COMPUTER- Al DED ASSI GNVENT OF RATINGS TO DI G TAL SAMPLES OF A MANUFACTURED
WEB PRODUCT CROSS REFERENCE TO RELATED APPLI CATI ON 100011 This application
cl ai ms t hgohenafsiizoof U.S. Provisional Patent Applicati eaTNs201605839%, 428,
filed Cctober 19, 2010, the disclosure of which is incorporated by
reference herein inits entirety. TECHNI CAL FlI ELD [0002] The invention
relates to autonated i nspection systens, such as conputerized systens for

i nspecti on of neYMRYTHRRHIDEBASKIGXMENT OFRITINGS FRRIEITAINMRLERCt i on

systens for the analysis @FAMXKNOgAGROREBIVEB PRODDBYE proven critical to
nmodern manufacturing operations. For exanple, it is becom ng increasingly

common to deploy i magi?]gbggaﬁgﬁ?dmﬁzéimﬁgﬁtﬂ;ﬁlég%l@an automatically
classify the quality of a nmanufactured product based on digital images

capt ur ed [B8P1bAbis applicatipisrims thobenefs akld S Previsiagal Paigetiyppligatjon Nphg’éf"é“,f‘?ff‘sﬁ'é tion
systens toupberab) 2010, @le WisQbbuR @PPhiEXs InBFpUMA Y IrQSerzbifdieidd iBERKNEe | ear ni ng,
pattern recognition, and conputer vision. 100041 Sone inspection systens

apply algorithns, which are ofte e as "classifiers,"” that assign
a rating to each captured digi tafEléﬁ&gée’{l(Pmi“% "sanpl e") indicating whether
t he sanpll®02k Theineepticalstlatesdo augweated éyreatiinaystams, suéhers sinmpleazsd ssemeforor a nore
sophi sti Gab&dorsemodhg vakel s corresponding to degrees of variation or |evel
of quality. These types of inspection systens usually proceed in two

separ ate phases of processing. 10%0%?{((;%%1&@“ step, which is perforned
offline, is referred to as the "t PAH phase."” During the training phase,
a set of PR Eempitcaizédinspertionpyssemsiforgkesanaly s afemaviag Wsp matsinlg havd proadnicritie! (al so

referred i Rodef RinBra@Sring lopdPRloss FodWarfbiS /s REonBiEARY daSingly nfH REdepisy May be,

for examl e, ro{cjess engl neers t hat hav? SI%]’]I ficanpt gxlgerl ence in manual ly
i nspect i NGRS SHRAEYL s TAETAR PHSTAHER I GBI hafualig rEr PRIV agWEd podt t he
sanpl e i rregésy digitatimags icfpneattby opticaibgpdctiorsseiiens €. pederdsdr Thedednspacaanny agnsdat a
that can feaiseH YoM (& RITRIELLE R Thak NRNEHilL ParSi $cBihtioh And BhputhpY, the

trai ni ng phase can be thought of as the learning part of the 1nspection
process. 19061 Once t he nodel has been devel oped fromthe training data,
it can bdo@ppBkomdindpectinesysteaigpbie algorafrhd) wiidh irt offen Rsleyl toma NaMdsafidrafr sl pr oduct ,

potenti .a‘laLsani Qatﬂmgﬁ)l e%(ghi cﬁﬁﬁret{j&éjan&a%}zﬁe.,"“galm%gez)i |{nd1c(:;i%§ iv@'@th@rhﬁes r'rll l? Ts ascgrgable
pr ocessi ng. That I's, the classititation el 'cart be used ORl I ne t he
conput er i % BRCSRRIEP'S, s presiprlesheassy ertagierq soPhistigasedisetyf labsls corprponding tpedgersesis
assi gni ngakAiekorQdvel dfi quaigIDheeStyfes bARPEction systems usually proceed in two separate phases of
processing.
[0005] The first step, which is performed offline, is referred to as the “training phase.” During the
training phase, a set of representative sample images are manually assigned ratings (also referred to
herein as “labels™) by a set of experts. The experts may be, for example, process engineers that have
significant experience in manually inspecting web products and identifying potential defects. Based on
the sample images, a classification model is developed for the training data that can be used by the
computerized inspection system. In this way, the training phase can be thought of as the learning part of
the inspection process.
[0006] Once the mode! has been developed from the training data, it can be applied to new samples
captured from newly manufactured product, potentially in real-time, during the “classification phase” of
the processing. That is, the classification model can be used online by the computerized web inspection
system to classify new sample images by assigning each of the samples a label.
[0007] The ability of the computerized inspection system to correctly rate new sample images is directly
related to the quality and accuracy of the initial training data used to train the system, i.e., the sample
images and their corresponding, labels assigned by the experts. For example, the samples in the training

set should be representative of the entire distribution of data that is expected to be obtained from a given
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[ 00071 The ability of the conputerized inspection systemto correctly rate
new sanple inages is directly related to the quality and accuracy of the
initial tweainizng4zsata used to train the system i.e., tireTamemhasisnages and
their correspondi ng | abel s assigned by the experts. For exanple, the
sanples in the training set should be representative of the entire
distribution of data that is expected to be obtained froma given web
appl i cat i “6h 2PPAatian, A sughy it js gensetlppdypntageoys|ip daved duesempe ohaRinesaPRlpsyehidlu nber
of trai nicaghegaophies motdiineda efranvemealnptotreuutenad difedts srpd@fiting weiced tieedcienety and
to reduc a del
that 11 Qrariad teoph gl ekl bihic il RoG PR Pl o HRED
traini ng ng{rpfﬂdggvea?ﬁﬂorma@e pestide gb the Hpigipg SPE‘Pbé?‘f Yewraerciee Bekto maeualbf lakeieg

traini ng na@ermheergs@tsammw&remetn%a@ tm%ns@#.mg@m@lowfo} tﬁb&lperag WoRE g imarber s
of sanp s e experts.

Vor se stlftg’a“h'? lﬁbe?f’%'sfurg%ﬁ ?ﬂf%exf’eé‘b Olsn t"?aéeqys{f]‘ﬂﬁlé ep”éqtﬁff ™ expert who
is intinmorapse "fcarmstentdabewdtldnomqeatpr gﬁbmtasknmhgquumnSlmocssnas’taewtbeMa@eI s due

fjof ]E he n?ﬁf?&?e‘ﬁt &Berttrh't@rst %&Fﬁﬂfﬂfltﬁ%@%?ﬂ?ﬁlﬁlﬁ !lsril?ec%% 'th%‘irﬁ%ﬂﬁé ?e‘?ngan@Eu'ﬁse bet Wteﬁn
ifferent ex ese difficulties are applrfied as ize e
trai ni ng “8p “@‘{38%38%t hyt ge TIPSR MATE! BYY ?erfép'feﬁt‘f‘tdn&ﬁ e“fj]’l‘ées’s“én‘tc@?‘ﬁﬁ

mat er i al diffeyentrecepppdeit@dtarices. db & fearlenprodunidhat ;i bevibneh ulnaseptaidle fof ereend-

accept angg, &,o gggac@ S8l n@he;gﬁ%g, a product that mght be deened
unaccept abl e for o e end-use could be acceptable for another end-use.
SUMMARY 100081 In general, this disclosure describes a conputerized rating
tool that can assist a user in effisiMmaAry and consistently assigning
re)égreratsegf}?dr?gp% a%gmelrzﬁ this ?lgcl?osur?éeescr%esa a clg%rgtgenz P raémr%q LG Cgl}): asglstqluge‘?lfn 'g{‘c’a%‘?y

cor r esporfgd ?Oos'ﬁenéhé%sé'lgi“t‘g/exe?“ rath@a@ £4 lekeisato arh@&F-ClQHﬁcf'@rW'lgs}’d' HeaResaePrespntise nt | n

the sanplsgmpidsss gadh pafdudt! hss Mﬁefamfa@vthmbetsqnab ahrkpoRdeh s@@mplofea pamémw dual 1y,
whi ch can error

ncons: oL BRI ISR e b BB bR oelF FE0Ta iphy FRASPRF iy,
aut omat i rdhichlean hetelious sybipetivs oamd e pot, and nyiréselt pnmms@iengabtem hser with
intuiti VQoMbLﬁa@éd t&ﬂ%lanﬁég (R Rk syeﬁ%atﬁ;@rthel s LA ond awecttb wtuhkeprmt.@ thd N sone

exenpl ary embodi uter zed too i.sp es to the
user in &°Vi" ‘héPH"VeéBt?éé?F‘ﬁ’ﬁ% H@'ﬁﬁ‘éf b‘ﬁlﬂ’aé‘%é”étgf*ﬁéa‘? a'§|2°"b°fe" %{‘;m ng

consi st ersmbbdib@lssthbgonphiedast rogl didply Uubeimages toglxatseran 4 visuallysapadalizgomanedratd onshi ps
bet ween %@é@t‘h@ésk olfst%ﬂnh?gongm‘t)gbmraﬁownﬂé}ﬁe AR %ﬁaﬁlﬂﬂ&aﬂ%&lhtﬁoﬁ&h‘ﬁé assigns

ratings (iI.e., | argé col l'ection

repr esentq“"ﬁ”@e"tsf‘l‘ép'gsaﬁ'b‘l"@é embodimsos: "i'erf°'§l?ﬂﬁé a‘é%@%‘ﬁ?“é(raif'géh'%‘&? fhemiaBels) afhe

descr i bedargompadti@rdf digtlal inddgbsreprés@ting e @wipes nmechani sns for visualizing the
data in r and

or der i ng %ngf‘ﬁn% ok é/x%m?ﬁé} e%mér:n%&etﬁée)ée‘?iJb?dséahgger&k&‘&'mté%o“?ro%éé%%b@?sl oed

t ool pr ofordesga'aﬁg Badita ingo u@eﬂvpmdecmf@e@blﬁ &sh'@xwF'eﬁ"naﬂjusr?un&qn[éP@emnﬁﬁass of

def egéI s nﬁagreese&mﬂ ekdmpuaheendﬁa.a.e;a@daeeénﬁ;ju&h@mdoypra»s@ds QgéaE}QtonﬁtEﬁfacEfi)Trl ngs.

In additig £s ea ing very
| ar ge dat arlf)l'{né mu]tlﬁ r;.!}) S(ﬁ.detz(hs repr%serrte ln gatégiﬁ'l? e}flcntente/ Fﬁl%}]m#axébnﬁraflygsannd Sel ect
a nost r eddijeante mutpstemzeéfootqucapmglesld@bﬁor labeded ot larandhtasas, ngludingthe ehality y

pr opagat g é@&hﬁh&n; [aeBe} dhd Sel&UDRE refeQant fiBsel &fﬁﬁlnﬂég@gfo} mfﬂe%fsanmotah@h%nc%ﬁ;qw ring
further user IE%’ ctioon. 100101 | p. one exen odi ment, an appar at us

conpri sed" R 8’P e subss HHE Bsmaining iTRgF Y “‘ﬁ’r‘* '6'8% BPer uss™ BERGYY: stori ng a
pl ural ityodp] trae memglasampbcwsenalamlanpmmmmsm‘et MErp@ssexe cerhpureg inolndibdve
Pr 0CeSSOlyodbi&, rrﬁén{oﬂgstéﬂéBWaﬁty'oﬂQ nl&%%%n;ﬂes afiatif & offitdrd &G@uh%nﬂﬂedm eto

extract features from each o lurality of tralnlnq by conputing a
numer i calP'Ueser ?"ﬁtr?}}“gf?ﬁ‘”a@dﬁ‘}‘f’dﬁsfa feaee ‘E"f’é‘i"ﬁ'? Refufertageac feraPJ'FFF SP'R é‘I‘Ch 952 ues of
the res p&)m‘railMﬁ)ftrmﬁuhglhn‘Ageslbf/msgﬁzutuﬂ‘lﬁ\uma‘liohlngscBﬁlﬁltM&I‘a& Jp éefreining indagési frost

clusteri r}g(eRraRleeO?ﬁ]etriq &ﬁ\%%% rl?a%e'wz‘?a{t.h%?dﬁwg%ggw }anrﬁ pﬁte.ﬁrﬁgx&&?leﬂ' ng

i mages to automatic ? sel ect a representativ tralni ng

i mages arPéPc?,SéWf)ﬂ‘t"ée”éa' ﬁfsarrpaqrf pfyhedminingyipagesdp aemeatically 6“7‘“{ HEPPEHPIES atbeAr] ve
subset of training inmages. 100111 In sone exenplary enbodi nents, at |east
one of the rating software executing oR the processor or a user interface
presented by the rating software and providing i nput nmechani snms to receive
input froma user, specifies one or nore classes of defects present within
the representative training i nrages and a set of rating | abels for each of
the cl asses of defects. In certain exenplary enbodi nents, the user
interface includes input nechanisns to receive input assigning an

i ndi vidual rating |label to each of the inmage clusters for each of the
specified cl asses of def ects 100121 In additional or aI ter nat| ve exerrpl ary
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100131 In any of the foregoing exenplary enbodi nents, the rating software
may automatically propagate each of the individual rating |abels assigned
to the clwexer/si3dzdefects for each of the inmage cl uster ®ctrasadii/osd37t he
training inmages within that imge cluster. 100141 In further enbodi nents,
t he nethod conprises executing rating software on a conputer to extract
features from each of a plurality of training inmages by conputing a
nuneri cal® edé‘g‘dﬂgl"ﬁigﬁfra“FG‘P"‘"é'&@W'”E)‘T"‘YtOIﬁé""‘g? drstirsfer ‘P?}’ﬁ@@é“‘?‘fvéfﬁbfﬁ‘ K12l yes of
the respemtdeve training i mage. The rret hod further conpri ses processing the
nuneri cal 0 he r eto
aut omat i clmﬁ?c? Egieﬁg%gkpgds"éﬁg aat‘| veonseu tm% Sopﬁgre Xecau?% ﬂgthfﬁécge%@r and
per f or i riga esex ‘P‘te§‘l°e E'IWQ‘F@M theratnesefowss apjl pmvnﬂlhemptameﬂgmwt@ e iyt fiebcesss

t he nuneradwea) spdﬂﬁ@éde@t 618 cladseston @ fdc@ Bfe%iﬁ\ﬂltlﬂﬁ the/ @pr&éh&ﬁ& trﬁlfuné RRgdshamd 44eng
epresentative

i mages and clusters

subset of° fa?"é% Al r?gor eﬁgﬁdgtge CIisﬁ%fg%feﬁqB@cﬁ ?%‘%‘T’é?@bogw]ﬁ?fal“ﬁ‘é’ﬁ?é"ter%%fti ng

sof t war e ieskdesinpupgedhmismis¢o prede Gwsiassigning e ipdinideahetingdetiehg b bf thmimege ncl udes a
feature extkRedeRR ofMMOPLECIaQXJraGEysf eat ures fromeach of a plurality of

training | conputing a nunerical descriptor for each of the
training lP‘ﬁgﬁﬁsﬂd? YHFH ?5@5%"@?“' *e[arlanpgmbofimepts s PEAETSIAE OF PR SFHAge, and
wher ei n  tdaermigta nogbs of defvar daspepresont vathia tHeir¢psdsenttivesttabrinigrigages ode@sgnho process
the numsrsl:v%ﬁtly 1&19%&&&9&91&%1&;1‘11&&% Eahsnclr;]fgr éaEFPcQ sﬁeglf@d%lz—gg@ucﬁﬁel:é ylnSeI ect a

representative subset tral Nl ng | mages an ute a plurality of

i mge cl GePeRagicplgy eXf'Wéaw @Wé%ﬁf é}teﬁ}@g sQfipyarsexespting Pawﬁprﬁ@essoma%%esw | east

one of t hmmbeabfdeg:ctsmfsstey\msemamemm{elrdrpges@&um&umfgom@ss@:rd a¥ignda btS &ty labdl &F f ace
resente t vin hani sns to receive

Pnput fr %r@né?\g)f{hgglulraﬁ!g Oplgla? ustwras’ for e?élﬂ ftﬂe ecnllged crallpses ofH&%épe% ects present within

t he repr d84ak Hyany ef ‘t‘f’rfaie&ﬁ"rﬁg?x?fﬁmf@eg“lﬁﬁmle'as §@tratm SqﬁWd'Ie\maideﬁmmaﬁlaﬁt"V ng | abel s

for each ﬁﬂfpagabea&loa@.s Qlalvﬁfxal%fn abek. assig@éhh@aheIiauss,ofuaec%qa&adma)rfthb Ghbgalr

exenpl ary e d furth eLuécorrprl ses presenting a user

i nt erface'"\?\ﬁertgﬁ %"ggthﬁ E%'"'ﬂgg'm%eft P a4 1Bagecefye i nput from a user speci fyi ng
one or ndfM4k Irdfatesengfodigeits dtesnefhioeaamtisensxehiting tahveg sofpareserrompiterdo t r ai ni ng

i mages angy: S&lresAford AtH 919 piuﬁh@lo&r';uﬁl{g @@éébbyocfomlbmﬁnégln@n%?i%aﬁ des@rtpt&lecfr%&%s
receivi n%(l nRut aSSI ?r % an i ndi_vi dual rat] ng to eaf(l:l of the imge
cl ust er s O BF TRARsM3ES{RB PEFlRluFS oL e rpreebis Faigng agt cihg melipdifurtheptompriien of Tt he
i mage cl psicesigg thaninened dealptoys qhrhe paigiag inages wishthe rathgsqﬂa/bnemgaumfammy e, each
of the i QchYQQP@Len&fN'e sitetloPREL SRS RLAN G ,seﬁos,.h&ﬁ%aﬁﬁ&émgho&@;‘ Fiftde for the

i mge cl uster the training i'mages wt rmage cl uster.
100171 HOHE gftwareto Uﬁﬁé*rtheaua?rﬁa'cﬂi%frlpterﬁ ofAfi¢ represaRtptye subseb ATl ing 1BRE8s nent s,

the met hadd fophithe pluabiypf infagesclus@ R dorieRrdsénpitite Suberoftrhiging dmapest er speci fyi ng
one or my d{ﬁslcknas&%??xe% laé}%Tn@(f St?g%ﬂ»meh&éc uig%g uICe P& arte'c? :? rEJ ai ni ng

i mages and a set o trn I eac "fasses’ I n
certain SoErpropges nistive ex"ﬁ@@éi"\?i"’r‘@“’ Prijtitfeatures fomisech obnplurelity O‘TWEF‘MEer

conpr i sesmagsi mommmgem.w ddseript fop Eddh aﬁhearamugbmgepifmndgﬁ@c&me@ basses
lpragzlent OVIMGSt €C ve l‘lfamfnﬁ ﬁegir%gnﬁetargug Mera nlgggéloglwarr]&?perfrrrgrr%g% s?guséeém%prg?esse}%Er%csegsecI fyl ed
cl asses dife ndeéresgl dsscrigton oBhe ﬂ&wengtleegfmioqure@atwﬂv spleay o redesseptativesubserof e

advant ageﬁmmgﬂﬁag@s&ﬂm&utda'BIuLa'h@mfmQEe &J@@rs'f&hﬁerr@d?ése@{tﬁplugmomaﬁ\mg %b&al ly

| abel i ng | of trainin ata, the conputerized tool descri

or e ' it SO BB e 1P PO BRI BEBUGL 8 S5t mieABEPIeHGS B ootk aset s,
whi | e st isbitwakermp havingtinpet rirghanisms 1 réchiee inpo Fom A uger, weeyifitdrat omeadedaseh bf ci ent use
of his Ordelb,&{prgsérg%thlh% repTeQén?athauﬁrlg uﬂygegﬂga@gﬁhdnqméﬂ]a%qgewfcﬁeécpg%

traini ng 'E‘f ase of supervised/sem -supervised classification algorithns to
be succedérlres Pttt ed by conputerized inspection systens. 100191 The
detai |l s @6016NThusyin sadfeantitlo diemphtyembbdithéngs, theimethdd fotheBdompBe prewfiting ai N t he
acconpan it Haauifidn AR sdilRre PRGN bl Hm Rl o Fillthe hERELI RS oPDI ECL S,

and advant ages of the I nvention WI e apparen Om 't he descri p i on and
dr awi ngs deBATPIEsE HithiR dheceressenetiveaRinie ipestary P19t efvatng IbeAfAr fadsoltrodeeses FI G 1
is a block diagramillustrating an exanple web manufacturing and conversion
systemin which the techni ques describéd herein may be appli ed.



100211 FIG 2 is a block diagramillustrating an exenpl ary enbodi nent of an
i nspection systemin an exenplary web manufacturing plant. [0022] FIG 3 is
a fl owchaw0 2012d03g33pati ng an exanpl e operati on of a softwaraseatiosss71 ool .
[0023] FIGS. 4-9 illustrate exanple features of a user interface presented
by the rating tool. DETAILED DESCRI PTION 100241 FIG 1 is a block diagram
illustrati n an exanpl e system 2 in which the techni ques described herein
may be afpfiie RS gividral racige l8he! geqhRethe gttt P AT 3l ant s 6)
repr esentthersaew‘feaclhssrsrongefarstaaa forleadh opthe thagec!@rees, Altinfativs propdz@inp adithithe t he

form of (’%n‘m I

di stri but e@ g e%g}'u%ig mﬁﬁlﬁa %S%rﬁgr{o%&n a%?t?gfﬁ"g%g%%faﬁgegmgkg or
more manuf abftfdrel"mgmpr%@srgthrnlﬂrré@agq fusgeneral , web rolls 7 may be

manuf act yoma) hywa/larymQ)ﬁheﬂaiBMBrQCJrldl’tdnﬁgvepraﬁHlﬁy %@B%eﬁt@itlﬁpﬂﬁ\obﬁmen t he web
manuf act “5;'11 nr%espre {vmﬁ mporf{o?'nqgesc'&mgwr(s% Cl C}rg%?(frlg ornrgore %lasses §F (?e?ects prte):sent wnlhm tl]fe are

shi pped 0 CORver conversion into
product s rdrpaemaping faininedmeges anti2a et ofgtingHabgks for naCFPUIe classes offigtepts i loneravritighol

system 4,em%mwémgwumonwhamut@.ﬁmw {ophsetBIMefRCLMpi S RlecAmhsa 6) and
converti nﬂ F E‘E é{conve ti ng s sites 8) are interconnected g

conput er "HBPSAS fe@‘ Cfa(sﬁ“ %Séﬂéi’ntb SPREP A TaPe("Raggs and A3stsR A FeVETHY g"rln!ﬂr on)
rel at ed teachrvéithe platity pEimage didaersmbacnnttbqfspadrﬁeamtdssemwlefacss on into products 12.

100251 | r]O(ﬁ@P%@thhmY}@e@ m'é)gbljoﬁde one &%J@ﬁvﬁm@a@&ak& e ﬁrcltgh'tro?qle Y}EQer{‘(&t erial
that may be any sheet - teriral having a di mensi on i n one

di rect i orProbisers dith manually lghelingdras sqis ABEPITRE driadha C@P‘ﬁ?‘ﬁ&f‘bm?‘é’ﬁsgt"l’?drhﬂe'f‘ he

or t hogonahtoslatesgaitd dithis tEkaRPloeSs diabviRp lagetdeided) il Bl Kdeteng tiHumar i@ theot
linited t, |

f1exibl e éél ru{ggj\}/%' tl?a’t mmpg%frﬁ%?l %P}’?s %Q&x%&?\ég@ls rﬁiyaaﬁ§w thQ% ?ﬁggvlelgrﬁdvla

mat er i al ghegminggehgse efrsur&r\rﬁwﬁrmwup%v@w@ssgf@ﬁ@nalgpvmm@lbaé}écersar‘iyae@,'er%}br| cs.

Non- wov ensmpudzetdmspetaibiesybahs, such as paper, filter nmedia, or insulating

mat eri al . Fi ncl yde, for exa | ear .and o meric filns
"o ud, ndof1ahTiede B ot e o sRies ORI o s 5t LR BRI b ey ecei ve
fini shed dmedings ayid|the de@riptiop frelowe bOtherfafusastabierth gndrdzrantages@f ipihvensipveiltbe f | nj shed

web 1ol | spdefent fidnPihé 8dinptistiah daPREL smaffem tetg@hior ation into products 12 for
sale to custoners 14A-14N (custoners 14). Converting systens may determ ne

into which products 14 a g r is converted based on a
variety of criteria, such Igéﬁg}réagnlﬁgsf{fs asg%la,g#gd wi th the product. That
is, the SJQQZQbﬂConlSprtxme'sgrm illpftiating ag ety weh oatudachieing ad gprpersian ®etem it o whi ch

pr oduct S \,J;gchmyecp,ﬁq@a&@a,bmepehﬁm@mggﬂpf.w grade | evel s each sheet satisfies.

In accord echnj ues descri converting sites 8 ma

al so recéﬁ@gl Eglt %‘Sfi’g’é'f %J?%ﬁ?j" WHYARe; a%%"emf’g'é’ emE%‘{"B PLah MRFULELTM 1 2 he g
fini shed enerplaroWvébamah@factigingiphat el y, converting sites 8 may convert finished
web roll 5[001er 3! 9.samuwarmmn ﬁ%e\:lﬁtemmlognmrsﬁxfp&mmnr.mat ed into products

12 for sale_to custoners custoners 14). 100271 In order to produce
a fini shé&”%ﬁ'%fP*'T@Taf%férﬂn'%fer‘éﬁc?&ar%r inferiace Biesentsh by e BingdeRlvi dual sheet s
for incorporation into products 12, unfinished web rolls 7 nay need to
undergo processing frommnulti pD@quwawGNlﬁé@Nei ther within one web

nmanuf act ‘1662139 Fm q’-rlta’bl(jcpﬁlaérmtlﬁﬂﬁﬁng a%gnm@%teﬂpi HW&Q tI'Elté'E‘ml u@fdes&iﬁed’“ thin
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derivatives (gradients) can be approxi mated sinply by conputing forward or
central differences between intensity values at each pixel. Finally, the
covariance matri x of these pixel features is conputed across the entire
imge: E N(f(x,o-to(f(x.y)-toT, - 1



(x,y)E! where Nis the nunber of pixels in the image, and: 1 f(x, vy)
(s,y)ei is the nean of the pixel features. In subsequent processing steps,
i ncl udi ngwohei1xisusveri ng phase of the algorithm it nmayPprogussefose3tp
conput e pair-w se di stances between images. In the case of these covariance
matri x descriptors, pair-w se distances are conputed as: 5 dc(l11,[2) =
JVi(Cn, CLi2) . (4) . : , S
[0037] Training data 35 typically consists of a large set of representative sample digital images that have
been assigned ratings by one or more experts 38. The digital images may, for example, represent
samples taken from web 20 or another web previously produced by web process line 21,
[0038] Thus, in some exemplary embodiments, training server 36 provides an operating environment for
execution of software that provides a computerized expert rating tool 37 (“rating tool 37”) to assist
experts 38 in efficiently and consistently assigning ratings (i.€., labels) to the large collection of digital
images representing the samples. That is, one or more experts 38 interact with a user interface presented
by expert rating tool 37 to assign a quality rating to each digital image of the sample set. As described in
further detail herein, expert rating tool 37 provides a user interface that allows one or more experts 38 to
visualize and modify clusters of images within training data 35, explore the training data in order to
identify the represented types of defects, and assign expert ratings to the images.
[0039] More specifically, expert rating tool 37 provides mechanisms for visualizing the data in an
intuitive and configurable fashion, including features for clustering and ordering the sample images.
Expert rating tool 37 also provides an easy-to-use interface for exploring multiple types of defects
represented in the data and efficiently assigning expert ratings. In addition, expert rating tool 37 has
capabilities ideal for labeling very large datasets, including the ability to automatically identify and select
a most relevant subset of the images for a defect and to propagate labels from this subset to the remaining
images without requiring further user interaction. This may allow the results of the training phase of
supervised/semi-supervised classification algorithms to be successfully applied by the computerized
inspection systems within manufacturing plants 6. Experts 38 may interact directly with training server
36 via a local user interface (e.g., experts 38A within manufacturing plant 6A) or remotely by way of
network 9 (e.g., experts 38B).
[0040] In other exemplary embodiments, it may be desirable to additionally or alternatively have the
computer automatically assign ratings (i.e., labels) to the large collection of digital images representing
the samples. For example, training server 36 may provide an operating environment for execution of
software that automatically assigns a quality rating to each digital image of the sample set, for example,
by grouping together similar images into defect classes based on the number of defects observed in each
image, thereby providing an estimate of the number of defect classes automatically. This could be done,
for example, by comparing the features extracted from the images and computing their similarities. Once
this is done, an initial estimate of a label could also be assigned automatically to an image in each of the
defect classes, for example by comparing the image to other images exhibiting the defect, and estimating
the severity exhibited in the current image with respect to the others.
[0041]) Expert rating tool 37 may be implemented, at least in part or even entirely, as software
instructions executed by one or more processors of training server 36, including one or more hardware
microprocessors, digital signal processors (DSPs), application specific integrated circuits (ASICs), field
programmable gate arrays (FPGAs), or any other equivalent integrated or discrete logic circuitry, as well

as any combinations of such components. The software instructions may be stored within in a non-

-8-



=1 where X.,(Cll ;Cl12) is the ith generalized eigenvalue of the two

covariance matrices. 100501 Further details can be found in 0. Tuzel, F.

Pori kl i, woadoR/oshdser. "Regi on Covariance: A Fast Descri pcorustan/oBstecti on

and Classification.” Proceedings of the European Conference on Conputer

Vi sion, 2006, incorporated herein by reference. 100511 After extracting

features for each of the training inmges, rating tool 37 enters a
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enbodi merseer 36 bl retpgteet Frmayrbe praciessoal tatt oaatacodld Wanr,eeeat\aesmald@qanqnat i on
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| abel to pé(ga%es(gfe HRiRES ARty fogrTeralF redel; 3Ry eubsqapest wse éorfea'rm@ea?errywranﬁ he specified
cl asses Qfassifichtion ofl@fagedata. reclei"\?ecﬁt&ﬂfEacmadiﬁdn@blh[ﬁlﬁerﬂqﬁfmeafnyteﬂJW@dh mWay, the
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ef ect types
resent - ANyt A g RHREPoait GuD S P BT, 51 AR I SAEBRT 1 hoss
def ect cldafsgethatomp bpdetaced mrlvdechoaranifpgaitiesisymbas motdn ditager, bandieg, wmidtresks,bnput from

the CoanWeﬁraspJuQBef%QMdﬁrgsms e&eﬁetanagn &@fst ware on the conputer or
processor (%Agbautorratrcall ulate or estimate al| or a @ortron of those

i nput s. apalysiseoppyigr 2%8"’6%‘3%?"%‘{‘?566‘“893‘81’1 Erar By tFiRdipa oL Y e, the art
t hat r ecenfoinmagon forpbet webr20 mnd dositi@onfpuitaten feaadhcindyealig edbinpitateiead. Far exaaapleous
Way's. analysis computer 28 may utilize position data produced by fiducial mark controller 30 to determine the
spatial position or image region of each anomaly within the coordinate system of the process line. That
is, based on the position data from fiducial mark controller 30, analysis computer 28 determines the x, y,
and possibly z position or range for each anoﬁ1a|y within the coordinate system used by the current
process line. For example, a coordinate system may be defined such that the x dimension represents a
distance across web 20, a y dimension represents a distance along a length of the web, an the z dimension
represents a height of the web, which may be based on the number of coatings, materials or other layers
previously applied to the web.

[0045] Moreover, an origin for the x, y, z coordinate system may be defined at a physical location within
the process line, and is typically associated with an initial feed placement of the web 20. Database 32
may be implemented' in any of a number of different forms including a data storage file or one or more
database management systems (DBMS) executing on one or more database servers. The database
management systems may be, for example, a relational (RDBMS), hierarchical (HDBMS),
multidimensional (MDBMS), object oriented (ODBMS or OODBMS) or object relational (ORDBMS)
database management system. As one example, database 32 is implemented as a relational database

provided by SQL Server™ from Microsoft Corporation.
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100541 As one exanple referred to herein as the Angle Quanti zation nethod,
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order by another step. The first steps (described further above) conprise
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advant ageous for very |arge sets of trH%ning images. In the case the
covariance matri x descriptors outlined above, the pixel intensity variance
is given in the upper-left elenent of the matrix Ch so that no additi onal
conputation is necessary. In this exanple, the first step in selecting a
subset is to identify the NI images wth the highest variance (54). These
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100611 Since there may be many clusters (e.g., several hundred in sone
cases), rating tool 37 also orders the clusters with respect to one anot her
so that tweras4mbm | ar groups are displayed in close pPCOAISOMIPs4307 one
another. This is acconplished by rating tool 37 formng a second

aggl onerative hierarchical |inkage tree, in this case encapsul ating the
interrel ati onshi ps between the clusters thensel ves. Thus, an ordering of
the clusters can be obtained Vi n I st.\lrevel (| eaf nodes) of
the second tre&z, W@J#ZN& Whe@%ﬁg 3??—%% g')r-r;;ég—c %W? age tree, ratifdy tree
37 analyzes the imge clusters in pair-w se fashi on and conputes pairw se

inter-cl uﬁ,r.@rde.@uas\tea@@a%&n@%me@ﬁgaame@d.may %rcorrar.trng folR&d bitefifat GtbtSTc&S

di stance% bet ween. each of h ? ers 1S used t Iﬁormt e second |inkage
tree. 8W§e"é&‘§%t5’f‘éa“e?%{te?° @"fr all “8?&*15'6‘1%5‘“(%8“ 5§ PIXT SRRt RBR Lo

cl usters agessitieentrediager of t he i ndi vi dual di stances between the inmages in
the two clusters. Rati ng tool 37 utilizes the arrangenent of the | eaf nodes
of the second tree Lo contr he i @ clusters, there

di spl ayi ng the m)§t st—Ilarz: qlf@p @L ts( l# 0osé spatial proxim R?z/ to
one another. This aids ex r”€38 in form ng an under standi ng of the defects
present I & training data. 100621 In sone

exenpl arwhté%bﬁgarﬁl?rgwqbgp&gﬁgmne‘gﬁ ust e?‘?ng the training i mages by devel opi ng
the linkage trees, rating t 37 presents a user interface by which the
expert is given an opperiyniyy tf§ayysualize the clusters and re-ag8jgn

i mages in cases where th gl ering is visually unacceptable (62). The
user then assigns expert ?ngs to each cluster of imges as opposed to

| abel i ng each |rra%e i ndependently (64), and rating tool 37 pr opa?at es these
expert r dt hhgeanebhe pisel featvees ninsgpseauent prpcessinggises. inFludiea ibe dusisring phas of e t her
user int eargaﬁa\mqnmaﬁdwseﬁnwhrbmagaumseaxmre‘s bérAdeh M:ged O tht bi8e &Mebs € dat aset

(66). That |l§ﬁce ;%thx dggrl rrogs té)uow. ec]stae}&;) areecsmalegorr t hms described herein to
aut omati cal Ty assi'g er P*F 4 {AEPERETre dataset of training

i mges. In ot her words expert sign expert ratings to all
(or sone) of the image_cl uster the subset S1, in each identified defect
cl ass, using the uséc?llntle}f:a EE(IBVI’\QI@IerId’)atI ng tool 37. 100631 (Ft i ng
t ool 37 automati cal |y propagat\es=it hese expert ratings to the remnaining

unl abel ed i mages, including those inmages not within in subset Si. For each

| abel . tances fromthis
unl abe edvﬂemgf.r,@ 119% tﬁgéneél?zeggg%%hﬁ%f&QR}V&:@#{;‘I}MC?ﬁ’rgtm:e%

i mge to each mag thin subset S1 to
whi ch an l&@éﬂbfrnhrra&eraﬂwn h%@urb’eef% Hedi lyRerekyis 494 Priviect hReadfinsioxtigeee MRt i on (eq.
4) . Thesm@hr:atoamceaeoameantrkre.@slmmemmebdmgs_ d¥ & [EWiopean @bifféretict bieSongaeor di ng t o:
a(l, 4, \)lilon 986& mc%%m(aé}lhergm% e.the bandw dth paraneter a is chosen

fi
accordin euristic oper rating on the distances cl, 2(1.,L). These

affiniti ngSé_} éftﬁ(yp(mpqufga@ngsdor\mqhg) thg training images, rating tool 37 enters a clustermg phase

(53) in which the images are clustered based on the descriptive features extracted from the images. It is
not uncommon for sets of images used for training and testing classification algorithms to be very large,
often on the order of tens of thousands of images. Clustering and visualizing in detail this many images
is typically not practical in a short period of time and may furthermore be unnecessary, since most large
datasets contain significant redundancy, so that only a representative subset needs to be analyzed in
detail.

[0052]) In some exemplary embodiments, the computer or processor automatically receives information
from software executing on the computer or processor which specifies one or more classes of defects
present within the representative training images and a set of rating labels for each of the classes of
defects. Thus, in certain such embodiments, the computer or processor executes software (e.g. rating tool
37) that is used to determine a number of defect classes present within the representative training images

and assign a severity label to each of the plurality of image clusters for each of the specified classes of
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speci fyi usters I n rating tool 37 is to organize
the trai rig(ﬁal Cresgadh tynaef drdestip idpifiedh iy 6apebe repeesants by é)ﬁiFg'%“FC‘ﬂ’t qrigingting fiome
desired nngendal corftrotd, ebhipRlkedbySiaGbrmaRihgihe vekiers umercmserstcbluma@rﬂnstdaectewdst ering
ﬁggggsf hgﬁg{plergsteogggt%tél)t(hgggapnte Flrnlalr SFehg :sel cr:]rhyaggel E a%elm%? mhqa%vee{) %efr}?gbss cangaa ![ Ieg];‘l,
expert 3&steatrdgpematicgllyibi e@mlrmgttheanrmqn@ @faivalmw § wsctar (framp ghe etvhal sepgpidgnd t hat
rating tamlbimige i% kuau}edp@@)toqmel rgﬁés&ryat.wl@&u tb¥ih@parR PR eB el WiRreihtpRE Of

i mages for cluster herein. In this case, expert 38 can al so

specify tSﬁVé”BéSr%r?B%%%f‘%f’j“% h?rf’JS‘f ’P'ng the size of the representative
subset Sd0056] &s anomqeexammbeferrwmobérem aetEeB P Madrigginirthothitigireputey sy erde t 0

i ncl ude (ulp‘épby' eQecEtllr%'the4f)>ll sIeF'sewh‘iwm%rbeAAmedQ;ut lln W&r LlQeSE @dﬂ%mea/ors el ect

fromthererralnlnr? % 50 in FIG™ 4). This set + N2 i mages
conpri sedimifdloippisular odleriby apothgpstep; Pncedbf 'f“?%fﬁa’eé')‘éii%derasﬁB‘h%’é?ﬁ'es%‘BE‘i'zPSP“mhet her
rati ng t oethod 2adhdmige (drmelcerd®idoitach @issr,iifthdrdiee & RRE @Rt dlthend issidide®Bintoand, i f

so, the Qh{m atc% s8fa JB%%é%Z rlgrhgghprﬁ&%n(s‘ﬂmodgé’dﬁé?gﬂe%h& dothii Ugr%ce»?soace

for each e threshol or characteri zi ng t he
i mage as t 58’["[“' p@yhr((h]!s o a]terrlnpqogodqir)as accurately as possible the theoretical process by which

images were generated. According to this generative model, each image is constructed from a mixture of
defect types, each of which will influence which patches are chosen to construct this image. The

parameters governing this generative process are learned from the images using, for example, a
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100681 FIG 5 is an illustration of an exanple cluster view w ndow 90

presented by rating tool 37 to display the results of the clustering

oper at i orwoAs12xEm3pe seen, the inmage clusters are displ agedisgoizosdsry in two

separate panels 91A, 91B, through which the user can navigate and explore

the clusters using the embedded hyperlinks. Left-hand panel 91A provides a
hi gh-1 evel overview of the clustering results by displaying a single

r epr esentRatbel/bstic pEsnccgpdpiavesugies Mokay epimMente e 'éF%“PQQSA onsultghthisach

cluster, ipfamsde wamodtbéqoh@ysoftﬂaearroem@seme&hk Wend iNBEL,im&8s, lwdeatacrt inRke

associ at ) n arent nu I mages

aSSI gnedq?g]\é\%ttp“tbpel% eLfedteg n% lkturr%())ftgese Cir}ecbseﬁns \853\]}1 %towana nlte ?I fier of
"10" and mdayusiag thm?ge@uttva@é bﬁeerny kpxad) of prst defest typeein e Byt impge. Rat i ng t ool 37

arranges [GdSU[Slerd’dﬂltl&éPoTQﬂqua‘(Wé Jib:ﬁlplz&? E.ﬁ%ahﬁbht@ ols)@d?%tore%l&nk L aﬁfa@tfvdtala%%rw th
t he second(er? tive |erarc i cal SCrib bove so t hat

%9 rese expert ratin 0 nagu I?g ti to ngl it ed ;8
clusters '¢on ?ﬁ'h iR a7 ?Wﬁdé?ﬁ% ‘lé Eﬁ'gn & é%f"baﬁ? 2R one
anot her et 4nd matinfieol3a a@bmaticaily otlévera rvmsdmtlwr @bseryg the rodge 37 allda)ypeaﬁﬁt anlge
clusters lWeFu‘% proctsO 8545 G5 Qsjmls@li)%] 3@%!%%%1&%%%% SANGSti %h\e%@s dreaf nodes

of the sec | onerative hierarchical |inkage tree. To explore in
more det &i°1eCt i%%rff""%’%%Frra"fft't’éhca%tet@&‘f the gubgt 5°aéchewa‘ﬁﬁf)"et“ﬁé?‘afnélﬁsr‘gé@nt ative
i mge or difebemt typeis eff defecrs praseyt vithinGlalngig @éits 3D 2s well aoexdmpled f ivigeswithemiarages

cont ai ”eqe\kf&%f(féke@n)%ets@' n right-hand panel 91B. In the exanple of FI G 5,
expert 38 has selected cluster 92A (i.e., cluster having identifier "10")
for revi d0938l i qnrpush exemplatyembegimeat, raingoglidwilizeheriee df@ixeipgiiiet Mt have
been assidtigghishiag éks OCﬂeldﬁ\teQ/rexﬁ’d}\d datetnvbeasr wlachstag &@gowsasanbte&nﬁe.etm one

oot e HAGIAL A8 1ok LUSLST A9 PLARLLLLR BRRL HEL AL L e

pr esent ed"’tﬁyvap%me# fe@ll)ﬂely ewwetmtonﬂty l@eapﬁnexq@wmptemethsgﬂ‘entegtowf@nvww@gedatﬁa 35 in

a very i n)th!llﬁlhg/ﬂ]aé@nﬂfhE casmb sovmwcéqeatmté@nt)@@emu.&d@y@é 1R indeRENNI ques i n
norgani zed col |l ecti on of

whi ch a user resente d with
ages 1 oF RS A BOF GG FRLT (ot Fran e TRat SRS BR A Anc
vi sual i zame@snrycapmmﬂamptesbe fitg sep inbyelettings wbsat inmyideniifypeiM, ynagtrovidialicahighest

expl or at wra.nant@@ts frdse em@raonégondwe RNARI &1k IR ifapPSh thewnﬂgua%isy sindeipti fy
t he types fect sél{)r esent he re&r esentat]ve traini nglé data. 100701

As shown '{ s°|ff‘@“a% for de getsgto B ’%WSW‘%'H% @<tk iRl 2a1Bele 7 PeyielAs 86 wi t h
whi ch expwages @domiht fematb¢ smbioingeedi Thys segf VheNcimagss ermpaiss ithg mmnmseo&
i ndi Vi duglenhBRYRRer of RIS D). rtﬂettt@Natmw Y scheheTB)Afe R i mage to either a

different cluster or to a new one. In tion, region 98 allows the
user to ilPR58k Yraddifipr Ftipgdec! 37 groeraesthe wé%?ttew\flyée any ﬁt‘Fﬁﬂt‘%@}“‘@‘i‘Yé“%ﬁS’Fq iy to

Mer ge t Wohat hrel 6dt&4e s repraseated B}&S‘oaﬁtﬂ) | Eaklyrein@inipf b £k In)s, IProested €d idatiBrits k0 a

di fferent r ically

updat o deaar a8l (nbfs gl ke Rlnd Bl sbR kBt SBULBERR B0, Y, e
to refledtmt Ffémifﬁ%ﬁ@e%fefﬁﬁ’dhc myti-dimensidnglspase de&lsetbgmﬁtegsmnmf t itwrevegler rating
tool 37 nmghabehe B8@A vidior defMBAAMRYe ih Qq'itl ﬂkHe@Vé@n&N@Qn Bfl&aNNQarQQMﬁerttm final say

regarding, a f. rou nt o rese tat ve i mages
within t??ﬂrl ﬁ%ﬁ%tr}/g'a'ttg O"S'ger 6 OUtr OVI ragﬁtereif?‘df 8 G g'f)rf ™ exi bi l i ty

interns eéﬁeﬂ\iﬁ,gumug'z@fqutbhalues mnx:ee Ll§¢dt iThia alédiwg expag 3Prertp difterentf valubreand Viens t er i ng

and or derieghupP EkathpldR Rl uct ﬁta)pteom dempn £nhaReed | 83bRhing Yool ¥ MbssH@! | ze and
rate the trainin ditiaon, cluster %/lew nﬂ)?ow 90 i ncl udes

hout | r egUs g% SRS g pRao RNl + feler o b be SR W ¢ n
t rai ni ng (dravted ‘3&set@ wdl@rl).vi ew wi ndow 90 al so includes input region 104 for
assi gni ngomﬂpﬁhér sEl@c‘ithQﬁ'esIeRattvlg@ub'smﬁﬁ?rafmﬁgmgégfraﬁn'gw%q 3'fa%glﬁeggt§lu&9ﬁ% 102 are

di scusse her detail bel ow. In"certain exe odi nment s,
it may b&'|gUETIUBT WOrHC HrovrelberarueiariaiMaY sirrlacmagit from thae b %vtfe?;@ @ftware to
recei ve iRapngttodl 8 Dfornd thesobrstes peeskifia igreimeiti of visuazaiod lobhs esnind dadedt @it S pr esent
W thin t i r interface is
Shonn i n g bl Yo nd SRS v o3y SRLEL SR e 1y 00 |
further A83perativg ﬂ“steﬁl‘%a'@k‘éh’ftfPép"“e‘RiﬂéF‘PS‘%B"‘ﬁ'd’ée‘ﬁrﬂﬁ?‘tﬁ‘&t&’e‘a lstvatidieee def ect
classes exist in the training data based on the review and expl oration of
clustered training data 35 via cluster!3iew ng wi ndow 90. As shown in FIG
7, once expert 38 sets the nunber of defect classes, cluster view ng w ndow
90 presents another nenu 102 in the sane |location to allow the user to
enter the nanes of the defect classes which provide a neaningful way to
identify them In the exanple of FIG 7, expert 38 has entered nanes of
"chatter,"” "nottle" and "streaks" for the three types of defect classes
identified within training data 35. Display panels 91A 91B in the cluster
Vi ew ng WI ndow 90 remain open V\:hl I e expert 38 i nt eracts WI t h | nput regi on

A NN o A NN T T o " . o



100751 In terns of visualization, expert rating view ng wi ndow 110 di spl ays
the results of the labeling process in a way that is intuitive and easy for
expert 38wonomtdsessousers to understand. As one exanpl e, PeXfiSRe11/05437NQg
viewi ng wi ndow 110 displays the results for each defect class in a separate
HTM. page. In each defect class, the imges with each possible expert
rating are shown wthin panel 114 as a separate part of the HIM. page for
that def dRamXdescantorscinthipgragsis ech igeecdhipifially trpated ¢, separajqriyptenpadgiccessivs | st s

t he def emﬂusedsa&s@sut‘eHmeg pB&ioagy éseblisaéd chiders Of ortekinptiehaedion tleasaamage HTML  panel
114 shows e [ expert 38
o vi ow sy cmAREul (o RRHE BR3FloRy S SRT bl Aplcal e et D PEEC

| abel s ofe“‘taﬁ%}iateélé‘Fé@tafch';faa'aé%ﬂ@ﬁleﬂlSh%beW‘Pen lhﬁﬁgesg datan Reting tsg wrminaesdfe FI G 9,

the sof t vgadeess (iRQlcuR oS ﬂi@’hﬁmﬁehfée)&@&bb'nﬁnﬁ pdnﬁl m n 6084 n&gt@ﬂﬁ c&ﬁé@é@ﬁh@é‘rbf

tarti ith the i
he. page. RTRE SSRETT B TPEN o CLRSTY § kP oh PLspRmER  RETrBREPT g ray
revi ew eaehbe fedpdfin WtH E.iDap endfth Ed¢lipanckafEficient dgsitharydor ARglomerhréve Hl%@hcal each

i mage asscna;&eﬁlgMfetmstna,tnazlﬁbeks,fc&m?\m 11.'19 1fy,rtzb@r19@41hance the user’s
ability t rating perforns another clustering

dat
oper at i or{&l“i' g]o ntfs “é? mt"h‘& Wa%ﬂtéséerW§hﬁehe’”éawﬂreﬂﬂ'ssgi“BFaéesék%‘& ol delsagdih a
gi ven deftectusetsadth raspeco prelaadthey & that swamdobt sigtilagpeupodre dismidykdin closeggesnityRat i ng
tool 37 %Q%f'f%ﬁ%.'s‘”;'\!&oﬂ?ﬂﬁéd b%m% Rb! Mﬁm rarsemd agﬁlgnaérﬁ% ﬁgmgﬁe‘cmkag ass

(e.0., Cl ass e centroird 1 mage of each
cl uster, RAitHis KR ﬁ@am@ewgaﬁ|"yer5'a§%a*r'ws bewam@%mee themsges THps, Pm%{@@@:g on the
di spl ay. dfee clexanih e ottaited bp&iRtrvingthe ivkdnietel {16uE noded) af hesecond @b Clo fermalss,
rE)a(l[:)le::]tg t3%QJOD%CFFI‘%TEQE’H(g%C%Cggatl cc)al3gg‘x|1a?lzes 1e4umt1ge cﬁilstgrp n%égt(\:v?sgtfﬁslﬁ!)rg%nl rerragt60116
navi gat e CHPUTIFrifTEse "Pﬁfl\ﬂ_usf)%fbiéaném betivpelsac ICIUSt?frPa'geBW@tSﬁtcalFtﬂfe’d“qn??sPﬁwencI ust er
are displ eaéhe)dthe 11043&?.1 usdli tdTorrBBPREINd t.ﬂagehee CinW8d RErh g rARE Frl3h @BmPuRE the
generating H rati arate. cl ustering

114 t
donput at [ DI theENe s R b LR Rt i v el S bRl il W hes. Tha
is, as dedusrisbRding akly utiimgde areogimeatof thaleabnpdas of thaserang treqto eangrphydisgley efc t
cl ass. |nh&an§3ercluW@|rsdl$e»reb aﬁﬁaﬂ%fteqﬁos@smﬁ.smﬁgmle{easn absla s,sahﬁ proqm?%onbut the
i mges areotée ﬂene({ d ?tl‘l buted djffe ent % g A si bl e expert
ratings iMChcHHRP&Re P gdeminegp vdeyy '3§° 5“’8 il oad Hﬁﬁ&a’fﬁ’@“ﬁ"tse%‘ﬁve an
expert r dlyithegramimg ata.i n t he defect class "chatter”, but an expert rating of

tint h@O@Fines%%e Qeﬁaﬁﬁry emg&fnjné%ts aMldsQ%%tﬂ@tl‘auﬁng .Rﬁgeﬁ W@el&%@%eﬂ&ﬁage

cI usterings so as to conpute | ndependent 1inkage trees for each |abel of
each def ¢ @lingdeol Snpresspipa \ési%.'ﬁ‘ﬁflfaée by whithibe axprsy is %W"ﬁﬁ?PR?BWMf%V‘%'P'l}%E"éH ngs
i n def ectclsteiaas ré-ahigh tn@iges ifi Cikestwhere tm@ﬁ&m‘g\mtvhuﬂbymﬁa’ctepﬂalb (62y Thiuseatheh t hose
with the e e

[0078] | e eean) %j}z;’s‘%ea%"s%*“ eSS b U ha BRI RIES e
The set &ndfapigged 3 rﬁwge%p@ﬁexm@tﬁgs@therﬁer@eﬁ@éet of impg%s wzthplg rederigg el t 0 as
sc . The .ﬁ@ﬁmes&nmsmmdﬁnmg.rQ&pelatomgg foRxBE tife (RS (BS). IThdt Is| B rafingis@ 87 S1, as

wel | as other ,i e t he ex ert t a at ed.
| mages appliés algon?fgn %escn eg}u rein Io automatlca Jytaﬁm%) gptratmés?t &hegntlre\/\éaa aaeegfet&a? | ass ©

t hat wer émpags. tlhethfrrwwdsmxpesmﬁgad OSV atSlsat:xpmrahweq %ldorpp'eebw&hsln}ﬂge @isteesan t he
i mages i nhesubsw%r,,en &Lm.aérﬂrephe@aemgsowgm uSR it ra SV idedbySratingSool BAS al r eady

been assi uster. Ratin 37 uses the cl uster SSI nment s
D oeT e T RS REdhe el ablop g oo et Moo ey R G Eemel g e Tte i 11 o
cl ust er i nepludimg goserimageheot pitic @sgysetSheler tahlee;réabelledjmaeerls raing tonlgdicbmpeks &g new

' nnges arp%w@?éiﬁ@ant:e@ frBllﬂ%m, nﬁﬁ&%&kh ﬁl)éléﬁ lmfggql(ﬁama&mgge \Jnmm s(llﬁset%', 10 v‘;hrbﬂ | mges
ins' that do not al rea haye cl uster assi gnment % assign it to the

cluster iA&PR BN ?ﬂ?e?"tay sjigneQ)uyjgls distangg @"%‘P'b@&d&r eSFQ'S‘ﬁ?fF%a’%‘P?W ci ent than
conput i ngoavartadng pairglsy affievies@Gbassdirgne:ng f or each set sc , since it exploits
our previous clustering of SI, and clusters the renmaining inages-

incremental |y. a{ly, Ir) = oxp <——d—g—(—]‘;—[’)>, (%)
g

f
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3.7Si 100791 Expert rating view ng wi ndow 110 al so includes nenu options
120 on the left-hand side for nodifying expert ratings for any imge by

ent eri ng wbeoimagsonanme. Using nmenu options 120, the usecTaseoibosds7vi ew t he
current expert ratings of an image in all defect classes, as well as change
themif necessary. 100801 Various enbodi nents of the invention have been
descri bed. These and ot her enbodi nents are within the scope of the

f ol | owi ng"heredhebandwidiypasmetsy ois shpsaipesprdingsea her ostic Srevaties 90 tAtistances A et hod

Conpri si ngi(y  r). These@KBRIE irbgori@lztdtg waighié:ware on a conputer to extract

features from'each of a plurality of training i nages by conputing a

nuneri cal descriptor for each of the training images from pi xel val ues of
the respective training i mge; pr ocessi ng ]t he nunerical descriptors
t u

of the training inmages with thg,rptimg, sqf)tg\%’_é_t_&_autorrat ically sefgpct a
representative subset of the training i mages2i®/u-le) performing a first
clustering process with the rating software to process the nuneri cal
descriptors of the representative subset of the training i nages and conpute
a pl ur al ity qushtity mag ef Jshuespadsto fhe probavdity o pramsgiennafrony anagub wemagsfl in 7 ai ni ng

| mages; ceiving input fromat |east o f user or the conputer
assiggni nd®dA™ i‘”ﬂ%iﬁ}?‘i’"&ﬁgﬂagrreé? C?ﬁfj’ddeb'éqmil‘éedeséﬁ‘ﬁhaégfﬁeIaﬁhr ality of inmge

clusters [563[1] ?@19@, l‘ﬂz pr@ba%fﬁ%ftrlilaﬁglu %ilé\éﬁ@ﬁ; tf?J exgegtfrgtﬁl%%’in this defect class is

computed as:

pe(li) =D w(ly Ie)I(I, € €), (7)

1

where I is the indicator function, so that 1(c; € €) = 1 if the labeled image /¢ has been assigned expert
rating e in this defect class, and is zero otherwise. The probability of membership p.(1,) is computed for
each possible expert rating e, and the one with the highest probability is chosen as the Expert Rating for
the unlabeled image /,. Rating tool 37 repeats this process is repeated for every unlabeled image, in each
defect class. Further exemplary information related to label propagation can be found in X. Zhu and Z.
Ghahramani, “Learning from Labeled and Unlabeled Data with Label Propagation." CMU CALD
Technical Report CMU-CALD-02-107, 2002, the entire contents of which is incorporated herein by
reference.

[0065] Returning to FIG. 3, in some exemplary embodiments, after expert 38 has assigned expert ratings
to each cluster of images and the labels have been automatically propagated to the remaining images,
rating tool 37 allows the expert to explore training data 35 and adjust the label assignments if necessary
(68) to ultimately produce expert ratings for the entire set of training data 35. In this way, rating tool 37
provides functionality for automatic subset selection and the subsequent propagation of expert ratings to
the larger set of images within training data 35. As a result, rating tool 37 may allow experts 38 to easily
manipulate and assign ratings to large datasets (e.g., on the order of tens of thousands of images) even
though the images may contain significant redundancy.

[0066] FIG. 4 is an illustration of an exemplary window 80 presented by the user interface of rating tool
37 by which expert 38 configures parameters to control the clustering process. In this example, window
80 includes input mechanisms by which expert 38 specifies a directory of the training images, the format
of the training images, a directory for outputting results and a selection indicating whether the rating tool
should perform a new clustering of the images or read is input the results from a previous clustering

process.
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wherein receiving input fromthe user further conprises presenting a user
interface with the rating software to receive input fromthe user

speci f yi nyoane/3u33p0r e cl asses of defects present withi rcrths2@hosa@lity of
trai ning i mages, and optionally wherein receiving input fromthe
conputer further conprises using the conputer to determ ne a nunber of

defect cl §€es F esent within the representative training inmages and assign
a severi t@ AR PN EXRER 3B MmaY 1RECIYIcEita Retefreters fr rqalling hstBeEing Bpcesalh of t he
speci f i edpatticass emdof 8udedleles iBput &¢ldk for specifying (€ nidvvedof olistdriidtol whivg @atiag Wst3er s,

aut omat t CRAG feREORBHRN M Wagdl! Adbcldnfed B Mhind 0ot YAhiRzcs R Girdl nubnB of N1 V1 dual

ratlng | abel s™ assi asses O e Image cluster to
al | of th%!“sfef%fP"rﬂfﬁng ‘hﬁ\@fé’s‘%ﬂ“’tCHF Hie £IHEEring pigefes WrRgenerpting the firstligkageeiepntyd  of
claim1, ﬂdﬂéiﬁlﬁfber&fﬁﬁﬁﬂdo&dsﬂ@t Békt HERdeb LBl prc.ﬁeas.u;gw BGlusiédst [h aliflQonl pérn s

sof twar e, can %teklﬁgﬁﬁ amln %ata%% Is a?aege dgltf)se nd ]gtsr?tﬁlé t({ohﬁ skouﬁ aulomgtlcagyages not

I ncl uded w't e re resen rai'ning rnmages for each
of the cl e reﬁrese‘éff“ee%UQset of3magFhfer ¢hesteringlas ¢ scritied hergin., Inythiseqasei me&wat ically

assi gni ngalfo@bécﬁﬂth‘: aepﬂle%r%ltc}ant;ﬁﬁ\gmﬁtslz@& @%&é@@fﬁeﬁw&&m{ 3,583 theBQﬁbe?ﬁﬁh of the‘
unl abel ed, tra| ni.n res ntative subset of

the trai ni"™3&* g'%e HAEREST var 'ancﬁb"rfﬂﬁ qeﬂ]gfg Fdéh P a'i‘/ﬁ E tNéﬂ agey o rpndamly
nuneri cal sed'etsfrom thﬁt remaiwifig images (A0l iaPiSl €d This st ofi G N, neeges coopriseathainitiesitsel

descri pt 0g, mad@lﬁ&heﬁgn isht%n gp@Q@'vﬁchér@ﬂ?%oWﬂﬂb %cﬁﬁ@ou‘l@ﬂ“ﬁtﬁ?l@k@&h%ﬂe%&bset
of the trainin onputing a se probabilities for each specified

cl asses of aﬂ%ffg&’t“? "UWFéF éﬁ nqareskacighbers GNNs) tg Bpinein fearwre srae ferfarh ippegd3ingf
def ect s i AIGlL Ydesthathpsielian fdr chayacletzingahcimagefas bhatieatiiongFilcadel s specified for

the WO 296@8« %é%%?f%s%%grp(}f% Q)éﬁ'l%k: cluster view window 90 presented by rating tool 37 to
display the results of the clustering operation. As can be seen, the image clusters are displayed visually
in two separate panels 91A, 91B, through which the user can navigate and explore the clusters using the
embedded hyperlinks. Left-hand panel 91A provides a high-level overview of the clustering results by
displaying a single representative (centroid) image from each clusters 92A-92N. For each cluster, panel
91A displays the representative image, an identifier associated with the cluster and, in parentheses, the
number of images assigned to that cluster. For example, cluster 92A has an identifier of “10” and three
images have been assigned to the cluster. Rating tool 37 arranges clusters 94A-94N within scrollable
panel 91A in accordance with the second agglomerative hierarchical linkage tree described above so that
clusters containing similar images are placed in close proximity to one another within the panel. In other
words, rating tool 37 may arrange clusters within the scrollable panel 91A in accordance with the leaf
nodes of the second agglomerative hierarchical linkage tree.
[0069] To explore in more detail, expert 38 can then select (e.g., click on) the representative image or
identifier for any of clusters 92 in order to view the images contained therein within right-hand panel
91B. In the example of FIG. 5, expert 38 has selected cluster 92A (i.e., cluster having identifier “10”) for
review. In this example, panel 91B shows the three images that have been assigned to the cluster and all
bear a strong resemblance to one another, indicating that the clustering algorithm appropriately grouped
them. Due to the grouping and ordering of the images in subset S1 as presented by panel 91A, expert 28
can explore clustered training data 35 in a very intuitive manner. This may be advantageous over other
techniques in which a user may simply be presented with a large unorganized collection of images for
manual review and label assignment. The clustering and visualization capabilities described herein may
simplify the data exploration task for expert 38, and enable the expert to quickly identify the types of

defects present in the representative training data.
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cl ass of defect and indicates the probability that the unlabel ed training
i mage is a nenber of the training images that have been assigned that
parti cul avonratzasgssbabel for that particular class of defPettus2ainasc377
assigning to the unlabeled training image the rating | abels having the

hi ghest probability wthin each of the classes of defects. 4. The nethod
of claim 1 wherei n conputing a nunerical descriptor for each of the

training (R0 sbasmp FiSey cluste vieypvindgw R0 @F'“?%@Pt"r’%ﬁ“ﬁ‘lgﬁg”"f‘ pégeePetHhputi ng a

f eat ure vieetaos toatodea@hodlustehas@tmeedssr.eé.v.adaem{agm indliighgitieagidicyhamsed abn one or

nore deri %@%é t§ @ﬁleloaf (11#&'?%?8%&4 Xr tg QLel&'eo%e of In a&ﬂ?onphéf eﬁloﬁ bé&lfc&?thg ?SCIaIO %hewcfal it y

of nei ghborrng piXxe Cov ce nmat
training Vifehecsissdbemstives, h@'tfd@amaua@htvmwegwp plbstesy @i tbﬁfabt'ﬁéop'PYﬁ'é@“s’ of the

g raining mamv?gelustersoaJ h@elﬁ@ésh@ﬁjmcﬁfe dshRY Brdek, RM@E@Iﬁa@@m&umnmdaesmuprwl cal
escriptor fo etral

training '?aﬂ%llsg%]s 9@5?}8‘8 'S V'ﬁ‘dmﬁﬁvg g 'I"'e\?gﬁ"['f' '8 7 Ctt"}?éﬁdtnﬁeﬁl"}‘? %'Qﬂl ﬁ@ﬁ%’ with one
or nore f45$'5'mest8tbt'm)\myula@gttm37rm¢r@|eu®ain acheamagr ithpt dlow$ edpert I8do bavaihafimy | nage.
6. The rre;amgarmg gwperbflgmu\mg&ealss@nﬁ@mm mge@n@mag@m.tmwmg%@@s for each
of thetr nlng g"f’n n‘g ?ﬁ each of thetralnll@g | g

conput i ng E"éga U1 MeATEP ‘E’SP"%I“&%@S vist At BRI B PYBase ng

I mage andofm‘@mbslbmrtggndmeﬁrmyomranmlaredasmdepn arhafced atilhgtotvisadliaé and ratardge from
the histogramdff intensity values. 7. The method of claim1, wherein

aut omati cal | Y selecting a representative subset of the training i mages
conpri sest?71 I'ﬁ)?dﬂé‘é‘é}ﬂ“ﬁ@’ vierevipdeieP jine es inputregion 19P for defining ghempmben pifisfeftnmges
Wi th the dates pgsesofithinaraiing dats 0Nsr depivih@bw DIUIRNEIIdYs Al fegibc B4ff@r each of

the trai nzlsg%e ¢ Q&k?ﬁm%sqgg)e 1ma§esd%£]cthlo{"¥\| Qgeg\lflénn ﬂ)g 1%9 are%t {:urs]gd q]lcn%he Je%n a first

subset of 't rarnn prxelrin ensity variances
to includ®on the representative subset of tralnlng | mges. 8. The met hod

of claim mom\heeeam e@mm&&tnlbsmén)s ﬁﬂh)&fetdbsﬂ!Gbl@-torp&Wfd8§Q£& aletvR with s edinof t he

training | er .conprises.executi i ng n to randomy
setect o SERARE LS R pPS TR R0 BE RN, rPfkeliiee MR E TRl PR ol cort g

t he firstrepesomative amdn&:mw;ﬂg_t Pregexerhydary qulrletyéawt: atshare is Blgs 6t FIGE shewd i t he

second suRsst 100bf i&and WiRdoN 90Gn fuRRGESail. In this example, expert 38 has indicated that three

defect classes exist in the training data based on the review and exploration of clustered training data 35
via cluster viewing window 90. As shown in FIG. 7, once expert 38 sets the number of defect classes,
cluster viewing window 90 presents another menu 102 in the same location to allow the user to enter the
names of the defect classes which provide a meaningful way to identify them. In the example of FIG. 7,
expert 38 has entered names of “chatter,” “mottle” and “streaks” for the three types of defect classes
identified within training data 35. Display panels 91A, 91B in the cluster viewing window 90 remain
open while expert 38 interacts with input region 100 and menu 102, so that the expert still has the option
to navigate and visualize the clustered training data while assigning the number of defect classes for the
representative training data and names for each of the defect classes.

[0073] FIG. 8 shows input region 104 of cluster viewing window 90 for assigning expert rating labels to
image clusters within the representative subset S, of training data 35. Once expert 38 has interacted with
input region 100 and menu 102 to assign the number and names of the defect classes present in the data,
rating tool 37 allows the expert to interact with input region 104 to assign expert ratings to the images of
training data 35. In order to greatly simplify this task, rating tool 37 allows expert 38 to assign rating
labels to entire clusters, instead of having to label individual images, which could be quite tedious and
error-prone. In addition, expert 38 has the option to not label any cluster. In subsequent processing,
when the labels are propagated the remaining images not in subset S, the labels are also propagated to

the images in any clusters which are not labeled. As can be seen in FIG. 6, cluster viewing window 90
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9. The nethod of claim8, further conprising presenting a user interface of
the rating software to receive a first configurable paraneter specifying a
target siwe20f2/(se8bni ng i mages for the first subset of WOI/US2011/056377

2012/ 054339PCT/ US2011/ 056377 training i mages and a second confi gurabl e
parameter specifying a target si ze for the second subset of traini ng

I mges. 10. The nmethod of claim8, wherein automatically selectin
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nuneri cal escri pt (0] tTalni eat ure” Space assocCl at ed
wi th the praefeRlingahatgaskerassigngd: doabels Ca%bqfﬁmﬁf'%bsuah gty Ahend b o'a'é%séPP“@fhe'iehe
near est nwt@bbancsbeftmuat h&eﬁtmrahmjectdjesaws [Bro¢ ex@ért fafiviys havabeth Agighdamge; and

including the tra esent ative subset when all of
the di st afese pfme{ e %%laarree"g’gau\’fllgé?be r{(lﬁnr"’s“”el:1 F'hesetcra% fi ng i mge exceed an

outlier tHPEYHIE. it dmallusiravigh clatfmel expret ratingvieningwinderg B Oiptseated Buiralingdeol 8% ai ni ng

i mage.  1lith WKl MQarﬂﬂsuﬁlkz@bm mddify {hUEtiQ?fatung [RhdhdeRE cREC SRpYraABg & USer
interface of, the rat. re to rec

e rst conf bl e t
speci fyi n{j‘e‘f"ﬁ%wﬁﬁ%gl‘) gg‘f'ayﬁé'ﬁ:?lagltex‘?‘f&mélﬂ%lﬂ? l‘s f?’c?"l"lagﬁsf |Ar59h‘whg?1£‘§ 4 5’?‘%’9:\?5 o
whet her aratingaiiqwingvindog@0 ¢antais tvousideibesid¢ HEVIh Hisygayi paeedsel 1 2 i drogghodvad the

conf i gur apslelecapalgtﬁm%ttl%rreﬁﬂqg"nfayéaﬂgg tua %thlrét;Jaée@[lsutghﬁm%dgd hyperlmks E)B@ﬁ" net hod
of claim1, further conpriSing presen user interface of the rating

sof t war e fasnngéwwqowd&? a'quawwh@enagawn%‘ﬁae? e fefiandsiste I‘i‘éf“°f“lfré“gteﬁ‘%ﬁ“n| ng

| mages consiigst ute a Iarge dat aset and directing the rating software to

aut omat i Cgalojzs)f lgge?n;];r| Xuaﬁn%a%at( %?peﬁfa?p%]\ﬁéw1x%m|§&gslﬁb dn@Jl?yE nﬁrets l@lopl:bggbéhn?ges for

clusterin
cl ust er i ngFogssae @yay hpttisintitiee andedshipr et MG‘“?IO‘H"&%‘P §@§TSBPQ)C"é§§‘? AgRihe
nuneri cal e,@as ﬁmgo)sw@ Wahdotvhe@o alwyeme Reb b FoY €ach ud@&ealasetn alsEfratel ML fage. i IFBgES

g_g C\(l)ml’rg::l';le ltmgege Pcl%ss ﬂ'!ell%ygﬁs wnI;haeracg'Wosm exgertl%;tntnggr% ‘shown wnhl-rl;r;])gnemalgl Qsoadse aratecI aim
part of the HTML page for that defect class For example as shown in FIG. 9, HTML panel 112 lists the

defect classes. Upon selection of one of the defect classes, HTML panel 114 shows the images for each
possible expert rating. This allows expert 38 to view defects in a cluster independent manner based on
the different labels of that defect as assigned to the images. In the example of FIG. 9, the software tool
presents the results in “Defect Class 1 (chatter)" starting with the images that have received a label of “1"
on the top of the page. HTML panel 114 is vertically scrollable so that expert 38 may review each label
utilized for the defect class and, for that label, each image assigned with that label.

[0076] To further enhance the user's ability to comprehend the data, rating tool 37 performs another
clustering operation to cluster the images within each possible expert rating in a given defect class into
relatively small groups of similar images. Rating tool 37 generates HTML panel 114 for the currently
selected defect class (e.g., “Defect Class 1 (chatter)”) to shows only the centroid image of each cluster,
which helps keep only a small, manageable number of images on the display. For example, for label “1”
within the “chatter” defect class, rating tool 37 has generated HTML panel 114 to display centroid image
116. Expert 38 can click on the centroid image for each cluster in order to navigate to another HTML
page on which all images contained in that cluster are displayed.

[0077]) With respect to the clustering operation for generating HMTL panel 114, rating tool 37 performs
a separate clustering computation within each possible expert rating for every defect class. That is, as
described, each image receives an expert rating in every defect class. In other words, each defect class
contains all the images, but the images are in general distributed differently among the possible expert

ratings in each defect class. For example, a certain image might have an expert rating of “1” in the defect
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presenting a user interface to receive input fromthe user specifying a
desired nunber of the inmage clusters; appl ying a bottom up

aggl oner avowvelaisyssberi ng al gorithmto the representativecsass@t/osd37t r ai ni ng
images to forma tree in accordance with the nunerical descriptors for each
of the training images within the representative subset; and

truncating the clustering process upona:generati ng the tree to have a nunber

of |eaf rFeS" A Fatbuban ekRsH &atingpfe 'sin ths defprd &lnss emotHenBating ! $ Hrsrforma s af ust er s
speci f i edlsgriigheo a3 sedomputdNDdeperilizd: Qbid SR Tof ddGriate14fREdB A éct chBs. ATére net hod of
claim 13, islng: I d X | sters
based on eé(%n'r‘#l'{ %rﬁf%‘gagz%“ Ggg)n%fltﬁ%gggsm%%"p? ﬁ%?fl%%gggnéf Sérttiepgl?éeg@%exsirgr esenting
a user | ritang dcandihposhwitithe axpgr s dT enddikeviseimthe ethegpfagyslavstbe plural ity of

i mage cl ysd78f $n ¢k exelplylbehB8dimhp e cRED &8 cshphtet bat)ncadﬁ.l OMSsel o fnad&8Nitht O

navi gat e on t

the pluralj f i.mage cluste based ordering; and
Cont Tl | i arsgr Byfelt P T REGE B IUSE APt ARG Ra BOLIFterFce i n
accor dancgitissivbet N8 weDAPsthe? tnAREdRi §@ Whidtthd Rp&t rixingd b propBd&. Ghagsd ers are
di spl ayed nore closely to one another on the user interface than dissimlar

i mage cl ughgr sprest@.theinegeseitthaxgerohtingledr defetSlasavthat @em ictheripivial sigetanthagrvder  f or

t he i nmage cf usters conprijses: . , ) ,
labeled previously. Since the images in S; were clustered previously, each image in ¢<~ g has already

been assigned to a cluster. Rating tool 37 uses these cluster assignments to initialize the clustering of

S, That is, this is used as an initial clustering to start the process, then these clusters are modified as

new images are added to them sequentially. For each image in S‘r\:g— (i.e., the images in ¢ that do
. 1 e

not already have cluster assignments), we assign it to the cluster in SinS, to which it is closest. This
procedure is more efficient than computing an entirely new clustering for each set ¢° , since it exploits

our previous clustering of S;, and clusters the remaining images SAq incrementally.

S
[0079] Expert rating viewing window 110 also includes menu options 120 on the left-hand side for
modifying expert ratings for any image by entering the image name. Using menu options 120, the user
can both view the current expert ratings of an image in all defect classes, as well as change them if
necessary.
[0080] Various embodiments of the invention have been described. These and other embodiments are

within the scope of the following claims.
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for each pair of the image clusters, processing the nunerical descriptors
to conpute individual distances between each image within a first inmage

cl uster oWotbhe/gsadsp and each image within a second i magectlussaiensai7t he
pair; Lgﬁ@puting a nmedi an of the individual distances to determ ne an
inter-cluster distance for each of the pair of image clusters; and
conmputing the order as a second tree to order the inmage clusters based on

t he palr mnggnmﬂogkmc uster distances. 17. The nethod of claim 16, wherein

presentlng a User‘interface with the rating software that allows the user

to V|em1andenamngamem;h@“pkumakpmymaﬁoenagekahmsﬁensmm@mppmségyMﬁmmg@an
arrangene contr the dIS of the

t he, secan scontral ]
pl ur al |1{na ne Y L,(I;Pé[bu%ll F llulllésl lLal dest.tl )101 ? cé(,(ill Otf h%ql am n 11,_11& €s %Ollljl)é\ ),I.:}_lu 0?‘%{ﬁod Of

user
claln1h6mamhen@nm pnesentlng a cluster ViGMIMAndOM/MAthIn t he user

I nter f ace Ofpl (EJésslllaq}lé 1%11%16:11 cal dxvall:llc t)ls OFHI% Itl 1?1111O unaO%pw%M Ilhragatmo 801?\961 f,et()

representativ mthe user
selectum@nmhem&e@mESﬁmka@nMEehMEgefﬂmmamng1m@wshe |nage clusters and in

response to ene mnnO 4 f; I gls’tenn 1ogess Q/lt hl% 13*310 soiltwal 0 én ogl $$ tfe nume%igyles‘_h]etou
traini ng |1 corr ES on
nmet hod (IﬁﬁhGO“ﬁHCSmlTaI&e sflluetdf dre tmomp:grm@gmgnacmmmm engul’alhtg ofinugt dngeryidr klien a
scrollagngfﬂq esub@uﬁ%ﬁ%ﬁglﬁg%s“‘th the second hierarchy. The nethod of
claim1 sIFng:~ presenting the user interface to include
an i nput rreoh&mus;rmmtm fnomcieleve ongfatusérroo rhe trepwigessignii@nniifidrvitgl tamog kbeltdhe
| mage ¢ eag N o lliesphtu lltbefunaoggelustels for each of a specified classes of defects,
wherein receiving input from the user further comprises presenting a user interface with
the rating software to receive input from the user specifying one or more classes of defects
present within the plurality of training images, and optionally
wherein receiving input from the computer further comprises using the computer to
determine a number of defect classes present within the representative training images and assign
a severity label to each of the plurality of image clusters for each of the specified classes of
defects: and
for each of the image clusters, automatically propagating, with the rating software, each of the
individual rating labels assigned to the classes of defects for the image cluster to all of the training

images within that image cluster.

2. The method of claim 1, further comprising automatically assigning, with the rating software,
rating labels to all remaining ones of the training images not included within the representative subset of
the training images for each of the classes of defects.
3. The method of claim 1, wherein automatically assigning rating labels with the rating software
comprises, for each of the unlabeled training images not included within the representative subset of the
training images:

computing a pair-wise distance for the numerical descriptor of the unlabeled training image to
the numerical descriptor of each of the labeled images within the representative subset of the training
images;

computing a set of probabilities for each specified classes of defects, wherein the set of

probabilities for each class of defects includes a probability for each of the rating labels specified for the



WO 2012/ 054339PCT/ US2011/ 056377 in response to receiving input,
nodi fying the plurality of imge clusters by nerging the training i mges of
the two iwegelxlsusber s identi fied by the user into a si mqlrﬂlse(blumsasm and
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updating the user interface to display the nodified plurality of inage

cl usters. TZhEhetlwdiohdeinof, whk@inmotbytinguarnuericat devprijitei fogeach of the traipeg howed ng
a secondm%n stering process to conpute a plurality of hierarchies of inmage

SCS:

clusters each of the hierarchies clustering the training i nrages assigned
with a reﬁpemﬁmWémmnmhgﬁmmhecpmpmhgahamehsamnmtamhe@pemkﬂvaﬁmmehmﬁomhge

cl aSSeS,, Ofl on. ollcte ot 1f101e Henmtlves of 111{% LR vrafue n(% the plxelllle?(*tlv o a pl ualctg o% 1161011bcnl$de an
Pnput detect s;

I nput mechani sm to Fecerve
upon reneﬂwamg the i nput, presentlng the user |nterface to dlsplay t he

hi erarchi 908111 %tmo a ug% cg:nlgylsntatet\%m t g?}nl?uqo 1r1naatOI %etll o1 t%e ?eat%le vehtms ((,:lt %q% cl ass
of defect, I A g user i At er In al | ows

t he usen“ieﬁMEVMgmtenmge hi erarchi es of |nage clusters a5500|ated w th each
of the rating |abels for the selected class of defect.

5. The method of claim 1, wherein computing a numerical descriptor for each of the training images
comprises, for each of the training images, convolving the pixel values of the training image with one or

more filters to compute the numerical descriptor for the training image.

6. The method of claim 1, wherein computing a numerical descriptor for each of the training images
comprises, for each of the training images, computing a histogram of intensity values of the pixels of the
training image and computing the numerical descriptor for the training image from the histogram of

intensity values.

7. The method of claim 1, wherein automatically selecting a representative subset of the training
images comprises:
processing the numerical descriptors of the training images with the rating software to compute a
pixel intensity variance for each of the training samples; and
identifying with the rating software a first subset of the training images having the highest pixel

intensity variances to include in the representative subset of training images.

8. The method of claim 7, wherein automatically selecting a representative subset of the training
images further comprises executing the rating software to randomly select a second subset from the
training images remaining after selecting the first subset and computing the representative subset to

include the second subset of the training images.

9. The method of claim §, further comprising presenting a user interface of the rating software to

receive a first configurable parameter specifying a target size of training images for the first subset of
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The nethod of claim 22, wherein performng a second clustering process
conprises utilizing the cluster assignnents determ ned during the first
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aln out el raimning 1mage
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determining whether a training image is an outlier training image and a second configurable parameter

specifying the outlier threshold.

12. The method of claim 1, further comprising presenting a user interface of the rating software to
receive input from the user specifying whether the training images constitute a large dataset and directing

the rating software to automatically identify the representative subset of the training images for

clustering.
13. The method of claim 1, wherein performing a first clustering process with the rating software

comprises processing the numerical descriptors of the representative subset of the training images to

compute the plurality of the image clusters.

14. The method of claim 13, wherein computing a hierarchy comprises:

presenting a user interface to receive input from the user specifying a desired number of the
image clusters:

applying a bottom-up agglomerative clustering algorithm to the representative subset of training
images to form a tree in accordance with the numerical descriptors for each of the training images within
the representative subset; and

truncating the clustering process upon generating the tree to have a number of leaf nodes that at

least meets the desired number of the image clusters specified by the user.



i ndi vidual rating | abels assigned to the classes of defects for the inmge
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wi th the cl dsisiath et afoie inghadlusters, processing the numerical descriptors to compute individual
distances between each image within a first image cluster of the pair and each image within a second
image cluster of the pair;
computing a median of the individual distances to determine an inter-cluster distance for each of
the pair of image clusters; and
computing the order as a second tree to order the image clusters based on the pair-wise inter-

cluster distances.

17. The method of claim 16, wherein presenting a user interface with the rating software that allows
the user to view and navigate the plurality of image clusters comprises using an arrangement of leaf

nodes of the second tree to control the display of the plurality of image clusters within the user interface.

18. The method of claim 16, wherein presenting a cluster view window within the user interface of
the rating software comprises:
displaying a single representative image from each cluster;
receiving input from the user selecting the representative image for one of the image clusters: and
in response to the selection, updating the user interface to display the training images assigned to

the corresponding image cluster.

19. The method of claim 18, further comprising arranging the clusters within a scrollable panel in

accordance with the second hierarchy.

20. The method of ¢laim 15, further comprising:
presenting the user interface to include an input mechanism to receive input from the user identifying

two of the image clusters to be merged:



WO 2012/ 054339PCT/ US2011/ 056377 A system conprising: a server executing a
rati ng software, wherein the server conprises: a processor; a nmenory
storing avplzurzadshm of trai ni ng sanpl eS' rating rcfrm&a(ne/ometuti ng
on the processor, wher.ei J i.neG { eature .extraction
rmdul et Olll TCs I)P%sé 'to 1fegel¥1n lllgutf 1#1851%’111 r}ﬁ ]O%lla lty Of una le s elsﬁy %nel 111 tFe Tlallr]rlﬁge y
conputnmggaoﬁ&nﬁm:mm@edeﬂ@submdkdb@nmeanMnoﬁsmyecmmalmuhg |neges from pi xe
val ues of ulg(P?na t?gpee?ltn erf: ge t{)allspfa the nmgeed Pﬁ‘uaql ”l} laoe Llusrf':m rating SOT tware
perfornms a uste tes SV RENURET cal descriptors of
the training inmages to autonatlcally select a representatlve subset of the
traini es { | ural.i.ty of image clusters for the
represgﬂtatlvgngﬁgq fﬂ ﬁ%hgtomP““6ES, wherein at | east one of
the rati nglesamfmg\m ascegiatd tngmdnde tuhelpmnmaceg@emrtomueae mperﬁmmtheruﬁcameunfyuw

pr esento%g .01t ?:1016 (V) He ?Ellllll9 11?19O Me 1eas8t IFeId fll()%lsd f?ln[ 119 ftﬁTer?d g § ustgls?o d S€L011€lf0dgt S

pr esent Sent at 1 ve

rating dfdt@ehlsﬂefcdlﬁteesach of t he cl asses of def ects further vvherel n
the user inter eive.

user aSS| alnles )011\6(%0 }eg%{rp HlBut 1110( 1{}’111 tF?]allldr@ 0?1111& €hplst]@l t lee Issl ‘nllqulﬁ Ollset()ler S for

each oflnmhealsmgmufgeed tied ﬁ&sﬂslmﬁel daf ects, and opt i onal |y wherein

the rati ntqledsapno m@u\tehlen)t(e?tf tlor\g nthte nﬁ)dﬁr qCFu%a%?ro 1lplaoe Juspes a number .Of def ect
cl asses pr €5, and assigns a

severity label to each of the pI urallty of i mage cI usters for each of the
speC|f|7ed clﬁsse wherein, for each of the inmage

clusters, the rat wq fgalfnt & ﬁlﬁhel wmﬁtﬁm%al | y propagates each of the
i ndi vi dual rmtfmmgng a@e«bmi caseﬁggnedc $ototchepwt agbedityodt hibedrdidsf fnmage theers,
each of the hierarchies clustering the training images assigned with a respective one of the rating labels
for a respective one of the classes of defect: and
presenting the user interface to include an input mechanism to receive input selecting one of the
classes of defects:
upon receiving the input, presenting the user interface to display the hierarchies of image clusters
for the rating labels of the selected class of defect, wherein the user interface includes input mechanisms
that allows the user to navigate the hierarchies of image clusters associated with each of the rating labels

for the selected class of defect.

23. The method of claim 22, wherein performing a second clustering process comprises
utilizing the cluster assignments determined during the first clustering process to initialize the image

clusters of the second clustering process.

24, An apparatus comprising:

a Processor;

a memory storing a plurality of training samples:

rating software executing on the processor, wherein the rating software includes a feature
extraction module to extract features from each of a plurality of training images by computing a
numerical descriptor for each of the training images from pixel values of the respective training image,
and wherein the rating software performs a first clustering process to process the numerical descriptors of
the training images to automatically select a representative subset of the training images and compute a

plurality of image clusters for the representative subset of training images; and

24



imge cluster to all of the training inmages within that imge cluster, and
further wherein the rating software executes a training phase to conpute a
cl assi fi caoi2ore/esusdel based on the rating |abels assi gnetﬁctrmsmhe/OSmaT ni ng
L);mgej\.ebaprgtdt leag Ollﬁi gmf’jm IrlllO sogwalgsel?egutmwlt eIIJSIOLeel;rﬂlﬁ)l orad Lﬁglnl{lfseﬁq,eé)diselged @Q{ It :)(;ns
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accor dar}cl fem s enrI \Vltlan i %f! DA esen%t{vg%alm?w fu%laoes an(faé S OFi 111([1v1dua|1 1a(t)1nty labels f01 cach
conput er -t eadabl e pri si ruc a

conput e tigreses shdefdcs: execute rating software on a corrput er to

extract features from AP qf W of trainin magees .b utlng a
. lel Cll sel lllhel d* 11 lel 111(, 1 les mput meghams S tO 1C 1\’6 111 ut ass 1111O
nunerical descri p¥ b alfties of

t he respect |avzlenctl‘rldltlalhralngrD iah@geqach V@l@ﬁlﬁb@¢ aweswe{/husae lﬁdnﬁ'ﬁtﬁBm%es of defects,
process the nuneri q . f$tortﬁ {J"thﬁ trai nlc‘% {er s wth t?e rating
software to aut orffit O%ﬂnf \gé R PGP SRR VE CUBSELDT " e "tY 4i ni ng

i mages; numbpestliekacaisdel piétenchvidsih ek irdpgespit@Be sGingtiRadchend alsighga sotdiwar e
to process the nunerical descriptors of [E}Pe regresent ati ve subset of the

training i magebogAd ‘Eé‘??ﬂﬁ‘f‘é‘“é%‘l“li#%‘rl}“t‘?‘ cichah e arcgdicdrlasspo defqes: and

repr esent at i MR s B§@hchQdf tierimbet MG tekTBY @Sing software automatically propagates each of the
individual rating labels assigned to the classes of defects for the image cluster to all of the training

images within that image cluster.

25. The apparatus of claim 24, wherein the rating software automatically assigns rating labels to all
remaining ones of the training images not included within the representative subset of the training images

for each of the classes of defects.

26. The apparatus of claim 24, wherein each of the rating labels assigned to each of the training

samples correspond to a severity of a particular defect.

27. The apparatus of claim 24, wherein the training samples are digital images of manufactured

material and the defects are non-uniformity defects including chatter, mottle, banding and streaks.

28. The apparatus of claim 24, wherein the rating labels classify each of the training samples as

either acceptable or unacceptable with respect to a corresponding defect.

29. The apparatus of claim 24, wherein the rating labels classify each of the training samples as one

of a plurality of grade levels with respect to a corresponding defect.

30. The apparatus of claim 24, wherein the rating software executes a training phase to compute a

classification model based on the rating labels assigned to the training samples.

31. The apparatus of claim 30, further comprising a computerized inspection system to apply
classifiers to assign a rating label to each of a plurality of samples captured from a manufactured material

in accordance with the classification model.



receive input fromat |east one of a user or the conputer assigning an

I ndi vidual rating | abel to each of the plurality of image clusters for each

of a spe(,Wt)izem/ushass of defects, wherein receiving i nputrclrruseoiiioss3aser

furthery,compyi es presenting a user interface with the rating software to
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receiving input fromthe conputer further conprises using the conputer to

determ ne a nunber of adedmaoy stoh@ﬂemaptryeﬁealtung\nsctnhnlafs t he represent ative

tral nl ng I rrages and asﬁtllg’ ﬁ dslg\el\ee[,{ltgl 011 llje(e:[ IOLt€9801e%'V Plelglf eld 11( {’Vgllelllgt udOf
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software, each of t. ol SSi: gne L ses .of
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i mge cluster. the respective tlammg nnage, and wherein the 1at1nO softwale per fOl’lllb a first clustering
process to process the numerical descriptors of the training images to automatically
select a representative subset of the training images and compute a plurality of image
clusters for the representative subset of training images:

wherein at least one of the rating software executing on the processor or a user
interface presented by the rating software specifies one or more classes of defects present
within the representative training images and a set of individual rating labels for each of
the classes of defects,
further wherein the user interface comprises an input mechanism to
receive input from a user assigning an individual rating label to each of the
image clusters for each of the specified classes of defects, and
optionally wherein the rating software executing on the processor
specifies a number of defect classes present within the representative training
images, and assigns a severity label to each of the plurality of image clusters for
each of the specified classes of defects,
wherein, for each of the image clusters, the rating software automatically
propagates each of the individual rating labels assigned to the classes of defects for the
image cluster to all of the training images within that image cluster, and
further wherein the rating software executes a training phase to compute a
classification model based on the rating labels assigned to the training images: and
a computerized inspection system to scan sequential portions of a web material to acquire
samples, wherein the computerized inspection system applies classifiers to assign a rating to each of

the samples in accordance with the classification model.

33. A non-transitory computer-readable medium comprising software instructions to cause a
computer processor to:

execute rating software on a computer to extract features from each of a plurality of training
images by computing a numerical descriptor for each of the training images from pixel values of the

respective training image;
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process the numerical descriptors of the training images with the rating software to automatically
select a representative subset of the training images:
perform a first clustering process with the rating software to process the numerical descriptors of
the representative subset of the training images and compute a plurality of image clusters for the
representative subset of training images:
receive input from at least one of a user or the computer assigning an individual rating label to
each of the plurality of image clusters for each of a specified class of defects,
wherein receiving input from the user further comprises presenting a user interface with
the rating software to receive input from the user specifying one or more classes of defects
present within the representative subset of training images and a set of rating labels for each of
the classes of defects,
optionally wherein receiving input from the computer further comprises using the
computer to determine a number of defect classes present within the representative training
images and assign a severity label to each of the plurality of image clusters for each of the
specified classes of defects; and
for each of the image clusters, automatically propagate, with the rating software, each of the
individual rating labels assigned to the classes of defects for the image cluster to all of the training

images within that image cluster.



