code. At any stage of the process step of the present :
invention, intermediate values, variables and data may be stored fé)r later use by 'th‘; '
_program.
Thus turning to FIG. 3 there is shown a software module process step 3-10, where
20  the program of the present invention forms, from the set of all the data points constituting .
a library of profile data, two or more clusters of the data, preférably,through the technique

of non-hierarchical partitioning, and calculates representative cluster profile data ‘('i.e,',
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5 by reference herein. The conputer then |oads the cluster representatives
into RAM while the-clusters (i.e., cluster library groups) thenselves are
stored owoOhm44820d drive. While initially the conputati oRCT/OR0IC446BL er
representatives is time intensive, in tlhe..lgng run the ,o verb program
allows for faster execution of profile matching with real-tinme data;signals
aril ytirrre needed to performthe 10 conserves the use of primary
menory. Because of the |ength conput ation of clusters- and cluster
representatives, the conputation is perforned before the start of

col lecti ”ﬂugt@i%pkhéfﬁat%%ﬁﬁ&hqm fibRry @iQhdt fe0sRh bY HonSisteRRtdescri¥REt , i N
sof t war e nodul e process step 3-20, the program of the presegf ni-yent ron

gat her s | A0 AGLiR S babiABoS LIS 4 8LAH AT pl JRler GUARLCH LPced

profil eone st runen suc e |psone ers,

multi-co ent cto entin hs a Th nf he signals
are !'realnllglttﬂ‘?rié’mﬁ/ HE i"é%{‘leéﬁ?@ﬁl 3 S’!Sfmglzﬁ’ ﬂ’éﬁ’%?’?zﬁ ‘@Iﬁ “"ﬁc’%er tfslgf

i nportance in sem conductor fabri catl on, in theory the signals may al so be.
col | ect edDistange’pldheprstisakGoraputprSciensecolume S, plae&%‘h?r% £1985adncqrperatedat a”
can al so i ncl ude such tine-shifted batch data, and generally stands for
act uals dapyprefathceteedinby i nstruments 20 used in profileonetry, or nore
general ly, wafer fabrication. Typically these real-time data are opti cal

broadband si gng écdrﬁ VB 1Rk Hie@h?sté&@é!ﬁr%@éﬁ%ﬁ%s b mhﬁrhﬂ@ﬁie c’ﬁﬁs‘i@s data

each represente vector or n-tuple of over 100 corrponents
02/ 44820 PRCT/ 44616 of t war e nodul.e 0 ste rogram
enters a figo iﬁrfraﬁ@%&%%r s g S R fﬁalf etBQ
representative cluster |ibrary data fromstep 3-20, |n order to find the
cl osest nearapptation of cluster represéntatives is time intenstve, in the Iongrunthe o%razl}
program allows for faster execution of proﬁle matching thh-rea;‘l—tlme data sxgaals and
10  conserves the use of primary memory. Because of the lengthy ,ti:m‘e needed toperform the

* computation of clusters and cluster representatives, the computation is performed before

the start of collecting real-time data from the profileometry 1nstruments

Next, in software module process step 3-20, the programof the pre it
: gathers incoxm'ng real-time signals relating to data collected from proﬁleomof'r:;r. G

15 mstruments, such as ellipsometers, and forms a multx-component Vector repres'en‘cln‘Jr ﬁus

data. Though in fact the signals are “real tlme” since 1ntexp1etat10n of th13 data m real— |
' time is of importance in semiconductor fabrication, in theory the signals may,l_etlso bo- :
collected at a previous time and storeci, thus the phrase “real-time data” can ’oiso i;i'olud.e‘
such time-shifted batch data, and generally stands for actual data collected by instruments
20  used in profileometry, or more generally, wafer fabrication. Typically these roai-time

data are optical broadband signals involving mul‘riple wavelengths, with the real-time data

cach represented by a vector or n-tuple of over 100 components.
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In software nodul e deci sion bl ock 3-40, the program checks to see if
the.real-tine 5 signal is a potential "borderline match" wth the
representva® bv¢48ed uster profile data center point, as expbal/mse/foerst her
herein. A "borderline match” is generally close to the' boundary of the
cluster represented by a cluster representative, or, in the case of a

hi gher order sphere, close to the boundary band defined by the radiuus.R
of the sphere, where.-j?, is the cluster radius Euclidean distance from
the representative cluster profile data center 10 point. In the special

case of a " bortRfwREmbahkbroceds ste) Bl ﬂﬁq)régkéﬂkﬁ‘ﬁerbm@@lﬂﬁ&%ltﬁmrem-t h the
exanple of Fig. 5(d), the closest match with the real-tune data".s gnal.

.hay in rof 4

d| stance{@g%Mdata ereh%a?éas‘g& e g éllrtl%}é]%be V\%él\#? Igaéljgﬁg\fg g@dﬂ%’he

cl osest 1 ese t|ve match, and v\/nchl’> has to ;al so, be-' | oaded |nto
RAM al ont}t ﬁﬂ?rﬁogiwa d‘?:f’{?é‘?séma&g]som ated with the cluster represet tative,

S 15 indicated by software nodul e box step3-50. To define how close to the
boundary of 6 safiwase srodulecdecisiin hlpeke3-d8s the pragnain chegkstie spif dhaxepktigger i ng
a "Yes" (TRUE) for the,-decision box 3-40, one can-arbitrarily select that
the deci sipadl iDoyotehtial ‘erderlggansdh awita tehipiesembidveesiasted prefilcuditd chader -

di stance (defined further herein) between the real-tine data signal and

e, C1 0SBsih, G URNIBMme PHIRS ROfAL 'X@b&‘ab'ﬂﬁlletnﬁ’até\l;ﬂeisﬁgﬁﬁéraﬂﬂf BBsslRfleSi gnal falls

20 betwe n the boundary ban of R and ere R—radl us of" the cl uster

and s = siJ on [ ror uch ' rllne .
mat ch" ¢ ‘g ‘?‘Fé‘ﬁ?: Eﬁ@%ﬁf@r‘?%gwé Cﬁ‘f rg@r@yp?ﬁﬁ EJ§6¥/ 20 i t hin
2*R of the real-tl me si band are | oaded into RAM as shown by ste
3-50, an@irder spheps; glpsaie gr@rbpunm bengl deffoeddy dhevpdinsR of ths sphere, W@rﬁ&w se,
if a "No" (FALSE) is triggered" in decision box 3-40, the pr.agram .passes

control the cheférwadias Foclidean slisﬁmca ﬁﬁﬁ; thmlh@r&seh‘rﬁve I«J.lustee prcbﬁlb damcenter
group- assocated -

10  point. Inthe spec1a1 case of a “borderline match”, as explamed fufther in connectmn wfrh

the example of Fig. 5(d), the closest match with the real-time datqagnal fr;nay»._gljl,_:t' @t-:he, -

within an adjacent cluster(s), which lies within a distance 2*CR+Dj, where D is.the .

distance between the signal and the closest representative mateh, andwhlch hias 6} 6.be

loaded into RAM along with the cluster aséoc’iétéd with tﬁe .Qlu'st%r representatlv . aS :
15  indicated by software module box step 3-50. To deﬁneihow élosé to the boundaryofa o
‘cluster the real-time data signal can be before triggering a “Yes” (TRUE) for the: de01s10n
box 3-40, one can arbitrarily select that the decision box: will be. tnggered as a; “Yes”
(TRUE) whenever the Euclidean distance (defined further herem) be’;we,en the raal,-tlme " .
data signal and the closest cluster representative found to the real-time data sigﬁal falls
20  between the bbundary band-of R and R-g, where R=radius of the cluster and & = epsilon,

some small margin of error. Thus, for such “borderline match” cases, the clusters that lie

14



5 wth the closest representative cluster data center point is |oaded
fromthe hard drive into RAM Next, in software nodul e process step 3-70,
t he progmeo2/#@skes a second conparison, this tine bet weePCTNSOV4Eal6-ti ne
signal and the cluster(s) of profile labia y data associated with the
cluster representative calculated in step 3-50 or step 33 60: The 10

cl osest match is found (or closest matches, as it. may be advantageous to
find "a, range of closest matches rather than a single closest nmatch), and
control is passed .to software nodul e decision, block 3-80, where if there

are no_ NRyifrs hERAUrhd RaPHAEY¥ARe] b8 8d10hded fito RAAE s Mowh e sBpH50, and-
ot herwi se, the programreturns to step 3-30 and repéats. Tdrning dttention

now to Fl F i i | flowchart 15 illustrating the
met hod of %ré)éfoa%gfd‘%rrﬁiél L%%@?‘%ﬁ?ﬁ‘é’%@@ﬁeﬁ’%ﬁg of the present invention; .

while FIGS 5(a)-(d). ilLustr; clusterin raphically for a-sinplified
t wo- di mensi ogé%thg”a%ﬁs% IJ’é%tﬁNOﬁﬁ%ﬁ%ééﬁ &%@&@ﬁ%@%ﬁwgrﬁo&%‘é&@m&omgp met hod

for the present invention is the nmethod known as the T.. Gonzalez - .

al gor i t hrpasseetenteride doftwark. m@hwe sikle 2;600wheteshé clystenliby $onp abspelatede. -

Maxi mum I nt ercl uster Distance, 38 Theoretical Conputer Science 293, 293-306
(1985F, iwidoihpelatadefrgsdntitaeenctr datadichter Phiat B 1asdedeny i Hak@H66 i@t hods
of clustering data in any set of data points, any of which can be used in
the presgpipgds> WO 02/44820 PCT/US01/44616 invention. The T. Gonzal ez
algorithmis a preferred nethod of clustering by partitioning because it
has several advant.ages over other techni s. For .one, the preferred T.
Gonzal ez net h%’gfm%f) PR ‘ﬂPQI%?eW%?'gﬁaﬁhﬁﬁ’F%?mMﬂ%& SE‘T"”@I ustering
known as,  partitioning, where a given set of data points‘is partitioned

i nto seve&PEIpatipiy ihds Gigrehepween the real-time signal-and the.cluster(s) of p;oﬁlj@h_brary

data associated with the cluster representative calcuiated in stéi)' 3-5 0 or:step- 3-60 The

10 closest match is found (or closest matches, as it may be advantageous to »ﬁnd:a.ré;iée'pf SO

i

closest matches rather than a single closest match), and con:crél is pas!s‘.”ei;dl‘.}tbﬂ‘ 50,
. ndodule degision'block 3-80, where if th‘efe are no morqsign;ds: t(i) a;ialyze;:'thgéf‘vp N .
ende.d in step 3-90, otherwise, the program returns to step 3-30 and réﬁéété.< .
Tunnng attention now to FIGS. 4 and 5, FIG.4isa higfl feve'l‘ ﬂowchart
15 illustréting the fnethod of the preferred clustering technique of the present inyenﬁbx;; o
while FIGS 5(a)-(d) illustrate the clustéring graphically for a shﬁpliﬁéd mé-dip;enSiond ‘
data set.
In a preferred embodiment the clustering method for the p,ljesen‘; in\"entidﬁ is the
method known as the T. Gonzalez algorithm, referenced in T. Gonzalez, Clustering to
20 Minimize the Maximum Intercluster Distance, 38 Theoretical Computer Science 293,
293-306 (1985), incorporated by reference herein. There are many different methods of

clustering data in any set of data points, any of which can be used in the present
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5 cluster groups represented by a cluster representative point, and where
there is no overlap of clusters (i.e. a data point does not belong to two
cluster gvoops$#B20 The partition. is performed accordi ng t BCTNE01/44616
so-called. m n-max rul e, as expl ai ned bel ow, and<whncl for the sinple two
di mensi onal case can be thought of as partitioning the data iritasets
having a circle with an radius R for each cluster, where Ris the sane. -for
all clusters, 10 where the cluster representative point is the center of
the circle of radius R and where "tle.. following ."mn-max" rule‘is -
sati sfi ednvention. AhyTr Epnadardgirite is b pstfenedimethodif olustering &y pettitioBing wher e
15i:5 K-wth K=the partition size, the nmaxi mum nunber .of sets that. th e
ori gi nal peedusSitMab kevReal RaVArtdde 008k dthdrGechditfhedSEoNdRYtHeRRefofrb @Al set wil |
be.entireiy partitioned into sets {S1, S2, SK}) mnimze the nmaxi num
radi us f g hal .l Ve ¢ | 4 ny cluster
of ser SOURIS? el of cster: L EABR Rk Bioll HARER o BRR Bhoh o1 T 1S
are, and, to.find .the .optinmal ,"maxinmumradius’.for the. above mm.nax rul e,
oo Aot Vo0 1 B ORI PR e E SR AR SO a1 The
advant age of the so-called heuristic T. . Gonzal ez al-gorithm.to solving the
abovesm mluster gpaps irtpresenteddiyl assiugter reprgsentativiegwini e wlhers Hupmistoaaverlap an
optimal solution, OPTI(i), to the NNP hard m n-nmax clustering partition .
probl em ¥FelRtepx(ii 2t £ datapdind d6estno? PiohB o tvasltlusteREBTDs). tihe patthionls .Conzal ez
algorithmw Il yielda radius Rsub_OFU that is no nore than two tinmes the
opti mal ragk : |48 kS - . Ad9AL{ A4 6,18 wisiion,f i cant

RfoHR R dind B e s.cotlda MA-Diak S8R REBMRBHALGE visbiDR:

G

si‘nce th t'he -opt| mal . radi us t hat ta set 1s ‘partitioned

00, L) e R RS R A RAT B eabst o

t he' advant age of being nearly a linear-. process for: conputational
r esour ceshauing Farcle With an sadiey Rfoq cachielwsteriovhern Brip dhe ssmedpriail elstersso that i f

10 where the cluster representaﬁve point is the center of the cirql-g: of raddl;is;R?‘;?gdj Wherethe ‘ -

: following “min—inax” rule is satisfied: “for any representa_tiy&éj,lgs‘ggﬁ datapcn
Si (Wilere 1<i<K, with K=the partition size, the max1mum nurber of sets ’tha’cthe o
original set S will be partitioned'int‘o, and assuming the origijﬁa‘l s:,et W111 bﬁénﬁrﬂy:
partitioned into sets {S, Sz,. .S} Iﬁinimize the maximum rﬁdi,us formedbythfe “

15 represéntative cluster data point of any cluéter of set Si.”

In general, to ﬁnd.what each of the K fepresentative points aré,‘ and to ﬁnd the ‘
optimal “maximum radius” for the above min-max rule, is a so-calléd “N-P hard” - : .
problem, a difficult computational proslem. The advantage of the so-called hQuriAsﬁc'T.- .
Gonzalez algorithin to solving the above min-max partition problém is that it has beent
20 shown that if an optimal solution, OPTI(), to the N-P harci min-max clustering partition
f)roblem above exists, and has a optimal radius Repy, then the T. Gonzalez algoﬁthm will

yield a radius Rgup-opti that is no more than two times the optimal radius Rop. Thls is
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5 it takes a given nunber -of conputer clock cycles or steps for N inputs
to be, solved. using. the T. Gonzalez algorithm then to solve tw ce as
many i npwev2/geseeral |y takes twjtce the time, and four tPEBPYSEM4IBNY
inputs only takes four tines as nuch. time, rather than, a: non-Ilinear
sequence as wth sonme clustering techniques. Finally, the T. , Gonzal ez
algorithmfor mn-max clustering has been found to converge to a
solution:fafily quickly 10 However, though the non-hierarchical
partitioning nmethod of clustering is; enployed in a preferred enbodi ment

of the ig gﬁﬂfca@% dﬁ%‘%{i/’é gmgﬂgfﬁ &ngﬁﬁmawefm&a data s@ﬁﬁﬁhﬁ nelifngener al - any

clusterin ma oyed using the teachlngs present

| nventio Si i ncl udi n SLI NK.,and. ni ni mal .tree span

° o o PteRs Rieethdpeientifl okt vk st S0 R o+ him
for group_average. 15 link, and Ward's nethod f(|ncl udi hg the reci-procal
near est Addigembhe 4y Gorzalerleqrithyvhag the adyantage9t betpgxearly g lyear Br@e%
graphically illustrate the T. Gonzalez algorithmin two - ' di nensi onal
space. ThomptthtEthal bsajprces indsfontinze, daOg'3e); wheredot hembeoot Qiﬁstas,m)tﬂmhf poi nt s
(the black dots in FLGS. 5(a) to 5(c)), such as library data representing
dat a §hat; (20sRQERM hihtiey. omxﬁpet%r £i88k cdldFRor $tePB FrIN Giiktd ot Wveld-using

profileonmetry |nstrunents and with each point represent ed as. vectors The
data set Qéﬁ %gs %AQI:

PCT/ USOIF%O% spac %lr%ﬁgtg%’ggq (%lgen{%ger ose 1‘n§ emlngH acgg{vﬁéi ﬁgta IS
typically of a puch higher order, the 106 copnpone mensi onal
vect or nERG aHEPURBER aswnmm%w&y gorvépg}epﬁsm«\wﬁﬁlgaw%}&sﬁéﬂaof FI G

4, there are two prinetpal.:steps associated with the T. CGonzal ez

al gor i t hmob-linemtsequenee agwhthwonm obistestngriedhngiugat BinalliiHbe T5Gonzalez i s -
determ ni ng what representative cluster data points w || be._ select ed

whi ch-ar @lgorithm for min-max clustering has been found to converge toia solutlon falfly qmckly

10 However, though the non-hierarchical partxtlomng m«,thod of clusterm, ;s‘-i

employed in a preferred embodiment of the invention accordm‘g ;co_ the-'m@thgg}ag T

Gonzalez, in general any clustering method may be emplbyéd using the teachln ﬁfthe i

present invention, such as single link (including the SLINK. andmlmmal treespanmng L
algorithms), complete link, group average link, Voorhees algonthm forgroupaverage :
15 link, and Ward’s method (including the x;'eciprocal nearest neighbor algorithrﬂ :\for Ward’s
method). |
. FIGS. 5 (a) to 5(c) graphically illustrate the T. Gonzalez algorithm in two-..
dimensional space. Thus FIGS. 5(a)-(c) show a ciafa set, a collection of a set of pc')ipts
(the black dots in F IGS. 5(a) to 5(c)), sech as library Aata fepresenting data that
20 potentiaily matches real-time signals captured with profileometry instruments, and with

each point represented as vectors. The data set points are represented in two-dimensional
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defined by a partitioning rule; the second is assigning all the data to
these particular representative cluster data' points, thus formng a
cluster. woeyuseo t hat the original data set, S, referenceBCBRISG/H6M00 |in
FIG 5(a),, and conprising all the data points, shown as black dots in FIG
5(a), is to be "clustered~';or 10 divided into a plurality of sets of an

i nteger nunber K, the.partitiowsize,. Assunme the clustering will be non

hi erarchical, in that each data point will"belongto a que Guster, and no
one data point will belong to two or nore clusters. Assune a priori that
K-3 set s, spatdidk ekjSositidneprepbde Ssibelia faf theafatpRitypicallyi df 2 daacidhighelstdént o

three clusters. te that foir-at y such cluster the mninmumsize tor K

equal's K gily 3€ine(138 csg{p%ﬁg;gl EABSIPY:85mEMRULA b5 be poi ntless for K to

equal one, e origin entire s dat apoi nts), ' whil et he.

maxi mum si ze f i ot al S | ack dots
TGS 5(ay- RkyisEA aind b8 g rflo bR B B0 abpBai e he
optimal size of Kinsuch'a cluster, there is’ Il‘terature in.clustering -

t heory oreseeréwed withtthe ToFonzalez agomthmdn dntﬁémmg)bovvémlulsteaﬂ@@éa ofhe woul d
| eave the sets too "granular” or coarse, while too large-::a size of K 20
woul d s esfiist isideteexiress whet @praeertativecsiustéridatdygoinmg rell HetSe]eSteﬂpwhichlaﬁa to graph
the value of K versus conputational tine or. conputational resources, and

it can begdk onSPRE: | d el ar@d@ctlng t he
partiti ondégflﬁzg%ﬁg rlt% ﬁe n lé»ﬂ\(il)%S 02/ 4??%%) ngallﬂg(l)l%ﬁg;l% dpman5| onal data

space (n=2 in FIGS rfornme re software nodul e step 4- 10
in FIG fep%?ﬁ%ﬁ%f ctl‘éﬁ(tvjda%%%ﬁgh PEE‘HP“n%dW ﬁ@ now to a brief description
of nomencl at ur t he. hi gher-di pensi onal yector' _nature ?f the. data points
of the set S wibTmedhrtibe qEgil g setcPrekrencedas Fackfld in FlGs @) edsi

space, and a nul tidi nensional vector - in that space, haviiig .n:tuples
or --uni t, ' comprising all the data points, shown as black dots in FIG. 5(a), is to be “clusterad?’ ‘or

10  divided into a plurality of sets of an integer number K, the: pgmtﬁmﬁ_s;zg Assum ;

clustering will be ion-hierarchidal, in that each data point mllbelangtoaumque ¢1uster, :.

and no one data point will belong to two or more clusters. Assumé a pr,z'o_‘i'i that K==3 sets;

that is, the entire dataAset gf poiﬁts will bg dii/idgd into three 'clusters.‘ Note thatf@rany .
such cluster the minimum size for K equals K =1 set (an extreme cbnditi‘c;ﬁ;"'é“‘;sz'fit"ﬁvéﬁl".cit -

15 be pomtless for K to equal one, the ongmal undivided entire set of data. pomts), Whlle the
maximum size for K equals the total number of data points (the black dots in FIGS 5(a)
©), wh1ch also is an extreme condltlon Regarding the optmlal size of K in such a
cluster there is literature in clustenng theory on choosing the op’umal size K Where too
small a size of K would leave the sets too “granular” or coarse, while too largev-'a size of K

20 would result in exéessive computation. Furthermore, it is possible to graph the value of
K versus computatiopal time or. computétional resources, and it can be noticed by

inspection what value of K is optimal. Selecting the partition size K for the n-
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vectors describing it (e.g., unit vectors <i, j, k, ... n>), a arbitrary;
poiiit "X" in,, he dinensional space can be represented by a vector,
havi ng soed ari44semponents {x1, X2, x3, x "} along the uni PCVE80I6H616
directions, (e.g., <1, j, k,...n>), where "Xi" is the. scalar;.. conponent
of the multidinensional vector along one of the unit vectors (e, g:, the
unit 10 vector, comonly called the "x' direction when dealing with;three
dinension x " is, the sca[ar conponent of the nultidi mensional vector
along a second .unit ve' ctoi~(e g, the." J unit vector, commonly called

the 'V’ dir@RidnaNdata ¥hokFnie PR, g{a)g@@m%%hhe@{ﬁ Jb%wd}yhfddﬁle@éiﬁi-onm

vector along a third unit vector unit vector?, “conmonly

called t d so.on,, with "x"" designating the |last scalar
corrponen?e(l)rf%{%qﬂ é&#ha&%lgl ré'?agﬁ%?ut\/ect or aI ong the "n" (last) unit
vector. Thus, . for, the coordj description a n p0| nt "X' can be

desi gnat ed by TI&”H%@ poit Prér"éiega riplaen nO@?@CPai S, ‘]1?9 herdirasnsiopabyecters pace,
can be given as <X>=<X1, x2, x3...xn A second point "Y' can be designated by
a mul ti dioaweresoficheategoids okiie stti kwill sew &s desczibed YSiven ayBudlidé@dny3 . ... Yn >
19 WO 02/ 44820 PCT/ US01/ 44616 Turning again now to FI G- .4, the software
nodul & 4dRerisfontheabedndstepltiafh@fsionbEfector 10 thatkigice, liahmgomw@mmﬁitcul ates
Eucl i dean di st ances bet ween dat a- poi nts in the set S, and iay:store the

data thug n f_i ‘ 23 ucl i dean
di st ance &@}SQ#L%}%&E géluir?]it{th& 1n]éI 319})? 59{1)1{( ﬁ’?’%#ﬁnﬁana’? 5 space
can be r %gnssﬁo%fgpagg canhge }/e%(r:etsgﬂteg 13; L%gtgrf %avmg sdalar o?r(rfpo}lerftﬁxl, Xg, X3, R

.- X n} along the unit vector directions, (e.g., <i j» k,...n>), where “xl” is the.scalram.:

ct ‘:1

component of the multldlmensmnal vector along one of the umt Veotors (e g 5 the 1 umt

10 . vector, commonly called the ‘x’ d1rect1on when dealing mth‘gthxee ~d1ngcns1oﬁs"“

the scalar comﬁomnt of the multidimensiénal vector along a second umtvecto‘
“j” unit vector, commonly called;the ‘y’ direction), “xs” is the scalarcomponqﬂt Fihe <
multidimensional vectdr along a thlrdumt vector, (e. g,,lthe “k” umt Vector, comiply
called the *z” direction), and so on, with “x,” designating the last scalar componentofﬂle :

15 multidimensional vector along the “n” (last) unit vector. Thus, for the coordinate -
description a given point “X” can be designated by a multidiménsioﬁal Vector<X>1n L
hyper dimensional N-space, can be given as

<XK>=<x, X,, X300 %,>
A second point “Y” can be designated by a multidimensional vector <Y> likewise as: -

20 <Y>=<y1> Voo Vaeer V>

19



As can be seen for the sinple case of two dinensions, the Euehdean: dkstance
10 equation collapses to the famliar formfor distance between two points
ina, |an@o2448nce Euclidean distances are cal cul ated for P€HVESpBi4ntes,
representativ' exdata;.pohits. for each cluster partition are chosen to
satisfy the following rule, which maybe terned the T. Gonzal ez partltlon
mn-max rule. T. Gonzalez Partition Mn-Max rule: 15, For any
representative cluster data points in a set Si (where.1 i _< K wth Kthe
partition size, the maxi mum number of sets that the origi nal set S.' will

be -partiti onetyminglBaindHsh te&q@nu rage M@va@é obaRl4-3®1s thé héxthepeifiel s8pY
partitioned into-. séts Si, K}) mnimze the maxi num radi us forned

SZSEE bed 10 Bk BE ool 205}59%?%?9%*‘536 %Ceg&%ﬂféeﬁﬁd%%rpr?@%ﬁ;f%rEE%ﬁ 32: ¥
.\ ednbiisy RIBE Gia Sy coEhlaadn «p oHB Bl EPOL BRERReI ves, and he

points therein), formcircles of equal radius and do not touch each ot her~.
In two di mensiBredbudidaaedishine: (FDgdetwitapoins 8T gndiigr. oywuli-gimensipngn

02/ 44820 PCT/ US01/ 44616 the patterns forrmed when equal sized soap bubbl es
cr owd st 0g@hd¥edan®e r8p:estink TRy BE vact6tidifferedbe WY@ =byyactdpn, of, surface
tension forces. Graphically, in FIG 5(a) the likely candi date data poi nts
for representative cluster data points that would satisfy the T. Gonzal ez
criteria would be, forK=2, the extrene end 5. data points of the set, such
as extrene data points 5-a-10 and 5-a-20__Anoth -candi date ni ght al so be
data point . 5laD(SQ,\[(W+&h)2|+s(ygksag)’eq(ly3d+s3t)ém Jﬁ-l(pmixlp)? other two

dat a. - poi nts

.- As can be seen for the simple case of two dimens:ion;s,“thijc Euchdeandxstance g
10 equation collapses to the familiar form for distance between two"points.in a;{,ijﬁl’alﬁef L
Once Euchdean d1stances are calculated for the points, representanvek data pomts
for each cluster partition are chosen to satisfy the following rule, Whlch may be t’ermed
the T. Gonzalez partition min-max rule.
T. Gonzalez Partition Min-Max rule:
15° For any representative cluster data points in a set Si (where 1 <1 <K, with K=the
partition size, the maximum number of sets that the original set S.will be partltloned .
into, and assuming the ongmal set will be entirely partitioned into; sets:{Sy, i T
S2,...8x}) minimize the maximum radius formed by the réptesentative. cluster data

point of any cluster of set Si.
20

As described in connection with FIGS. 5(a)-5(c), what this means graph‘i’éally i‘s. that
representative cluster data points (the ‘centers’ of the circles, e.g., see FIG. 2(b)) of any -
cluster (the “circles” themselves, and the pomts therein), form circles of equal radlus and

do not touch each other. In two dimensional space this is somewhat loosely analogous to
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5-a-10 and 5-a-20, but in the event of a tie in the, application, of the
rule,. one.. of the two candidates nay be arbitrarily chosen (e.g., the
first carvdddzg482¢ hat qualifies), FIG 5(b) shows the partP€TORIBH46Bet S of
data points into two clusters, after choosing 10 data points 5-a-10 and
5-a-20 as;the representative cluster po:ints~ In,the two dirnerisional
space as shomn the data points 5-a-10 and 5-a-20 formcenters of circles

of equal radius, ,5-b-100 and 5-b-200, respectively, which touch each other
at, boundary 5 b- 10 The two representative cluster data points 5-b- 10 and

5-a- 20- ditné Patdoefor@bd Wh@ﬁlequa'i %fzeé?oé@yblﬁfo@s lerdWi@to ﬁgﬂfeﬁoﬁ) Qi thfg d}taoc WO

subsets of points, designatéed as he cl uster own as ~15

ronman nur@r\@ah ,%(Jcﬁé'?g?@%face?erﬁgwg b 50) and cluster set rorran nurre_ral I

(referencé Prcteﬁe poi nts contdined therein, which all
bel ong to ei e cluste set |, having representative cluster poi nt
5-a-10 repr eé@?&‘?%gyilflﬁé 5@%@6&1&9&@@@%@ dafa pojnisifareprasentatdys st at i ve
cluster point 5-a-20 recs)resentlng it. Note that the circles for cluster
sets | dlath paintsdhas verald ssisfihibe e Fopgder ariterie wolldsles fordét2, thoexttene antl t hat
poi nts outside the 20 circles are nonethel ess assigned to cluster sets | or

| T, deperidtaygins offtietat, e asableatel dt pdihtd SLELLQ 6d 8-aP20. NAnotheifcah@idafe
5-a-20, respectively, is closer in Euclidean Distance. 21 V\O .02/ 44820

PCT/ USO1/ { '
bel ong to ?%ﬁse? bé(;flgtig? 0§1qu3 ?fd 1«2}(!6155&1 e&giocﬁ%%&r%or%%ff%h %%1 %Olf“g t he
points b i.tr aced i elthr of .the two clusters I n: FIG 4,
t he pr og?! %‘Zg apd pras ﬁ}rﬁféepger{t}q a&ﬁd’?/@‘esaé’l’gﬁziqoé‘r?félﬁe Te-tomgIof e fsoer 5
representative points would correspond to the software nodul e conpri sing
process seedidates gy be prdtranbychosmde goithn Srst eandidatesthet quadifiegsent at i ves are
found heuristically according to the T. Gonzal ez mn-nax rule, as

i ndi cat ed byFide&(is)showb Mm;karﬁ@dﬁ UEEeS B8 it ot into two clusters aftér choosmg

10 data pomts 5-a-10 and 5-a-20 as the representative cluster po lnts In the two j;f n,swnal"

space as shown the data points 5;—a-10 and 5-a-20 form centers of c1rcles "of eq
5-b-100 and 5-b-200 respectlvely, whlch touch- each other at boundary 5 -b-

representative cluster data points 5-b-10 and 5-a-20 divide: the ongmal set S-b-O of all the
data pomts into two subsets of points, designated as by the cluster shown as cluster set

15 roman numeral I (reference number 3-b-5 O) and cluster set roman numeral 11 (Téferénce
nuuqber 5-b-60), and all the points contained fherein, which all belung to either,fh‘e?jcl:uéter
set I, having representative cluster point 5-a-10 representing it, or the cluster set II, having
the representutive clustér point 5-a-20 representing it. Note that the circles for cluélter sets |
I and II help define the reinresentative cluster data points, and that points outsidé.“uh‘e

20 uircles are nonetheless assignéd :co cluster sets I or II, depending on which representative

cluster data point, 5-a-10 or 5-a-20, respectively, is closer in Euclidean Distance,
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This step is typically time and. conputer resource intensive, and if the
candidate representative cluster data points do not satisfy the T.
Gonzal ez wo b/e82@, then new points 10 are chosen and t hePQT/O8@EsE6i6s
repeated, as indicated by the "NO' branch ofstep 4 20 . ~ Typically,
however, it has been found that the algorithmof the T. Gonzal ez net hod
converges rapidly and has an error rate for the -radius of the, circle
represented by a representative cluster data center point of no nore than
two tines: the .optinmal radius; In the.software nodul e of decision bl ock

4-80, the f / it t
of K the 223%1.“‘?% SrL oS PR AT ho pORKER! (g ROBHe ] ukf Buler iy ' ™
5 5 0 .t)h db h.al gng

Cepeat APl SE SO LREIED S e oo e e e Rleg s&éﬁ‘%ﬁ% |
cluster data - point would be selected for a th| rd.cluster. This i s shown

gr aphi cafl""loy‘”ilsttﬁrﬁ:l G 5(c), where the point that satisfies the F. Gonzal ez
partition min-max rule is data point 5-a-30, which 20 happens to be spaced
equal | y apar tInfHG#} the pproesses usrresppndiag nd ticiabeve talation of afitdalpdnsdrs 5- a- 10
and 5-a-20. Each of these representative data points, 5-a-10, 5:a-20 and

5-a- 30, SentAARIJ63RS waukt i ilporkt 16 RO S5R8 y, that
form%m rc?i\és I}ttk;cat abut§“o%ne 22 002/ 4%?320 PCg'lng)ggll 44 11016Sli anoteéﬁg\ré%band

di vi de t 0 et .S ( Q hree .
Gout grat Bio ThObRRAr bl P Bt raleP el Weife R PR REREN S RBB 1,

and cluster set roman -nuneral - I1] as _shown, The clusters re separ ated by
a bounddpy TsCenzer minmeagaule. & indicated iy sigcision Rledk oitayaee BOAp %@ of the

data points (i.e., the black dots) found therein. As. before 5 bor der | i ne
dat a poi This step ibtypivally tisteems cosmutarassodmeanmm1m, abd ¢f thopahdldeety be assi gned
to either cluster. Furthernore, data points falling outside the circle

formed byplihtatiRRIGHG a8 hotBts GoUdk StisBpdhd Ip@}dmzﬂe@&ﬁteﬂgn@ém&w@%mw gned
to a partl cul ar cluster based on

10  are chosen and the process is repeated, as indicated by the “NO” branch of step

Typically, however, it has been found that the algorithm of the T.: Gonzalezmethod O
cénverges rapidly and has an error rate for the radius of the,,Qircie_éxeg;jeﬂs‘ented.bygd '
represenfaﬁve cluster data center point of no more than two times: _the.,(_)fl')‘timal' radms L
In the software module of decision block 4-80, the software of the present
15  invention checks to see if the limit of K, the partition size, has been reached. Inthe o
éxamiole of FIGST S(a)js (c), K=3, so the program would branch along the “NO” ‘branch
and .repeat the loop at bloék 4-40, where another candidate représentative clusf,,é.r dai;:a?’“
point would be .sélected for a third cluster. This is shown graphically in FIG. 5(c), where
the point that satisfies the T Goﬁzalez partition min—~max rule is data point 5 -a~-30, which .
20 happené to be spaced equally apart frbm the previous representative ciuster data points 5-
a-10 and 5-a-20. Each of these representative data points, 5-a-10, 5-a-20 and 5-a-30, have |

radiuses 5-c-1000, 5-¢-2000 and 5-c-3000, respectively, that form circles that abut one
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finding the shortest Euclidean distance fromthe data point in.question to.
nearby ; . representative cluster data points, with the data point

assi gned wo 02/44320 cl uster. represented 10 by the cl osest BCT®B@44616
representative. Thus all data points of the original set -- (5 a 1.00).

are assigned to a unique cluster. In decision block step 4-80, assum ng
that the predeterined:partitioi size"has..., been reached, the program
branches to process step 4-90, where the data set assocaaate& ,  wth each
cluster is stored in secondary nmenory (e.g., the hard drive, 4 100) while

tlhe 15 rgpneseptabivent diﬁg‘i&dl séta % ROV itd BRIABBREISE cRARE, @bysiRed ar e
stored |npr| mary menory (€.g for use by the program as taught

010 ATt lhiciogs55, 2 RS el o CBLRRE ko bR O

can tae for ex 'S

for each [ the bounda nd of R r-adi us of

the o uorlras St 18 eaf@femrs Sm%@éﬁy S0t St A e i et

represent ative match from the boundar band, and s = epsilon or. sonme small
mar gi n of clustensiare eimiparfsed lofi teadata points\l.¢ hihe bizdc{qdets) feunsitthierein. fAobatotse poi nts
in this boundary band. This calculation could be used for brlhglng in

addi t isonabor@enliaé aata pbits toXbt\Clubiels) Shhs H@Hﬂdﬁmﬂ 44615 maghe akdphed fone
signal data that falls as a “borderline match” in this band, by virtue of

bei ng thé? ik gﬁ@gﬁﬁ%ﬁ:ﬂﬁfk g%&@%hﬁs ﬂ@%%d@%%mfcfe% hOE b St er

representa 'V can al so be used for error
saf t wa

assun g ROPERher el G4 GBI Pyl aigen ko phEpE Rt Bl o =

finding the shortest Euclidean d1stance from the data point in questlon 1o, neaxby

representative cluster data.pomts, with the data pomt asmgne:;c} to the! g1q$tcr rgp’ nted- -

10 by the closest cluster representative. Thus all data poinfs of the pr,igirx_él setS(S-a~100)

are assigned to a unique cluster.

In decision 'bloclg step 4-80, assuming that the predeterml'ned partmon
been reached, the 'program bran@hes to process steIS 4-90, 'Whéfé the dataset assoclafe&
with each cluster is stored in secondary memory (e.g., the hard drive, 4}1:0:0)* whlle the o
15  representative cluster data points representing each cluster are stored mpnmary memory :
(e.g., RAM) for use by the program as taught herein. | |
In software module procéss block 4-105, any optiohal Qorﬂputations can Béli ‘:
performed, such as, for example, computing, as discussed above, for éach pOiI;t‘ lying in
.the boundary band of R and R-g, where R=radius of the cluster, D = the distance between
20  the signal and the closest representative rhatch from the boundary band, and ¢ = epsilon or. -
some small margin of error, which clusters lie within 2*(R+D) distance from the points in

this boundary band. This calculation could be used for bringing in additional clusters for
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Further regarding the "borderline match" problem as . explained herein m
conjunction with FIG 3, box 3-40, the problemof matching a real-tine data
S grrnt' Wob2/448pe cl osest library profile data point is erRaU®SbAH4EH when
the real-tinme data signal lies. at 10 the boundary of a cluster set. As
expl ai ned herein, when such real=tinme signal data lies close to the
borderline of a cluster, such as the "borderline band" defined above, the,
closest match to the real-tine signal data may he with a data pont in'an
adj acent plaster (or nore generally within a cluster lying within sone

di stance 2 rédR¥fe §i dhtal tRat-falls adPFRAd RS RARAY In thiPbddd| U?ifi’rﬁfe&)ﬂbaing
a

phenonmena graphlcal for a S|an|f|ed two 15 di mension ceee consi der
i rl o e HEEh b &'d%%éhﬁ%e%dﬁ% UG08 B ol e Rl HOF Sotvark (2 e
deri nod ‘BOUSE BOBlsn0Sess8 2l oe g fc%%%‘rée? Sk o i opB SRR

real -time data signal point 5D 10 strictly speaking: lies within the

cl uster swoutipes. So if one were to match the real-tinme data signal point.
5P40. 20 with the cluster representatives only, the cluster set I would be
found sas a matTinipthgain BEICNY, Saanidl noifufiher delieity tspropranetrds instepdi-yi el d
a point such as cluster point 5D-40 or 5D-41 as the closest cluster
profile dg@ point to the real-tinme signal data point 5D-10. 24 WO

02/ 44820 / US01/ 44616 Clearly, however, this is incorrect, as it can be

seen by inspec n t hat .th Q osest mat.ch, est .Euchi deaﬂ distance) to
real -time data]E k&SRR JB"T%%’?’B%@&)W‘@@ ﬁbleﬁ‘?lgl SANSSIKE s 50 or
5D- 30, which lie within the cluster set Il. Thus,: wienever amﬂ_neom ng
real - t i mecangunstion gt FIGudhbes3-40) the preblen pf n@t@ma yregl-time defn sigalsotder or
boundary of a 5 cluster set, as defined by sone borderline: band a

"bor der | i e cloREs Nibraapeoiile da!faipoait ik é:taeerbated when the real:time data s1gna1 liesat .

10  the boundary of a cluster set. As explained herein, when s‘ueh re'alztimeéifgﬁail :&i}@fl,l;ﬁ:é .

- close to the borderline of a cluster such as the “borderhne band” deﬁned aboj
closest match to the real-time signal data may lie w1th a data pomt inan adJacent oluster
(or more generally within a cluster lying within some distance 2*(R+D) from the

‘ borderhne band), To illustrate this phenomena graphically, ior a samphﬁed_two :

15 dimensional case, con51der FIG. 5(d), which is close-up ofa pomon of F IG ;5 where '
the circles 5-c~100 .5-¢-200, defining cluster sets I and II touch. Assume that ar
'~ incoming real-time data signal can be represented by a point defined by data pbiht SID-xIO.
By inspection, it can be seen that this real-time data s1gna1 pomt SD 10 s‘nctly speakmg A
lies within the cluster set I. So if one were to match the real-time data signal pomt 5D-10.
20  with the cluster representatives only, the cluster set I would be found as amatch and a
second search within the cluster set I would yield a point such as cluster point 5D-40 or

‘ 5D-41 as the closest cluster profile data point to the real-time signal data point 5D-10.
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clusters that.have to be considered for a closest match to . the.real-tine
datasgnal are:all, clusters lying within a distance two tines the radius R
pl us D ofW@hm44se0 der in question, where R equals the radPOFUSOIUESE®T , and
where D is the distance between 'the signal andthe closest representative
mat ch fromthe boundary borderline band. In the exanple. _ofrl1 G, 10 5(c)
this would include the clusters I, Il and Ill for such "border.line'ri
atch"cases.. J Tk e distance of 2(R+tD) is .chosen as a margin of safety, to
insure all,.potential: ci~osestporrits are considered, and.another ,
conser vatdlyalyyBo@everOfhissia imdoyre6Q s H cah 5O s HNASROLEE 1t tHAI BIRE: HAiBRNSI on

space, there might be nore than one or two clusters included within such a
di st ance. ‘ i €: | el W . cl j .
Feohni qui aass Ehdflend SAREELNN oL b AR Mo e MO0 I SR B o

t he non- hi er ar ghi.cal ter.i al.gorj.th kno the. m n-max T:. .Gonzal ez
bl gor ¢ P S ka0 ogieh Re i 1 Mgt ret, TR NisTRI ARSI

Maxi mum I ntercluster Distance, 38 Theoretical Conputer Science 293,

293- 306 (edgBye ditpsignplomgh 815yl (s seffisirpdly etoseitmthedopdarion boendanyofet hod nay
be 20 enpl oyed using the teachings of the present invention. Further, any
m n- max  clussdraet, agdefled Gy sohid bvedertige Baidl @ Yestdeink nitctofcabdschrs, Gadarl ez -

al gorithm- such as described in the paper by T. Feder and D.” G eene,

ot i mal  Algard kel o ARROAHLRY Sord USLes thAlh to A 184 A48 halisie all, -

PCT/ US01/ 446{6 Pr oceg I ngs of the 20t h ACM Sy?fpog%%?jraﬁgn éftﬁe‘ r?/lagf Vl“' ‘

e s TsTero P P Srie aloGBR e R s AISHRAEER O o

other clustering algorithms that may be_enpl oyed -in. the -present

i nventi or}’Vhﬁﬁ%/Riqﬁlléﬁlﬁ%@ Taiis ghustar cand wesre Buis Brages betweeretheisigaal anddhedi ng.
the:. 5 SLINK and minimal tree spanning algorithns), conplete:link;- group,
aver age |closkst representative match from the boundary borderline band. In the exasi PIG.

10 5(c) this would include the clusters I, IT and ITI for such “bordei'li;ile;?métqh’:f .A
4 distance of 2(R+D) is chosen as a margin of safety, to insu'r‘.e’. allpotentlal
are considered, .and another conservative nﬁargin of safety .coilld ‘eAll'so ,bc Chpsen.’.:-: e
higher dimension spacé, there might be more than one or two clufs‘ter;s mclhdedmthm
suéﬁ a distance.
’ ’15 ' Further regarding the invention, though the clustering technique deécribed“l;éféir; |

employs as the preferred clustering algorithfn the non-hierarchi,cal_ clu‘sfelji;ig' algonthm

to Minimize the Maximum Intercluster Distance, 38 Theoretical éomput;r Science 293;,
293-306 (1985), incorporated by reference herein, any clustering method may be - |

20 employed using the teachings of the present invention. Further, any min-max clustering
algorithm may be eniployed in lieu of the T. Gonzalez algorithm, such as described m the

paper by T. Feder and D. Greene, Optimal Algorithms for Approximate Clustering,
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Voor hees al gorithmfor group average link, and Ward's nethod (including the
reci procal nearest neighbor algorithmfor Ward's nethod). Iri addition, to
sol ve. t havoon448m@  problem in lieu of the T. Gonzal ez al BOT/USéWH46tcher
heuristic al gorithnms =naybe enployed, such as sinul ated annealing or

gradi ent decent nethods, even though~such. i o nethods are generally
inferior to the T. Gonzalez algorithm In-addition, in the '
present-i nvention,. though the Euclidean distanceis the:' preferred netric

for calculating the distance between points, any netric maybe used, .
wher e ap;edials of Metiden ACHE Byagbiing dif DRedkef Comeatin®(B8TEU), phe43vbasd
t hough aseres o circles, spheres or hyper spheres nay be envisioned as

the . geoghss), SebiBhiich gy RAGEAG oMin 1 SN Lo BMS AIEUBinsiRRTB I Y

- maybe u ny particul ar topol ogy Foregol ng described enbodi nents of

the inventiogn ar ravided as illystratiqgns=.,an SGCri ptLi are not
i nt ended Wﬂoifqa‘lmﬁ%h%f E‘ér ?Wﬁ‘? ?thﬁf #BStf)r?I&:@g(én%’tsg"’%&%{éeﬁ%ﬂaﬁwﬁ%ﬂ}%ti cul ar,
it is contenplated that functional inplementation: of.invention.desciibed
herei n mayessat invphitopemers inchiigihierpichice mﬁhﬂ%ﬁ%@ﬁ@%ﬂgﬁe&%ﬁ?@?&ﬂgﬁ?ﬁmr e,

and, /or' -other 20 available functional conponents or. building blocks. Qher
vari atsi orgL ilaehipbdinabitsspanaing abhasihbé)ecompleteditk, gfoupbyemge dakhi'ngs, and
it is thus intended that the scope of invention npot be limted by this

det ai | ed L1d RRMmSE of b ROEraBY 1ihI0 @ind WRhrdEs thefhb@ (inoBdingOh¥ 2 diitbéed 820 -
PCT/ USOl/gﬁ%%%éSp‘ﬂC% al rrs%V\ﬁI;t E)i g rggailrred is: 1. An i rri‘()\irnoveélr%ggf‘t‘v\%%e proogram

for sem conduct or,.chi'p fabriCali c%gai | et o - Po- B 1S OFRUL SR ABI Y
conpri si n§2pP 'ﬁ?igvoﬁ@?ﬁ?fl@%gﬁa?e%?%ﬁ%ry i rf}do%gmcgl’g%g?lgg{fﬂe%%n%dﬁ e for
representing real-tine data collected fromipnstyuments. as:',a.

Pres, proglem, in-lieu of the T, Gonzalez algordlthm ot?cer f?eunstw a gg%ﬂ);@simaxgge:

employed, such as simulated annealing or gradient decent m’ethod,s, even thoughsuch

10  methods are generally inferior to the T. Gonzalez algorithm. -

In addition, in the present invention, though the Euclidean-distanbeiis
prefefred metric for calculating the distance between points, anyg,mefric mgig‘bg used,
where appropriate, without detracting from the invention. F lnthsrmqfe,‘thQngK asemes Qf )

circles, spheres or hyper spheres may be envisioned as the g‘ecigmét,ry deﬁmnga pairt ar .

15 cluster, any particular geome@y ‘may be used, and any parti,cqlar ?cbpolqu; -
Foregoing described embodiments of the fuvention are p1:ov1dedas 111ustrat10s B
and descriptions. They are not intended to limit the invehﬁon to precise fo@ :“‘cliéscfibed.
In particular, it is coﬁtemplateci that functiongl implementation of mvenhondesofmbed : ,
herein may be implemen;[ed equiw./alently in hardware, software, ﬁnhWare, énd%(f)fp'ﬂi‘er |
20  available functional components or building blocks. Other variations and embodiments .
are possible in light of above téachings, and it is thus intend@d that the scope of invention

not be limited by this detailed description, but rather by the claims following,
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real -tinme data signal; a software nodule for clustering a set S of library
data of points in. multi-dir ensional space into a set of clusters; 10 a
conpar i sovo spi4sdmr e nodul e for conparing said real -t nme dRCHU§NA46160
said'set :0 .; <clusters to find the closest match between said real-tine
data signal and saiid" points in: -. said clusters: 2. The invention
accoidingao claim|l wherein: 15 said software nodule for clustering
performs said clustering according to the mm nmax heuristic clustering
algorithmof T. Gonzalez. 3. A conputer apparatus for profileonetry
conprising: a processor, |1/0O controldgd Py said processor, for inputting
and outputting data, and for 20 col I'ecting data fromat |east one

i nstrumne usegl in asuring sem conductor integrated circuits, and nenory
oper at i veV§atdy ?ﬁ' and cooperating with said processor; 27 WD 02/44820
PCT/ USO01/ 44616 software nodul es stored in said nmenory, formng a software
program executed by..said processor, said nodul es conprising, a data g
collection software nodule for collecting a real-tine ;data: signal from
sai d |/01.i nstAwimpoyvedsuitfae prappam ferdeimeprslactdr cleplfatiricationlapampsisggal in
-a. predeternined format- 5 a clustering software nmodule for clustering a

set of dat a,cBhBuRt meRR%Y coMBrififl Prim@fy BbMoRI sediddryd@bmory;n sai d sets of

clusters in the same predeternmnéd fornmat. as said real-tine. data signal;
c?ﬂg t e?s C?O, %‘é@%@ gricg4tﬁ%r?epq8§%{iﬁg ie%i—tiﬁl%r&?ar ddMcrRd lﬁ%ngﬁ'fsﬁ»u}n@né%lsg sets of
real-time data signal; | ' S
" a software module for clustering a set S of library data of points in multi-&iﬁiéﬁ§ipx}al
spéce, into a set of clusters; | |
10 a comparison \software -module for comparing said real—tinie data51gnaltosa1dsetof

clusters to find the closest match between said real-time data siginaf and saldp mtsm : '.. .

said qluéters‘. '

2. The invention according:to claim 1 wherein:
15 said software module for clustering performs said clustering according to the ’.m;in— |

max heuristic clustering algorithm of T. Gonzalez.

3. A computer apparatus for profileometry comprising:
a processor, I/O, controlled by said processor, for inputting and outputting data, and for
20 collecting data from at least one instrument used in measuring semiconductor
intggrated circuits, and memory operatively connected and cooperating with said

processor;
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time data signal to find the closest match. 10 4. A conputer nethod for
mat ching data collected in pro fi:leonmetryy to library data 1n real-tine,
conpri si MO Dhe8st eps of . coll ecting data from profil eonet P@TAURGI4GIENT S | N
real -time; clustering data in a library in a plurality of clusters having
cluster representatives; 15 |loading said cluster representatives to
primary nmenory; conparing saidreal-tinme data to, said cluster
representatives t6 find the closest match:' 28

software modules stored in said memory, forming a software program executed byjsaid
processor, said modules comprising,

a data coll;:ction software module for collecting a '.real-timc.: data:signal-from said‘"‘I/.Ok
instrument, and for representing said real-time data signal in'a pr_edetemlmédf format;

5 a cluétering software module for clustering a set of data into at least two sets of fc_‘;,:;IuS’cers',

said data in said sets of clusters in the same p;rede"termin'ed format as said real—tlme ‘
data signgl; and, |

a compérison software module for comparing said data in s@iﬁ sets of clustefstosmdreal
time data signal to find the closest match.

10

4. A computer method for matching data collected ig p,lfoﬁléonéet:ry‘f@ 11b iy d
real—til.ne, comprising the steps of: |
collecting data from profileometry instruments in real-time; :
clustering data in 2 library in a plurality of clisters haVing clhs'tei; repr,egehfétiﬁgg’sv;},.
15  loading said cluster fepresentatives to primary merij,ory;

comparing said real-time data to said cluster representatives to find the oIosestm ch =
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