CONTI NUOQUS CHARTI NG OF NON- UNI FORM TY SEVERI TY FOR DETECTI NG VARI ABI LI TY I N
WEB- BASED MATERI ALS CROSS REFERENCE TO RELATED APPLI CATI ON 100011 This

appl i cat iwo 2012zismest he benefit of U. S. Provisional PaterCTABSpdilosic7dn No.
61/ 394, 655, filed Cctober 19, 2010, the disclosure of which is incorporated
by reference herein in its entirety. TECHNI CAL FI ELD [ 0002] The invention
rel ates to autonated inspection systens, such as conputerized systens for

i nspection of noving webs. BACKGROUND 100031 Conputerized inspection
systens for the aned)m;il\wmfsmﬂmo@bNmtlﬂnimhMﬂna\savamn critical to

oder n MRNUE aCt ur | Agh BRRERHI Y HELA93 iEn BARERTHENARLLT e 1S L0

produce material which'is per uni form an evol variability.
However, non-uniformty is a conm)n pr obl em when manuf act uri ng web- based

mat er i aI s. This can b@mmgmN@@wmugpﬂE@kpmengari abl es or
formulatio r Conse t t
cept oy 1 gl BiSan RS ST Rt eyt Ui PR L e P UET RA 35 Ras fy t he

qual i ty of fird Getphef la&:EQJr),ehb qmckodmf wbih &dnconpordiedybyt referenathere’s ircigphtireted by

optical inspection sensors (e.g., caneras). Sone inspection systens apply
al gorithnms, which are often ref e[FE‘(_q.ﬁMtQLQﬁELﬁ| assifiers," that attenpt to

aSS|gnarat|n to each captured dj ") dndicating
whet her t h&" gﬂgﬂﬁeéﬂ,"e%‘f’" 'BBPF i°§Ht§m’t“H1e'85@8°F‘°“ 1Y§‘efgscé‘é?)?sef81‘%“‘?5}z%%{i’%?efﬁ’t able, in

t he si npl esipectios of m¢vdgOdps. These i nspecti on systens often attenpt to
identify "point" defects in which each defect is localized to a single area
of t he manuf act ured material I—b\A/gx@kGR@tdmj types of defects, referred to
"non-uni ford. defects or "non-uniformties” rmay exist in which the web

mat eri al  eXIPHi CEPHETRSHNFRSFUP PAIEMA ST IhF pRAST 8Fmdying Jeh RalgiashavERIR Bl es of
such non- umitfcainambdemsnanirfadtwid g opeotivrs e Theoal tof @produo@mdingy to @aticeshat@aks.

Non- uni f or Whélylskéséggtlyqﬁ fi taﬁd &VG ofavafla{:bhﬁ}sq{o% QXn-aﬁifol'rﬂ{yt %?P& q{oﬁt I’I buted and

non-| ocal i ze a resu , SucC ect’'s ma e nor e ICU
conput er i z8WYEMA §b@‘d‘ﬂ‘1’"bfﬁ°"§3?§ Wébr%aS%ddn%F@fﬂécThl%ﬁ%becﬁa&Sﬁi bof apy pepaksr ‘Pfd’&“&?SF zed,
poi nt def egirfblesAs formil@phl briors. mesreaiemysn@Ibeoqma.gilﬂc;eammdomhqoemglkm@er S may

eSOt o RRESASRL SELY: ARTRIEL-URR AR SR (R A nfldbine. e

product based on dlgltal images captured by optical inspection sensors (e.g., cameras). Some
inspection systems apply algorithms, which are often referred to as “classifiers,” that attempt to
assign a rating to each captured digital image (i.e., “sample”) indicating whether the sample, or
portions thereof, is acceptable or unacceptable, in the simplest case.

[0004] These inspection systems often attempt to identify “point” defects in which each defect is
localized to a single area of the manufactured material. However, other types of defects, referred
to “non-uniform” defects or “non-uniformities” may exist in which the web material exhibits non-
uniform variability over a large area. Examples bf such non-uniformities include mottle, chatter,
banding, and streaks. Non-uniformity-type defects such as these are by definition distributed and
non-localized. As aresult, such defects may be more difficult for computerized inspection systems
to detect and quantify than localized, point defects. As a result, operators or quality‘control
engineers may resort to inspecting sparsely sampled web samples manually offline, i.e., after

production is finished.

SUMMARY
[0005] In general, this disclosure describes a computerized inspection system for detecting the
presence of non-uniformity defects and providing output indicative of a severity of each defect.
Moreover, the techniques may provide output that provides a continuous charting of the

non-uniformity severity. In other words, rather than being constrained to discrete rating labels,

-1-



100051 In general, this disclosure describes a conputerized inspection
system for detecting the presence of non-uniformty defects and providing
out put i mipDcatZ/ose226f a severity of each defect. MoreovePCTiUseOmAsISNS ques
may provide output that provides a continuous charting of the
non-uniformty severity. In other words, rather than being constrained to
discrete rating labels, such as "acceptable" of "unacceptable,” or a "1,"
"3," or "5," the conputerized inspection systemmay provide a nore '
cont i nuous suchaKiadteptadie” bitanseappble? or Ko “BXartpl ee cctdnﬁteﬁmdﬁmbeeﬁdnzsmlerﬂ nspecti on
syst em may I C - mty
severity of' qgag?l%egan'%g{aér% ustr%kmggﬁﬁ Sﬁ"ﬁ@&%%g’ieg ﬁgpum%d%b%ﬁ&a scal e
fromO to POEMIGYOBLY Q'gf?"ﬁ'ﬁ’é toesiesi afeAT e mA R Oémaalﬂéwgy T ¢f9&¥8 pr ocessor
and a WEI’YDEdy’np&toﬁlélcmmﬁau@JchlE abdhtayl .6¥ ontalsculeTroftOp 16 a0 es Each of the images
has been azﬂ%bﬁnﬁo em%o? ana arOaIusgamscge?te r?g IeSS an am s(t)orm non- Unl form
def ect presen T RE™ P 4P ng . frarning ?"fo g%ecuting on

t he procesB'G'ra“tb/ﬁf‘,‘rfl}ﬂwa'aplﬁe@@qtlméthemagqcbﬁt@ﬁ‘ apighed @etOf)a ?ekqfldamte fadeg ures from
each of a pba @td doi-uRiforh akd| r@ﬂnt‘»ﬂﬁﬁlﬁﬁe thing HRARES, ITRGNif: sfoﬁ@{u%@cuv.ﬁg&pr for
each of the traini ng %frra%g rom pi Xﬁ val ues of the r ectlve tral ni ng

i mge. The™PRFHICRECY (PiS eptEagion Mofylgtogxlrant fepturgsifromyea %PB“VB%‘P rs for the
trai ni ng i meEgesimages &y oipatingwi feahiraveetonforl each-ofl ihepaising inakes Spmpixel vhhwes dfr ai ni ng
conput s g Al Qfink ARUEL, "he Binth 0k B Bl ehs LATRGER: felturt DGR, GARD Of the
training images is assfgnéd a non-uniformty severity ranking value on a
cont i nuous T&Eiag Enage aya Rfl’i"\‘ pihippmultiglieasione! speceehedraining 9eymprtes A cOfoRer .
enbodi ment ranking£eMiRUGLRIME ZRged il & PIEICdathOIT R YiGih REInaa 6 itkdagned a ARADIYmMIY Store a
g?ﬂrelal f?;t (s:)e;vgrﬂ{)%%l? vsalu?ﬂrgzgc%%{mugos%ésa rfaorn&l”ferg'ntg €s o?getfec:t:sgl nggel rraEggﬁ gfs ?he
poi nts wt lﬂ0h7lt1he"0r§h§r ebgfimerisd omaytersprhipection syagp dxlidespepodatialf @ vect or
for a diffab@MhaQeestits atohﬁiinhél@irdﬂi(iﬁlé)ofitmgﬁﬁlg uFralg@s aegamut.@rorm mmecti on
system i ncl uﬁl?s a. sg]rver execa}ghn sof Ewath L t]tdo z new i

captured fFY eRRE FFRILPEE bish Ot RaeaY thing eé?ét%é’&?“s‘f”éa ipﬁ"reég”“rs?%ﬂ%the new
i mage. The tosdgtdmayeetociongdiffesnt encoéherraitiyg imeges| Thefcomputroiredlimspéctiomayeleh ect f or

the web nagn@fu!ié"s”a sétlbr @(eﬁfﬁné §oﬁ“9’@§1a§p¢&l¢s@esg%§@gn ?@cabllﬂxeed %ﬂ%‘ma&]‘fa&l}?@% training
i mage. The conputerized jnspection system.includes a user interface to

out put thew§‘éW@?ria{S9e¥‘?ﬁ‘€Fat%'i§ frgm e "‘1"@60@? SRV O AT 2eRBYIENt 2 a et hod
conpri ses ecewifoimigfesiGbrithvaed marrid ot @oqpUtues stade xddroa die nfoéeibﬂthemnﬁmg)m each of
a pluralit r i r.,for each
ot het 1 o g o R o el e o e g
wherein eadKWef the i mages has been assigned one of a set of discrete
rating | abeloes|f @iandhen@ibolifiehtod matkbakanrisRleaBamp sofivialti of alcbiputer @l eRirddg | MaYES.
The, et hod ihilld REE &R 988 ALRERT Hlaad o) P L ilcaliRRTpbAbOLS, Of L he
training inag WEh the Tat] SOF L War yf r%p nt T nuous ranki ng of
the traini n@th mgesmws@@n e'neltvﬁeesdﬁtbq;rue@@@wr!aat-nmxgmmb\éll'esﬂla@sh ¢ithed to the
training i iRg&has EEE}eaankE&Q of Mgt m%&etQFaﬂﬁg‘u‘lﬁ&lsﬁ& aaaoﬁleﬂifohﬁr&a&t prahcured froma
manuf act ur ed eatures fromthe new,i mag

b rmat e
o e o SR e iReso e e Botl P S RREFEE F PP r SRR i ad on t he
cont i nuous the raiking gnagds viith éhetratiag sviftere torageyte agvdtiqppwsahing nfthatrargey | nterf ace

to output ﬁntfb%es%géé@[n\ t‘hé’dnLc‘?é{éa:jatqucl)ab@s WS ed mld?é)@a%gm%é eﬁ@%eﬁU@ﬁclH&Y provide
one or nore advantages. on€ exanple, the nore detailed the Information

provi ded t BrOFHENESIEY 4Pa8F Capf”FFQ i@ aanapifaryid Wep matgral frexfract E?F'B’W fﬂ‘i""‘i‘lﬁ‘el nsi ght as

to the causev mfagetdnecmneeumvfeﬁy fevél yf thelhv@-uidonh idefed 6 telvab basedponalie t he

non- uni f or 4 i s out put

on a conti Eaﬁgﬁus()ﬁsgr\éﬁﬁmg oly# {r}gwﬁé &Qﬁﬂﬁgre&%i‘{ﬁ)w& %{F{leteq%géet?gt lﬁﬂggiyﬁ%%e clearly

vi sual i ze teM&temBtint and severity of non-uniformty occurring over tine,

V\:hl ch _may i;maosm)rree t&iﬂh{@libfs agepusdddias nehréaamtagesout wtexﬁrtb@é‘ltha&orega@ldad and
"bad." In E 85¢ ente rtu |tcah%e operat or. artl cul ar

u
non-uni form Je?ma %lon prov{% ({)m‘(i:hgn etrart)‘gi ned tO° [ s'(':]rpe({v lnrga'%Slg {rs *abel s
assi gned t eaupdrs theneyi- mlfn@nga'ﬁp fcenginuous charting ofthe non-uniformity severity in Whlch the
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100101 In addition, the techniques nmay be applied by a conputerized

i nspection systemto provide real-tinme feedback to a user, such as a
process aemQi2oRas4228i t hin a web nmanufacturing facility r@egaruseng/os4ees
presence of non-uniformties and their severity, thereby allow ng the user
to quickly respond to an energing non-uniformty by adjusting process
conditions to renedy the problem w thout significantly del aying production
or producing |large amounts of unusable material. In other words,

appl i cat i osevefty Efeboftagiefertiiuest amayorginwss {chie ino@driat oy 4dlloe tialpdratorsto t 0 det ect
failures agolReyQRHhe nt GG AOsAOR ﬁwmfo% \mmé ovePBhd hnfehFper . the

t echni ques nmay a p y a contl huous ran hi eve he cont| nuous
ranki ng of P&SBfppevantagerys thamdiscrpts putputsyed ag caepqd Fab (had-r Ahikis Mgy rﬁ"tﬁ@é‘P“‘n&y be
devel oped farmntbca:osetop@itortfsralpaﬂnagarhmgmnﬁ@fecM&Mo@kbnmnmumltﬁemrsaﬂeﬁey severity

a (:oarsel%S di scretized scale, e.g., such as levels

| evel s are_kn
of "1," "36’5%3'\,%]”%@}(6 ﬁg’igilm%sam ver, the techniques for continuous
charting of00HYninaditfonsthd teapnigey mey lteyipld@éb)ra toandutbrizedinspettinu eysiam i brevidsi | ity and

usef ul Ness rehitiMtUERRbRKI® aREPAbhtas & | er&%en% et wdmﬁlgwwannﬁ&eﬁdgaimwat is
produced on S0 usef ul gnd rating

echni que is
o unt o EEHBETS PowtG aleranfanese RepSytiD: bepitlarine he e Lot
i | I um nat i espondHowewearging fve-utifrhit ywdisstiag procest cohditining @dleniedy timyroplant i cul ar

manuf act ur QQhMg‘%fﬁcﬁhI%leaﬂlmgidﬂlcglom%?oldbctu}é uarg&a%{%&s Jﬁaﬁusgiﬁé flb qf one or

mor e enbodi ment s’ of e iI'nvention are set forth in acconpanyi ng
drawi ngs affertRes.gerlicstiop pf thiediripsimaxgiyrdhe ?Pérélomh%%b,‘“%l‘}jdé‘&%‘@,"“rﬁﬁﬁ advant ages
of the i nvesf dcout, réduking the aragupedfeadte.f rom t he descripti on and draw ngs, and

f rom t he. Clod US{TBFéIP%r t# tecIREi(%R%F)J 'cllp Wg g:ntllr:l)l%ﬁvya?l\l((‘% mo%gljtg' %‘fhlle:\l/the contlln%mﬁ bl ock

di agrami | nversion systemin
whi ch t he takirgaf Sd‘é‘s%ﬁr'i’ﬁybd‘eh@ﬂ@low fﬁiﬁylglﬁé)d%lmy b@@velqm*lgnaﬁqtei 2is a

bl ock di agfraﬁmg' Magbgwraﬁhicmgonamlf&%ambartyne&maddnmnwn a@bBarielSfeeliie®n System

in an exe r cturi, l,ant. 100161 FIG 3 is a flowhart
illustrati cﬁla e)r‘/fé é‘)‘(cg Ve‘l’s" eratt ﬁd gf the systems described herein. 100171
FI G 4 i1l 199121 aMefsovar, tbgmhnmuwsr cotinems diartipg sfiromakifofr@iD)sewrifyfdassebedr ef erred to

as” a "mani fQliglhave 5ﬂﬂllfa§1il@ra%&@fuﬁ1953 Whhmodshfodidt g% ntnc}miﬁ\g@%dtﬁgl h it he
training software to produce a continuous rankin del "‘afe readily

under st oodPO45EAB P ep- GTh‘SS‘e‘ihg'q‘éF i $RAEHY it 9 Bie ’a?f‘grPB? BRERETS™ an” exanpl e

process bypmﬁucslﬂmat draopaguer mm‘utewdlleequ)tllmoessesﬂémerumetemmtmras nextracted from

{ralning | TRARS, b HRKEL DR ERRIBHRYS e ARLhARGT e training | mges and
produce a continuous ran
[0013] The details of one or more embodiments of the invention are set forth in the accompanying

drawings and the description below. Other features, objects, and advantages of the invention will

be apparent from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS
10014] FIG. 1is a block diagram illustrating an example web manufacturing and conversion
system in which the techniques described herein may be applied.
{0015] FIG. 2 is a block diagram illustrating an exemplary embodiment of an inspection system in
an exemplary web manufacturing plant.
[0016] FIG. 3 is a flowchart illustrating an example operation of the systems described herein.
[0017] FIG. 4 illustrates a continuous three-dimensional (3D) surface, referred to as a “manifold,”
in reference to which the algorithms applied by the training software to produce a continuous
ranking model are readily understood.
[0018] FIG. 5 is a flowchart showing in more detail an example process by wﬁich training
software processes feature vectors extracted from &aining images to develop a continuous ranking
of the training images and produce a continuous ranking model.
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100191 FIG 6 is a flowhart showng in nore detail an exanple process by
which a charting nodule utilize the continuous ranking nodel in real-tine

t o det ectwohersexénce of non-uniformty defects and toPpTasREia/084673
continuous charting of a severity level for each defect. 100201 FIG 7 is a
graph providing a | ogical representation of finding the k-nearest neighbors
in a 2-dinmensional feature space. 100211 FIG 8 illustrates a second

techni que for finding the k-nearest nei ghbors using a hashing al gorithm
DETAI LED DHRSCIRI HFGEI6@N: ld@R42Ushéwiag in Inoregletail iyl eaahplelpraggssdbwhich mshartmgi ng an
exanpl e SYSh&R ket hfillods %k.kiﬁm%l HHERYHRES Gl PREpBEERIo P iBNitRRiPP! T ed.
Web manufacturing plants 6A-6N (web manufacturing plants 6) represent

manuf act ur Asiggtsend e groyidat coprinygeicaartingef & sevigiopleYs! featash #e58ct i n the form of web
rolls 7. Wado2oyemafaeh gtﬁmagovml@ratleguﬁl repssedRion) TBEAP e R akdrast dighboid ihut ed, and
each of thgdlmegmng]r}%(ug %JI’I ng plants may include one or nore manuf acturi ng
process |ines. TN web rolls 7 may be manufactured by any of

manuf act ur 0431 dﬂﬁn& 'Husﬁatér?die%m‘i fephegudier finding the kaeargsbneiehbaisf wivg ahishge pl ant s f or
addi ti onal ajpsrdmessi ng. Finished web rolls 10 are shipped to converting
sites 8A-8N (converting sites 8) for conversion into products 12A-12N
(products 12). As shown in FI ontrol system 4, web

manuf acturi ng plants 6A-6M (we (‘\?’oml\l B\é%‘ﬁ"ﬁg"& ants 6) and converting
sites 8A- 8N0ZA driGelrit # bigckgliagam l%}strfameanmrerﬁmmméurem@yheaequmt er network 9

for ?XCPangésE}fﬂe(![ rﬁ:fe@{ lﬂﬁftﬂe Q;%]ahécﬁ V?eb,maG@tﬁ&Ging bl&ft@éﬁ(@ﬁ'(@éb)marn@#a@&rﬁﬁ laBs 6) 0231 |
manur acture o e we erla Vv S|on|n n
general , wEBTIBTaguRcturig 5‘%9““@6‘?‘[’t’%f|aﬂé:5??ﬁ’ ‘TPF’&‘(?F’U? L0 ?/\EPE“ ﬁ’g“fe t“i%'éﬁ Wﬁét may be
any s heet - midoéaciratggridngl6 niwabe geggraphiidabyedistrdhuredasd @wh oftheoree manufgotingn and
either a pPl@ﬂ?ﬁx%ﬁﬁ@ldﬁ@QneQ}} mb@%klﬁgcmrlﬂ?ﬁrgc%sqm&t hn %eﬂer&lhﬁebQSIkhQﬂQ'ﬂ@l direction.

Exanpl es of web 'materials includ are not T1mted , hetals, paper,
wovens, noR2RkEsursd by @V&é@a"“&ﬁ‘PWﬁ“E 61a1“1 Hippediberygengheavdinapyfpqying
conbi nat i opiantd ﬁd&l‘d&iﬂfmal pvBdeding. Aiighed Meb todel 0sitahippaati@ton ednthgaites shesN  or

al um num Y‘an%wﬁ%ﬂt%s §rf(§|cl)rx']grlmpr? ’n%qa?odgcqg l|2gul§N (S}QJulctg ?2) N?&oWRYneFQ? li ncl ude

materi al s, Fil s
i ncl ude, f@ﬂ“"@%@rﬁm@l S)'é‘le'éérweéri@"@f&&tm%l"m %TéMl(tYe‘TN"H@CtPrmglpﬁ’dis ﬁlj’"ldam nat es

and coat edcénlvéxf@snemﬂmcmweg&tbmarsl.m@&n&ct@ayy ar@ﬁ@mmetwomgsrb,ed wig rolls
nvert f.l into

10 from web turi ni s
i ndi vi dual e’%cﬂg'é'f‘%m?" at""h%&r ng?‘:éfnf°6'ﬁat\°%trqatf)drt8ﬂﬁ Rfacwife0 ! Srwmggf’te"a[l %ust oner s
14A- 14N ( cosvarmristo piiucts@dnverting systens may deternine into which

products 11400@31 Oih ‘é&\@raf lwas ,%h@ad 1%5& doRthih nmfac&réa%y%&.@ﬂ mlaaﬁa%e QY sheeiari ety of
criteria, E rae ﬁvesassomated Wit rou That. is, the

sel ection '§‘ ‘l"“%ﬁ‘ diggpsiop dn Qf gifRctenzRd ?‘ﬁ&rc?rpb%?‘ P’rf{“&?t%‘f’%
products 1Rngiaip tlb&rtb@smﬂdnammhéxmmmww ngteadeintledechusare ag himgbiget sati sfi es.

I n accor dapegs ;Fep woldas BSrFQE'JeHsU g%‘.&ﬁﬂs 'ﬁ%{]ﬁlé E\rcuﬁs%wc%b‘irlaﬁ&ss' tes 8 may

al so receive d ta regar ano potential defects, t he

fini shed wereelo Mesﬁﬂsmy meJluﬁq Sr"rﬁ‘t'éﬁti?‘als eV plRmpums Mogeps gengraly 'e‘aw\?er t finished

web rolls IDicbsThiwicd. nthoduaincﬁhbeﬁdtanaMu@hs papyr, fier mBdigbpiadulitifdmatéitadD products .

12 for sal Ellms mc(fu%e tfc())rrg%grépleléear and opgq%%s'I E&;?mné%c %lmjsdl'r)cluding laminates and coated
films.
[0024] Converting sites 8 may receive finished web rolls 10 from web manufacturing plants 6 and
convert finished web rolls 10 into individual sheets for incorporation into products 12 for sale to
customers 14A—14N (customers 14). Converting systems may determine into which products 14 a
given finished web roll 10 is converted based on a variety of criteria, such as grade levels
associated with the product. That is, the selection process of which sheets should be incorporated
into which products 12 may be based on the specific grade levels each sheet satisfies. In
accordance with the techniques described herein, converting sites 8 may also receive data
regarding anomalies, i.e. potential defects, in the finished web rolls 10. Ultimately, converting
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100251 In order to produce a finished web roll 10 that is ready for
conversion into individual sheets for incorporation into products 12,

unfi ni shesowerz/ased2bs 7 may need to undergo processi ng f PORUSR0LLIOBI6E3 pr ocess
lines either within one web manufacturing plant, for instance, web

manuf acturing plant 6A, or within nmultiple manufacturing plants. For each
process, a web roll is typically used as a source roll fromwhich the web
is fed i'nto the manufacturing process. After each process, the web is

typi call y csh § et @dvegdmisirediweb ®llal Onietb indiyidual Zheats @ hidlo macbetiromordied fner ent

product Px%d&@{s 1§h>'rpamﬁ€ichBm@rs‘i’M 5180 gboMf acturing plant, where it is
t hen unroI ed, processed ain collected into aroll., This process is

r epeat ed uPES! TaeElpT prafuge %ﬁ't‘?hﬁ‘?‘;&fﬁ’éﬂ' Ybpt pssafy Poconyersigngptindiyidugtor many
appl i cat i ostgets fohiacon@katinmih@pradbas Rounfigistel welf rolesbmdyaleéd3o dndamgy plagedengnuner ous
coat | ngs aHQrL tn%ﬁigl@%rog%gli eltrﬂg-rvﬁthm Rg\y&trhag&aétdrpgglarqfforo Hs?ac?g gpre web

manuf acturing p e coating I's genera to an exposed
sur f ace  of maufasringplayhe opsiinae! ke 'atnufapthr"tgwente ab¥ e%f»h PEORRSS, f el ol is

manuf act ur tyP@allifuea @SSsourdé rod frBﬂh Mich ths Wib ApRalidtedle ﬁl@rﬁﬂfdcﬂgng plodeleagase of a

subsequent nufac uri.n ati ng ude adhesi ves,
har dcoat s, eﬁnﬁev"“ash &Peh ,QB,E %Ctﬁcggz(ﬁ"fqﬂ‘éoaw%e?fﬁ"?@@ edt H:tf & neutral
density coaltomgl@e oshippddrtd eal’ft:rynt uem@mtmwéangthrenoﬁomductoll«xﬂeprg@atd gk, or

conbi nat i ORKintchREEPIto 23AP AR pFIkst RepARRNIRRMaRHlaUnisRA WRE B S for a given
one of web T IIs 7, one Oor nore inspection s%;g{ems acgrﬁlre anomal

i nf or mat i ofFGFY FREMARE APPl P"Se‘Q%tY‘r“ﬁl teriglg for pach gl yehrdly 7 yﬁ“&"“’?@m“én

i ns pecti ONcayiss eppliédaat org opmadlptotiuootm linkexe oeey mioreCHetl dhenudaverriog plary & Themge

acqw Siti OQoagfg[ %%ﬁéal%%ﬁﬂﬁeb Q)Qiﬁgx 0 angQ(?e%f QE}QM ﬂRetvyebthteI‘lm n?hg%s}: QHQ&:USl y
novi ng web _as rocesse re coatings are

appl i ed toﬁtsw%ﬁur'wm@CtShﬁg@rafwe}v @Hltddﬁatmewhfe@se%awbgeéaﬁnenu al portions
of the Conhtbmﬂﬁlﬁg\’prml B@nmeboftceatﬁ@tlwme shhggnteglharumge&w adhbsgoniba&pigCt | on
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i nspection system may provide detailed information to the operator that may
lead to insight as to the cause of thes-non-uniformty. 100281 During this
continuous charting process, the analysis conmputers process the captured
digital inmages by application of a continuous ranking nodel that has been
devel oped based on training data. The training data is typically processed
during a "training phase" of the algorithns and the continuous ranki ng
nodel is devel oped to best match the training data. That is, after the
trai ni ng phase and devel opnent of the continuous ranking nodel, application
of the contlnuous ranklng nDdeI to the tralnlng data mnll Iabel the
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100331 In sone enbodi nents, fiducial mark controller 30 controls fiducial
mark reader 29 to collect roll and position information fromweb 20. For
exanpl e, wodordwh228ark controller 30 may include one or PEDAS2@hO5487DPL i C
sensors for reading bar codes ‘or other indicia fromweb 20. In addition,
fiducial mark controller 30 may receive position signals fromone or nore

hi gh- preci si on encoders engaged with web 20 and/or rollers 22, 24. Based on
the position signals, fiducial mark controller 30 determ nes position
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and oil drips. [0038] Analysis conputer 28 stores the anomaly information
for web 20, including roll identifying-information for the web 20 and
position informati on for each anonaly, w thin database 32. For exanpl e,

anal ysis conmputer 28 may utilize position data produced by fiducial mark
controller 30 to determ ne the spatial position or image region of each
anomaly within the coordinate systemof the process line. That is, based on
the position data fromfiducial nmark controller 30, analysis conputer 28
determ nes the x, y, and possibly z position or range for each anomaly
W|th| n the coor d| nate system used by the current process I|ne For exarrpl e,
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100411 Initially, training nodule 41 receives training data 35 as input,
typically in the formof a set of inages, for which severity rankings are
al ready kwown120m425possi bly coarsely discretized scal e @EDUS20IhAS46173,
training data 35 nay be digital imges representing sanples taken from web
20, and conputerized expert rating tool 37 ("rating tool 37") may have
assigned discrete ratings 53 to each of the digital inages in the manner
described by U S. Provisional Patent Application No. 61/394,428. 100421
Next, a featmpntersext anatbeériegampdotht vaareavebrodluD enayihstéad e cunngedintdfingd 41 pr ocesses
each of _tNfrobidRARSorhiChubRloldfibysPAIMAGS: (BRkrsioh Bl Gufh hACkLAR provides a
nunerical descriptor of each of th es as a co mer 1 cal
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i nf or mat i ol9033] In some embodiments, fiducial mark controller 30 controls fiducial mark reader 29 to
collect roll and position information from web 20. For example, fiducial mark controller 30 may
include one or more photo-optic sensors for reading bar codes or other indicia from web 20. In
addition, fiducial mark controller 30 may receive position signals from one or more high-precision
encoders engaged with web 20 and/or rollers 22, 24. Based on the position signals, fiducial mark
controller 30 determines position information for each detected fiducial mark. Fiducial mark
controller 30 communicates the roll and position information to analysis computer 28 for

association with detected anomalies.



-10- for the particular defect, it can be renoved from(eq. 1). Finally,
the covariance matri x of these pixel features is conputed across the entire
i mage: NWORb(205y»25it) (f(s,y)-ioT (snE. 1 (2) where N i #CThS201/088073 Of

pi xels in the imge, and: f(x, vy)

[0034] Analysis computer 28 processes streams of image data from acquisition computers 27. As
one example, in accordance with the techniques described herein, computerized non-uniformity
charting module 39 (“charting module 39”) executes on analysis computer 28 and applies
algorithms that utilize continuous ranking model 34 (“model 34”) developed based on training data
35 to detect the presence of non-uniformity defects and provide a continuous charting of a severity
level of each defect.

[0035] 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. Previously automatically ranked data
can be used for training as well. The digital images may, for example, represent samples taken
from web 20 or another web previously produced by web process line 21. Training server 36 may
provide 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.e., labels) to the large collection of digital images representing the samples. Further details of an
example expert rating tool 37 can be found in U.S. Provisional Patent Application No. 61/394,428,
Ribnick et al., entitled “COMPUTER-AIDED ASSIGNMENT OF RATINGS TO DIGITAL
SAMPLES OF A MANUFACTURED WEB PRODUCT,” filed October 19, 2010.

[0036] Charting module 39 may be implemented, at least in part, as software instructions
executed by one or more processors of analysis computer 28, 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-transitory computer readable medium, such as random access memory
(RAM), read only memory (ROM), programmable read only memory (PROM), erasable
programmablé read only memory (EPROM), electronically erasable programmable read only
memory (EEPROM), flash memory, a hard disk, a CD-ROM, a floppy disk, a cassette, magnetic
media, optical media, or other computer-readable storage media. Although shown for purposes of
example as positioned within manufacturing plant 6A, analysis computer 28 and charting module
39, as well as training server 36 and rating tool 37, may be located external to the manufacturing
plant, e.g., at a central location or at a converting site. For example, analysis computer 28 and
training server 36 may operate within conversion control system 4. In another example, charting
module 39 and rating tool 37 execute on a single computing platform and may be integrated into
the same software system.

[0037] Once training data 35 has been established, training module 41 processes the training data
to generate continuous ranking model 34 for subsequent use by charting module 39 for real-time
analysis of image (iata received from acquisition computers 27 for web material 20. In this way,

new images of regions of web material 20 can be classified in accordance with continuous ranking

-8-



(3) ( ME-1 is the nean of the pixel features. In subsequent processing
steps, it nmay be useful to conpute pair-w se distances between inmages. In

t he case wbD 20teds€2260vari ance matri x descriptors, pair-wPse/UsRGitlaMses ar e
conputed as: 5 -12) =r12 (C,(4) where A ,(GCi ;Cl2) is the ith generalized
ei genval ue of the two covariance matrices. Further details can be found in
0. Tuzel, F. Porikli, and P. Meer. "Region Covariance: A Fast Descriptor
for Detection and C assification."Proceedi ngs of the European Conference on
Conput er Vingdebid, EXO(pE. deftQOhEInapbe éeteced incladetnomgnifoenditiesse af wottlg algkierof t he
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prOVIde an often coarse orderl e trainin etralnlng
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t he oper at @omalg waliih the t@rdira@\sy then werdy therviomnerbéessrline. Tfoneaimplg, avoctdinatd 1 uses

this coar sgugh ey Le1nAs sich b &Bf ABnE PRLMIANSS L@ 9 | n which t he

training images are ranked frombest to worst along a continuous scale with
respect t olRENSIOp fepietemiap disiahee alang agpnsiheaf the wek. ﬂ'bi!]@ﬁd'ﬁe'tj%éepﬁéﬁ’%aﬁ@‘g@houI d heed
t he expertoml&tWengﬂnoasnayructkhseaSmp@s&hmefcoefuags ﬂatamploeotassaygmpmgo sgood” i mages

| ower Seve&[pgﬁe\é tc{ t‘ffn"pvkvébanlogera@g a%ﬂ%#fo'{ g? oo%ﬁng e s¥slem a?rgg défﬂ%a@‘nces training

nodul e 41 From he coarse ranki ng
i mpl i ed byphytieal mas'err wﬁfen %mqess ‘m%}laﬁb‘éWP'Fa"iY:§55%%@|"lehé" inigtife¢dRipseent onmron,
that ther eofalicBrveB G t Bl Ese BNmhYIR ,ﬂmaﬁe’nted ﬁr%y BOSHuRbE of&fférhﬁfo‘irﬂblhﬁ&ﬁdg\bl ty of

manual | abeling of, the trainin Bg the online estlmatlon
phase 47 BHADER (e RO e abomt Pasrreac vaap BT R Gfln BfRg nocel

34 in real databwesmrSt fike qatabrdeimeriagament spgems Ay be, s exampizgrerelgfiont {BDRME), bei ng

produced 'ﬁer&@lﬂéaﬂ(fﬁﬁl\i Gaum&rﬁa&.u{aﬁmwm)%sem%m (bbsm%r@@mgmmr as for
the trainin usi ng conti nuous rank nodel. 34 from

training pf g%b'e'a‘g’“a‘t(ﬁ& W\) qaﬁﬁ"d‘émf‘“gge RiSEifaY As OBEFATR'E: fgt'r‘lﬁf‘i #¢® based on

st r uct ur edimpenp@dd a5 @ redativiat databise providddidy SQL Sereg®sSfrdnbMjcrosoft Corporation.
[0039] Once the process has ended, analysis computer 28 may transmit the data collected in
database 32 to conversion control systein 4 via network 9. For example, analysis computer 28 may
communicate the roll information as well as the anomaly information and respective sub-images
for each anomaly to conversion control system 4 for subsequent, offline, detailed analysis in
accordance with continuous ranking model 34. For example, the information may be
communicated by way of database synchronization between database 32 and conversion control
system 4. In some embodiments, conversion control system 4 may determine those products of
products 12 for which each anomaly may cause a defect, rather than analysis computer 28. Once
data for the finished web roll 10 has been collected in database 32, the data may be communicated
to converting sites 8 and/or used to mark anomalies on the web roll, either directly on the surface
of the web with a removable or washable mark, or on a cover sheet that may be applied to the web
before or during marking of anomalies on the web.
[0040] FIG. 3 is a flowchart that provides an overview of the operation of training module 41 and
charting module 39. In general, the process comprises two general phases of processing: training

phase 45 and online estimation phase 47.



100471 FIG 4 illustrates a continuous three-dinensional (3D) surface,
referred to as a "manifold" 80, in reference to which the algorithns

appl i ed byotomiosiazd nodul e 41 to produce continuous rankcmgiSaudeb4633 ar e
readi |y understood. The feature vector associated with each i mage can be

t hought of as a single point in a high-dinensional space. However, since
all of the images are of the sane type of material and are taken with the
same i magi ng device or other sensor, under the sane imagi ng conditions and
geonetry, {0aél]uinitialyl ydimge medrlodt recdivesleginiendtach af inpe dypicathain tedormafier t han t he
di mensi OnaLét BMnges ?&%hﬁmg’% ﬁﬂmtgf@@rrew‘re%dma&ﬁonéﬁosglﬁy éoglggl)efil%e%zéﬂsef ul to

view each training I mage as one di nensi onal points I%u ng on
mani f ol d 88F2lE{502. T a‘t‘hé‘a‘e%f*‘itﬁfdw bsﬂzg%maa%éwswmgasa@alm ‘é“é’t‘ TR %6

mani f ol ds, ZM/ﬁﬁd}:hmpLBerﬁéﬂ)EQﬁkﬂﬁﬁimlg oot 37 (Sratfig &E3 7 ahidy hadl aedignBdByischedasetings Sower
intrinsic di 0 t han er.al.l ace. An
11 ustr at i GSAEa bt biagtAPAE e echbiBg Y plblEhel Pen X Bl Ain 80

3- di nensi oﬁd”%?ﬁace WI th a 2-di nensional object enbedded in it, although in

practice t [vo4s]i W&RDe reeﬂaﬁlek&ayn&fsombee h&Rle uf@am{@q&dams 4 §ro$e¥s@§ &at émerruc h

hi gher. Furt her exanp s on mani f ol h- rren5| onal
Cpanes ar oG SRR RriE e PER ARG PaVer P Eu s gh e The

Mani f ol d Winegesaf a Repace pinicoig! tepSenetiamef thy cllevar? Brmation m&i&é}@;n gagh iIm2268- 2269,
Dec. 22, 200Qwes 1G4 8drafiSy i7agy édy%l ;ﬁ-es%?sr[@éﬁﬂ n\%&n@tdn%ﬁ&:?% re‘ia‘aorF i\% 4, a set

of trainin images in which™all of the trainin |ma%1 how t he same web
mat eri al ‘Tt‘f‘ieeﬂi'"faﬂ‘ésr"éﬁf rigihetes a’l?fa‘ Ao HBp linpipais gp-in ‘r’ﬁatt"ﬁl"%aggl mpl e case,

even t hougbhaeaedistitst Ekaniphg of dm@en featyire barattp teebquesidclity canvhivigh theli hrﬁ%EISI onal
feature ve t.y v t in
this case t% Ig% sg‘ (trr}gilite %Bgn @.ﬁ sgz[tlatﬁr)] §ft eeﬁ{e}édg-réaégs ge?ﬁ?acﬁ}% %S%EJe hl n thl s
set of i magRlyor @tﬁﬁ%élﬂ@ﬁ@ﬁh@owmeh@e plé@)éﬁluwan&qate@e?featmss slﬁle?gh in hisse

training i wgmsre @aacmame@mdaeasscmr%ﬁe Maﬁuelﬂn@gemstaymﬂyshsmsmonal
mani f ol d, snak t hrou

o di men €O G RSy tlret oS L R bRt n v

represent amr@womfmgfleaeure vectors as points on a manifold is that the

al gorit hmsmﬁsltmkaahmemgt%& lér%m%mbmnxnea wu§e M&CL% Lawlaagr Riddcture in the
training data jn or nly nost rel evant and usef ul

e
i nf or mat i ofF"@YKE Brheds O%é?‘g'?ﬁ reaﬁﬁ’f@ﬂ%’l"d t°taﬁ‘?§‘°§‘r%séﬂm‘“r‘i ot PEAr - di mensi onal
spaces canfepgreugenure appinepniate.elaerienad) the fanres ettatted/fedmythé awgdfmqhiesdnmnm onal
feature veghafs corﬁdngagcmmﬁng%,ﬁan Sn%o PL e rézpee{ tt)%gn&mb@gmmg, whi ch

is the termuséd herein ta recovering di nrensi onal
r epr esent af"oHREorBfty- h“‘%fl‘lc'bIP'f?éF?é‘P’Gh%Ve brat extrpigdy e f??térgémr AgTeervaditiger | yi ng
Struct ur e. e4ob Magepragantemod bf thdrelbvaal iffofatithnthindgl ikigher usedef Organi zi ng

( Kohonen) , t i C l.l v- Li near
Enbeddi ng. M@hﬁ OML plegéapl?g(;ér%l a?’ﬂ"%%“i tg raie¥£3ma%e ' ﬁ% tlonai Jgpcsé%rﬂll d in further
detail bel B‘W'CUP‘UY eSh@P'atEFet?é?Ml@ @wcomtﬁqwaaﬁowse reaarmx ﬁ@lxﬂcfemdesmﬁros Laf on

and A . B. L@@imagh (ﬁrfcblﬁlls@ﬂall\@paﬁlaﬁdé%a@%§95'x9'1§iéxﬁhdi@ paA—MHcBin@ddlsd%E amewor k for
D mensi onagl t%é Reduct i on

P et or - by g SagttARMAL REE G SRS RS, PR PRt
I nt el | i genaegesvtetly. Z8r exprople, 9 grapygalt BHgs 8 49B¢d Se pro-d0OBiond @GH0MdGdten t he

repr esent apikQRoddinaf@% Andty & 1R ﬂ%t‘e@&%eﬁ%caﬁorﬂ?'y’?ta fé&ﬂu@ve@f@ﬂb Lobhded n feature
space, the al gorj thms, of ‘train 41 perfaorm a discrete random wal k

around t he®® L&*Peé“‘%'}ﬁ'&/c‘@‘“eijiﬂlleﬁ@‘e‘taﬂ? %’e‘F%’ﬁtd‘B‘?ﬁeWé.‘f’Qe”VP‘bVFS@éh?hp"f“l ‘me step, the
random wal ker can npve from one p0| nt on t he nmanifol.d to another, w thout

ever | eavi ngf(uhg) sai(kold. 24HLk hPKrebnfdipy) tﬁéf—’é‘i—:’gorl t hirs corrput(e) the
o tF]T

probabi | | ty of tran |t| oni ng from 6{ p0| nt on nifold to all other
poi nt s. ansition. babj o i gher for
noar by por PG e e Gl S el 3Pl by ARt o 2007 10T
al gorithns drffark'@ei bstwsercintarsity kalugs pterehtphxel. @%gé@ra@urqﬁaﬂqlwﬂg@ higherrdgrivativengr f or

transiti onsesmms\mﬂnermhagescamé RcdipokdQniems vedtos.a r(éat E) élabﬁiysnot dihese transition
from each poi nt

probabilities are ﬁr agate the

PoCarT t hetStrPatitt B Bordre-c3 HaWPRaR T SRTe uhile: TR et o
fraction of the discrete Iabels from tibe ot her points, which allows us to
conpute a continuous severity value for each point corresponding to one of
the training i mages along the continuous surface. Both the extracted
features and the provided (expert) rankings are exploited at this stage.
100511 FIG 5 is a flowhart showng in nore detail an exanple process by
whi ch training nodul e 41 processes the feature vectors to learn a
continuous ranking of the training i mages and produce continuous ranking
nDdeI 34. 100521 First, tralnlng nDduIe 41 conputes an aff|n|ty natrlx K of

Y o o . A NS\



k(i,j) = exP(-11x1 - xi112/a2).(5) 100531 The affinity nmatrix gives a
nmeasure of simlarity between each pair of training sanples in feature
space, amdoapteasg22di fferent than (eq. 5) can be used, ePgT/USpalysmns al

ones. The bandwi dth paraneter a defines how quickly the exponential decays
as the distance between a pair of points increases. In practice, a |ocal
paraneter a is estimated for each training sanple according to a

heuristic, such as the nedian distance to its k-nearest neighbors. In this
case, the &etemriataodefef, it Eguarénomed fom (be d pribwlly, the cpanahochataf ofttiese | ocal

bandw dt hs &gm&gﬁpgqghﬁgmggvg@gghg§m§geand xi 100541 The distance used in

t he afflnlfy matrix can be sinply the Euclidean distance as in the exanple
in (5) or nore sophigtic d ones pendi ng on.the features, such as
covari ance di stdrceg oy Ezf 6HEkULeHb)@(Ld45T&E€es 100551 Next, (3romthe
affinity matrix, the ‘transieti on probabilities can be calcul ated (step 102)
according to: ﬁa 1j)= k(ii)/ E_ k(i ,(6) which corresponds to the

probabi | i t yhgs f%@ﬂ?F@W@ﬁWﬁ@‘P@@HW%eaWb Xj on a randomwal k in feature
space, based only On t e affinities between points. This is a normalization
of the affinity L x_} K EET g eggures that its rows are valid( yobablllty
distributions (i.€., si¥m on § 00561 In order to take the discrete

| abel s gi ven by the expet®¥Eatings into account, training nodule 41 conpute
the prior probabilities of transitioning fromx, to xj pb(i, j) = exp(-Ici

- ci | 2/ 0-) (st)e nvdaresfehelpixel fBatitesh andlivdeglicht ppassaingedtdE, |tfrﬁuy bk bdeﬁll qarcbrmutqqfambabl lity
tG)e(rpglr ,E Sf_ gf Iwri‘llsgggt?r}%esm%tweéﬂ%ggeg Ihl0 rhefcgslé ,E)Ptpesé é()v?_erec%?‘rha X scn% ors c?fu?-z\?‘vvsle ! %U];T'g; i cal
val ues assﬁ@ﬁ@@aﬁvmmpgﬁhéte Iabels is inportant in thls cont ext .

de(Ii, Ip) = | > W X(C1,, Cy), (4)

i=]

where A(Cy; ;Cyy) is the ith generalized eigenvalue of the two covariance matrices. Further details
can be found in O. Tuzel, F. Porikli, and P. Meer. “Region Covariance: A Fast Descriptor for
Detection and Classification."Proceedings of the European Conference on Computer Vision, 2006.
10045] After extracting features for each of the training images, training module 41 process the
feature vectors to learn a continuous ranking of the training images and produce continuous
ranking model 34'based on the severity of their non-uniformities (54). During training phase 45,
trainirjg module 41 learns a continuous ranking of the training images based on the sevérity of their
non-uniformities. Initially, all that is known about each training image is the expert rating,
‘denoting if the corresponding sarﬁple is “good” or “bad,” or a “1,” “3,” or “5” with respect to a
particular type of non-uniformity. These expert ratings provide an often coarse ordering of the
training images, i.e., the training images can be ranked into 2 or 3 discrete categories, or more
categories if the operator is able to provide such information. Training model 41 uses this coarse
ordering as input and learns a continuous ranking in which the training images are ranked from
best to worst along a continuous scale with respect to a particular non-uniformity. Although a
good ranking should heed the expert ratings as much as possible, for example assigning “good”

. images lower severity ranking than those labeled “bad,” in some instances training module 41 is
not completely prevented from violating the coarse ranking implied by the discrete labels, since it
is possible, and indeed common, that there are mistakes in the expert ratings due to the subjectivity

of manual labeling of the training data.
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100571 Trai ning nodul e 41 then conputes the overall transition probability
for each pair of training sanples by the product of paa, D and pba,D (in
step 104)woplizos4Ra( i, j)Pb((8) The conponents of the &ararseaiileswirsfusi on
matrix and the penalty for violating expert ratings may be conbined in

ot her ways. Collectively, the overall transition probabilities p(i,j) form
the matrix P. Each entry in P represents the probability of transitioning
bet ween the corresponding pair of points in one tinme step. 100581 Training
‘nmodul e 41 Poé)AQaingthe biime esimet@mphvaé 47, thaming mbduder89 pprdibathé karbddeentihonust ti ne

st eps by r ﬁh@ﬁﬁgod%l@ i1 rt||m>é ofthe roh&ﬁorngl\éve&s atne(v%éngg olltgéafeb%temg prmlucéog ) where

Pdi,j) corresponds to the probabili of transitioning fromxi to xj int
ti rre st eps s cqAEe ﬁM&Wﬁfaretei’“i’Pétegt“é‘ﬁfs“Te KA 6 5 fyiaing asrréafhi HY™ but is a
conf i gur ablh¢éngpaitanmt ankiigraddelafrobaramig phase 450e 60f itnageiCaseipial b eatritpn by t he

user. 10059#@%&‘3% oG S é)'arr s%&%n&i%&a%gn%pﬁa%egs(h@l es, training nodule 41

conmput es di sl on stance h di stance is a neasure of
di ssimilar 10997168@\/69@@%@@}?0’&3?%5 tree gimicptiapald a0t sHidaceragfpried ftoks a wenifeldi nt s ar e

assi gned asd, aweserefbe i wisdnaie a@oﬁﬂhﬁﬁ%ln{d'by@ramm@-ﬁledtﬂiealldo prodieecortis@r t oget her
in diffusion space of tranirvtlo %Eobablities are

| Str
simlar. F?"IS'E r&?deeﬁétac?seag%‘f“"fiﬂﬁ :Tgeutlf)aé‘iff Y th $7EN MEBT 0Pt are
simlar tothomt daod dirgie pointie a high-djpensiingl space Resvgsade dl df twdmagesdard dfusi on

di stance. |8 A% E%AMRAG: anll BE RIUAMGEL Gthd Hééh?&v@é &to%xcs%u%ma[}rﬁieﬁﬂému'[ ed

according to the equival ent expression: NWI1(i) -
i (1))2(10) same imaging conditions and geometry, the underlying number of degrees of freedom can be lower

than the dimensionality of the embeddmg feature space. It is therefore useful to view each training
image as one of the hlgh-d{menSIOnal points lying on manifold 80 (i.e., the continuous 3D
surface), or a collection of manifolds, which is embedded in this space, but which may have a
lower intrinsic dimensionality (degrees of freedom) than the overall space. An illustrative example
is shown in FIG. 4 for the simple case of a 3-dimensional space with a 2-dimensional object
embedded in it, although in practice the dimensionality of the feature vectors is typically much
higher. Further example details on manifold embeddings in high-dimensional spaces are described
in H.S. Seung and Daniel D. Lee, “Cognition: The Manifold Ways of Perception,” Science, vol.
290, no. 5500, pp. 2268-2269, Dec. 22, 2000.
[0048] As one simple example with respect to FIG. 4, a set of training images in which all of the
training images show the same web material with different levels of down-web chatter. In this
simple case, even though each training image may be represented by a high-dimensional feature
vector that captures various texture-related characteristics, in this case there may be only one l
underlying degree of freedom within this set of images, corresponding to the level of chatter. As

' such, these training images can be viewed as points that lie on a one-dimensional manifold, e.g., a
line that snakes through a curvy path in the high-dimensional space of FIG. 4.
j0049] One advantage of this representation of feature vectors as points on a manifold is that the
algorithms of training module 41 exploit this underlying structure in the training data in order to
make use of only the most relevant and useful information contained therein. Moreover, the
embedding in lower-dimensional spaces can be useful when learning from relatively few high-
dimensional feature vectors. Algorithms exist for performing manifold embedding, which is the
term used herein for the task of recovering low-dimensional representations of high-dimensionalv
data while preserving the underlying structure. Some examples of such algorithms include Self-
Organizing (Kohonen) Maps, Multi-Dimensional Scaling, Isomap, and Locally-Linear Embedding.

One example algorithm is Diffusion Maps, as described in further detail below. Further details on
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where PW = >/"'1, i.e., (Piand Aiare the eigenvectors and ei genval ues of P,
respectively. This may avoid the use of resources associated with
explicitlwyoraiisspst he matrix P to the power t, which c®0ThS2@1/054673

conput ati onal |l y expensive operation if nunerous training sanples are
avail abl e. Fast techni ques for conputing eigenvectors can be used, in
particular those devel oped to conpute the first eigenvectors correspondi ng
to the | argest eigenvalues. 100601 These diffusion distances, which are

pr opor t i on®iffusion Mhye ceh teFoum Incr: Lifyn dne A\Be er, {Riffuston Mapsadthas;Grainiag:onvert ed
by trainin - rtional to the
simlariti g‘s‘@%@%ﬁ%&%ﬁ( %PD‘%*/\%%% ie%tﬁl?n %Q%% p%h%tn"@ ?2?5%8 11) where o is.
anot her baﬁH?W“dftrHat‘ﬁ&r‘glﬁFeTrélrsac“a'ﬁd’“ fitemginglysigang NHCWHWEI igepeps YF8d¥nt ant

whi ch ensumeswmats gepvmo®f the weight matrix Wsum to one. Fi naI ly,

traini .”9 eGlé/-e]ﬁt ernpqgsg‘rgt%lono egcth t{z]ilill%u?mg astal o n'am IfBIgm(fe ure pa € 34") by
conputi ng QN P Mty Uy Er ATk ng v ?ue af" Ach ot he
training sd‘ﬁplg@s}hrm Of(fSIt"e$)m9AP('})41bsrfon&aElsch rajdo WHQIQ@)HHQ'HPG fqa@@ubftci? ng ranking
value r, i BudnghBi ﬁﬁﬁoﬁ\d’va@\/ o @R iRe stdphBe fBXREI WalddRdah HI%e Rfm SHe hoiﬁthﬁ_tl{er al ning

i mages. Howey, {, hou?h&rt he. ex ert di screte

may be hi ghl
(o9, SR PR Gy e M e 8 e BELE | e
scal e. Furthlaerombrley, oftr‘arsntmhngpfmm fpnirp an herebrefob! te alhotize peitls. Iisgeedtalldyisa user
interface j i t he wei ghts
i Ceq 12y e e G bR il S B R e e
aut omati c P?f@f@é?"f"%"é’f theé‘gerdfh‘fy%fﬁlieé‘ﬁ?l%o"ﬁﬁ’efarﬁ’%%f)@?PW felReRi PSRAZINgPher ways of
nor mal i zed rnRitighbetAgenGaints heth didfashtdacred Jab&s. Ghese @ﬁaﬁmﬂmwaalmmghm ng
functi ons. 611 T rocess described e wth.re JLLG 5 can
override i Hsceg?rpé??ga e%bepf(%e" mgsl'neome?d’ep Ofm%aﬁ e surrouq.dnrgtp%gﬁs *% ﬂ%a?? e expert had
m st akenl y poigtisedsep with gametfiggtign Pfffh@f@cay 'abﬁlefroremmp@omé which gllpws wsdel of a "5, "
the processomtéladmﬁmdu& seaesfﬁ)i @ fdhlesth p&ﬁtmsn@pdhangéor@ge Sfaleu@infhl @SEs t O the
ot her "5" gl S tT IS f ‘p{# 'm@)" dgf tto tr@ethl nf (gp n?f kt.he t WO
different f&ME° AR “BHEuUCt efe"éadt? U 18) e‘WYu THE) CELERE t er m t akes
t he di screewlditedatlhés stapé.0 account, the first termis based only on the

intrinsic gfosHCkElSs Qﬁovtclﬂﬁ s‘ﬂ@@ ﬁ%ﬂ%o'?ehﬁtam&r%lg o&@s%yrv@llicﬂtn‘m“ﬁg pbagcts of
these ternms are control eir respective. bandwi dt “%Iararreters If ap

is set to & Pasges t{}“aﬁeﬁ‘é“" V‘ECFPé‘ﬁO fepra ﬁ?"f‘ﬁ’r"“de'B‘H‘élﬁ’ﬁhF f’?“‘f‘%&"ﬁ% P Prelite very

little infkentimoes wikidghedéidansi ti on probabilities. 100621 Further, nultiple
experts ca n I , Ry utilizes
an additi oFlbgFﬁ Fﬁé&ﬁ% gﬁ’le%0$mpﬁteg%rf%¢lr§%?ﬂ§§K&$?é ??// mtrl}lgtﬁr each one
of the expaymbsr OfNé‘I"I“aEﬂ“lP?eESﬁ‘er‘OOt) h@rmaﬂwftéhfméw@ﬁws ERrngpithsdsessed in the

same fashi @Hining images, the set of feature vectors are defined as X1 X2 ---» XN with corresponding

nqul manitold to 8}9t r,\,—)w thou

expert ratings C1,C2, ..., CN. Each discrete rating is assumed as either a “1,” “3,” or “5,”

ci € {1,3, 5}, where a “1” is a sample that is acceptable, and a “S” is a sample that is clearly

unacceptable. The expert ratings can be either more or less finely discretized than this, and the

algorithms are not limited to this particular example. Given the feature vectors, training module

41 computes the affinity matrix K of size N-by-N, where each element can be given, for example,

by

k(i.j) = exp(—|Ix; — x,~||2/02). (5)

[0053] The affinity matrix gives a measure of similarity between each pair of training samples in

feature space, and others different than (eq. 5) can be used, e.g., polynomial ones. The bandwidth
| parameter O defines how quickly the exponential decays as the distance between a pair of points

increases. In practice, a local parameter O is estimated for each training sample according to a
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100631 FIG 6 is a flowhart showng in nore detail an exanple process by
whi ch charting nodule 39 utilize continuous ranking nodel 34 ("nobdel 34")

i n real -twoeot2sdesect the presence of non-uniformty deCEaisSsoIaNs46rd

provi de a continuous charting of a severity level for each defect. 100641
As a new i mage of the web being produced is captured (120), features are
extracted in the sane way as for the training images (122). Specifically,
given the feature vectors of the training sanples X1, X21. XN, along with
cor r espondheugjsticasnii as ghe wetiisredistdneato iteklnéarestinkightorsalin ihingsepihade@omidator.of, r N, t he
function ok, L.0& &ARkld MEpGART i GocBA i3 QorteSpohndis LnfFRE § b4 T anki ng
value for a. new@eg%oure v%rctor )_(Iﬁ é%fg‘gct (tag ?regpr% t?)ggt%%r\%?e%%haég’” which is
referred t0PHr Biedisigacepifd infheaifiniy Mmppixsan feomwply)the Fickidea dispnecas iy s ng nodul e
39 | ocat es etahlelir BledhREtsopiatiHdOhS, dependify @I Teatirbiesutl &ictanghcs@smplcas X1, X2,
, XN for amglw]gg\ck_q%fogp&ist&%24). I n one enbodi nent, charting nodul e 39 uses

t he Euclidean di'stance 1n efs'eature space to find the nearest nei ghbors,

gi ven by =I[00pdgNext, giorh it affipBy marixthei tasition digbabilige cambe qlcelated(stem)2) nt er f ace by
whi ch the Wsehink®: abl e to specify the nunber of nearest neighbors, k, as a
configurable paraneter,. FIG, .7 | .graph providing a | ogical

represent ation of fi?ﬁ“/})g:'%(é/)r/-ieg@eé,t nei ghbors in a(@-di mensi onal
feature spagey cdflohits % GXABbiRey obhatsiliBHp A3 o iﬁ%h ol ittt i ed Tor
query poi nt '?lé% w?pt‘ﬂffn ttﬁg&?'ela?’ﬁre Sslf)acé._ 'E‘d{)‘gé‘ g_e\?e?a ter.lc nquues may be
used to | oeRRtsebastonly-op dhs pEsitierheprmranss. Tiinie 2 pampirpipnef the affigitygea*df.m an
exhaust i ve waRREsitedalat GOBPLIAre Rid biaBabdlinsdidiatont (i@ Mukdio Ghdpe query point) to
each sanpl ?(lr())%%]’ In>§r2dbr>$oN{al(enthg %‘1ecre dBhely! R'gnbs%le exFé?tigt}{\erihtoj[ahclos t,ttXiPI% of exhaustive
search can'be cOfput atTonal Ty expersrve,  eapect art ¥ i the nufber of

trai ni ng sanplled cnputethgrrionprdbabiliiesfobmansitiaingdmmei iog; hi gh di mensi onal . Two

ot her techni ques ar EPcLifed. | nesf2g,an exact search, i.e., the technique
returns the sane re?iflgt’@ as Eg ls)'(hadL?ﬁ’)]e search but if7a nore efficient
nmanne ][ , andhébe, 94 hadwial _p&@tﬁét@)fd.)rmﬁ% ﬁioSﬁ&faBihty_t@@t(Jlﬂept mghﬁique;essim ovi de _
significant inmprgovenent. in terms of c ut ati onal qv ad _ip conparison to
Che- exhausPiLPRBkR T ARy 5 e BUves R U Bt Bl EE RSaS Bn be used,
these j ust nwreqica sawes asiguedexdispsitedabels 10OBFEnt@nbiscetdrhi que for performing a
nore efficiRe) tahbghesaie NeledbRuts hK Maisemitoh probibtinVi &bk galriok | gi ves the

sane results as the exhaustive search, is to fjirst organize the training
sanpl es Xi T%ping samples Byq prpdycte p%’é’lal”gf"r(’é)le(.'“'sw‘m%“)’bal | tree is a data
structure which orgati.zes pde/)pdifi ng samples into i erarchical groupings
based on their proximty in feature space. At the |lowest |evel of the tree,
each "I eaf Thqyaeongpts of thegniomptis diffyisiopmatiie dndrthg peralinfor Kiglalipg X perg@EL T Ys e

t oget her. Asconbakd inR@ervagill @ISBvyy, @gbessiatnditiog fbabilpies A16) fofmete mhthie

gr oupi ngs tain |l.anger er : Lnt.s. . il ed on

ot ot i Cy. TRy R0y e Rl Bl oing Bl oo W UBRERRATE 01 |
poi nts in PAMSINOPRGMY SRY- set. Note that this structured is conputed only

once for tgssr dhifindgho&A M pRspagaBle Fah@m WII tranBonlpsedabifaek tor Plirke didpsBs for the
queries. Flflaﬁs'[lngetl{e nga?r¥xalj’ tlo%he%gwéﬁ ?stegfloﬁ bal It I’ ee are
P =P ©)

where Py(i j) corresponds to the probability of transitioning from X; to X; in { time steps. The

number of time steps ¢ has no physical meaning, but is a configurable parameter that can be set in

the software application by the user.

[0059] Based on these transition probabilities, training module 41 computes diffusion distances

(step 106). Each such distance is a measure of dissimilarity between each pair of points on the

manifold. Two points are assigned a lower diffusion distance (i.e., are said to be closer together in

diffusion space) if their distributions of transition probabilities are similar. In other words, if their

respective rows of the matrix P, are similar to one another, the two points are assigned a lower
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described in AW More, "The Anchors Hi erarchy: Using the Triangle

I nequal.ity to Survive Hi gh D nensional Data," Proceedings of the 12th

Conf er enc®Oani2serst ainty in Artificial Intelligence, ppCT3$7014054672000.
100681 Once the training sanples are organized in this hierarchical ball
tree, they can be searched efficiently to find exactly the kNNs of a new
query point. The algorithmfor performng this search can be recursive, and
exploits the intrinsic structure of the training data in order to search it
ef fici entl yiffufi@rdisexenm @g exainplef thé Sudteiaiifusivi distaricksarapompytedrodondingXgthe s cl ose
to one parg{uwaelqrex&gg&:i n the ball tree, then charting nodul e 39 does not
waste time (o continue searching for the kNNs of the query point in another
node far away. The aBfpitadl pkfalV,pd)ic¥ ()07 this i ncreaggg efficiency at
search tinme is _jn the conplexity of buildi'ng the tree, which contains only
the traini wgersgﬁbl-_eél“élnth.,dlaandmhushdmgecamsnsmdoemdvatu'ésfdfiPnnespecmeﬁ%isAs a

second eXaFﬁ%fvoidftﬂérutsefclﬁéess&f?%%’%ﬁkie@ Rah e&fi‘fih)ﬁrhﬁﬂé?%e fahx PG f?rﬁli“%}’ egnifly using

approxi mat e kNN sear ¢ are designed to give results close to those
of the exh&HEp RIPERUMETY expantirARgRIAN Ry mePes titine simplesAt @wdallo HBE exact |y
t he sanme. (aRigesabr cappitioacent GtolsQartticl ubdd; iSPaTGdulal $hese ldazbbéido (dniplle theAs bef or e,
charting ngrdsyeli%nv:%gtogw,ragio% S tgn]eeltrregtiepienqglussarrpl es based on their structure
in feature spate I'n STaer iy enabl e r§p| KNN search. In this case, several
hash t abl et006H eThessrdiffugion ¢istancespelleish ardmsoportipnah forflep disaimplréty betWeen paitseéh table i s
formed by talpledAreRofv@d@IrRthing A6dule tmei%mstspr]@mhme% i@abto esul ting in
a one-di nensional representation for each sanple, and then binning the
sanpl es al SAYPIIRI ¥°TIH% nto a set of discrete groups. Repeating this .
procedure, several h&ash) tadipésdafig)fagy)red and t he appr Qximate kNNs of a
poi nt can be quickly found with high probability based on these hash
t abl es. AnW“hirt el pretheigigndyfidth parametes, agdypipnimply apprmaligtior @pstanhwhidi /s case of
a er E e hgs 2 Z}{ai%bdvﬂgthk%ightﬁﬁa@ixvmsﬁh?o%ﬁ triafly, iriging hhbﬁﬂ%: 41 rga;iehmtda JorSiaind €S . 141A,

an an 3 rLY..sanmpl e . are .hashed. |n i.s_.case, .indexing
the resul ¢ TrEaS DErde s a2g Mt e B S bR Siisrb e e Foi sty
near est - nepffhdiorirdngsamples x1(&¢B1 §Y byt he query sanple. Further details on
Locality-Sensitive H@f@]@((‘z?ﬂ are described in "Locality-sensitive
hashing: A Andoni and P/ I'ndyk, \Near-Optinmal Hashing Al@rithns for
Appr oxi mat gndNeQlRs tanliey \ARPAKs al wRighle @AV efab BT IERES RatiftR BPMINh&Atdigns of the
ACM vol. 51, n%.) 1, e?‘(? 117-122, Jan. 2088., ]&(8701 RetH[,n‘h,ng ‘159 t he
flowchart &Fa8g% EoweEer pt Bouel BERIPCT {1 "Phes REMNEFES CRei'ghBoPs® harti ng
nodul e 39 ¢emnplirewmhiehee srecomsousine sale.WeIrthdnhere ftigralgohithmpaemyteoane t hat best

express the;QHebYa Rl ifkirRS sohs bd FARATrank AERhBR binRhs dvedn KTHGARIAStn nei ghbor's
(126). The wel be either positive or negative, and can be conputed

hts can el t her. : .
by nini m z{$g' 2 e dargyd by ierdifTugipp @jtancgpracess fhatpombppepauigmzfic isey ¢y wher e t he
w,'s are tbéanpaeoangithredgitiroRinge oyt $ays afbrmdlizédSveighengsai beabndiderr@arge st
nei ghbors. Thf ehtobndYagki.Qn (14) can be minimzed in closed form The
wei ght's can ral 0 be‘g}éggrpu_t edin a closed form 100711 Next, charting
modul e 39 (@AY uthegrocdsedesibed abpye withrgspastio Tl eangrvertidranegiest {rbydoin e f or t he
particul ar g R6hgsamatif) & twekghthednBMehBYDeied a dehfin mARKANEr 4ahples <of its
k- near est nej hgor% or that (gg ect (,128 | n.one, exanp| he..severity
. ‘9 h ‘

r anki ng Avarr\.sjtéa%co ;S etL%par?cgﬁlc?ilfl S 1fllaa%s§gn ghls po}nt a rarr;\(lng value closrgpto%ie OE er-S

points. This is primarily due to the influence of the two different terms in the product of Equation

(8). While the second term takes the discrete labels into account, the first term is based only on the

intrinsic structure of the data on the manifold. The relative effects of these terms are controlled by

their respective bandwidth parameteré. If 0, is set to a large value, then the prior probability term

will have very little influence on the transition probabilities.

[0062] Further, multiple experts can be combined as well. In this case, training module 41

utilizes an additional weight on the computation of the affinity matrix for each one of the experts.

Reliability of the different experts can be assessed in the same fashion.
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rqg E,EQ Wri (15) As before, the non-uniformty severity ranking val ue of
the query point is on a continuous scale. This approach allows the query .
poi nt to weceinvs4rsr anki ng val ue that is close to thosepoffi/usb@ 18803 si m | ar
images in the training set. It is contenplated that other out-of-sanple

t echni ques can be used instead of the nearest-nei ghborhood techni que.
100721 Finally, charting nodule 39 outputs the conputed severity ranking
value to the operator (130). The output may take the form of updating a
chart so ap06d BG6Vs afldwckanchowing iheos@veil ant exampaionrs bS/GMhich btrartdgmedtle or

charting gyl c%f?nnﬁ@nbé ra%kln?JnXde% égﬁ&delga":‘) lér%éﬁ“t‘i'}ﬂéttc}’de&@ﬂ Qent@bionas a single

nunber. For exa chartin ate a chart upon processing
each new i H‘ﬁ@@"'@’é‘efégs NG oy at“?fé‘"‘?é%/@?”‘t‘%l(’flaé?}’é‘l“ydﬁ”e'tﬂl’féacﬂ‘léf“’f@‘i&n| f or m def ect
for the Welmoemtayanal nﬁ)agebfthdm beﬁr@ﬁo@ewpwa@mea ado)| REMeCid &gyt @en or ot her

conmponent rm‘n% SUb eqhe%ramlr%er{]a%’%selﬁs % pycall)héven t{'nI‘]%anlilr%(\?egctors}:)o§ﬁlI fter g a Change

to a proce¥S IGhtr ol I'Nng process,
adj ust t hesaptptas:és§‘2com¥leong&ﬂtamite@bndmg rind 81p 04188 lehmed ih éreitmiping pha§.€00731

Vari ous e”ﬁogz' maﬂ\'i t%'h%mc{ of hgyegl ¥n|1e(%:ﬂ?rﬂ%\/n]@eod e?&lsgo e% ate tggranlghesff{@nd ot her

enbodi nents are w e scope of Fow ng clai ms

met hod conpnavwsfeange vector Xq em@{dl.ftomge isofihagarvehiahris mfecalmp bdren asttie gt/ r act
features fg ceach of a plurality of training inmages by conputing a

nuneri cal cfesc'ri ptor for each of the training inmage rom pi xel val ues of

t he respectt0¢ad Ipitizllynihaging medyle, 39 ldaasesalherk- Péfacbthbfghhwf%(r‘fage@ thetspintigen assi gned

one, of 8, SBiupRl xASer ek f ALiBAchARFA 1 OF: AuBARTH kO ol Bk oo en

within the training inmges gg he nunerical descriptors of
the traini ﬁ@chﬂ%@é%ncwntfwwwacre&tf?fﬁ@es*msww barpsidut e a conti nuous
ranki ng of the training; J:n‘p(gesxm§sed on the di scretem?tl ng | abel s assi gned

to the training i mges; and
Charting module 39 may present an interface by which the user is able to specify the number of

nearest neighbors, K, as a configurable parameter. FIG. 7 is a graph providing a logical
representation of finding the k-nearest neighbors in a 2-dimensional feature space. In this
example, six nearest neighbors are identified for query point 135 within the feature space.

[0066] Several techniques may be used to locate the k-nearest neighbors. One technique is to
perform an exhaustive search by computing the distance from Xq (the query point) to each sample
X1, X2, ..., XN in the training set. However, this type of exhaustive search can be computationally
expensive, especially if the number of training samples is large and the feature space is high
dimensional. Two other techniques are described. One is an exact search, i.e., the technique
returns the same results as an exhaustive search but in a more efficient rﬁanner, and the other an
approximate search. Both techniques provide significant improvement in terms of computational
overhead in comparison to the exhaustive search. Any k-nearest neighbor search methods can be
used, these just represent two examples.

[0067] One technique for performing a more efficient k-Nearest Neighbors (kNN) search, but
which still gives the same results as the exhaustive search, is to first organize the training samples
X1, X2, .-+ XN into a “ball tree.” The ball tree is a data structure which organizes the training
samples into hierarchical groupings based on their proximity in feature space. At the lowest level
of the tree, each “leaf” node will contain one or several samples which are close together. As
charting module 39 progresses higher up the tree, the groupings contain larger numbers of points,
but still grouped based on proximity. Finally, at the top of the tree, the “root” node contains all
points in this training set. Note that this structured is computed only once for the training samples,

and then will be used multiple times for the queries. Further details on use of a ball tree are
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processing a new i mage captured froma manufactured web material to extract
features fromthe new i nage and conpute a severity |evel of the non-uniform
def ect f owothe/oset2sbased on the continuous ranki ng of tReTIUSadINIO/G73 Mage.

2. The nethod of claim1, further conprising presenting a user interface to
out put the severity level to a user. 3. The nethod of claim?2, wherein
presenting a user interface conprising updating a chart to graph the
severity level of the non-uniformdefect for the web material over tine.

4. The net deedibefin &l Vi Moo, “Tharinthers Higarphyi Gdimeghe Trisuglé Inequglity terutvive Heghh t he

user; and Bflehsdnhith® FREOQLGRSoraRNEF @Jmfé?éh"cé‘émﬁn%énafn%f mkhﬁ‘cﬁﬁﬂi&ﬁ@&&éﬂecj web
material in res onsetothelnput . The nethod 'of claim1, wherein

conputing &P AUMPi2Y): descri ptor for each of the training i mges conprises
conput i ng M068¢ abridé e memhg)sramwestdm d’ig&hlzéﬂjhthls-l'ﬁhrmmﬁlham&be theadanibesegplmde. 6.

The net hod fﬁzlen?IL f%l §x t ﬁJI&h\R oPi RGERE th ’Hl% W&If&%larfoqrﬁrﬁ FhiusQEaQJhs of the
fmﬂ th sof t(‘?\'/a'#g %p %

trai ni ng |ma% rating ute a contl nuous ranking of
the trai ni ffg bf ifaigey, @éﬁ’m‘w‘éé‘é*"“F“é‘ﬁls%@f?tqfﬁg“@&'é&da@f'" pHer ¢ warhite vectors for

the traini E\‘gu&nﬁﬁ%ﬁex@lﬁplé nﬂQE mothﬁahhepquery point Xq is close to one particular node in the

ball tree, then charting module 39 does not waste time to continue searching for the kNNs of the
query point in another node far away. The ‘computational price for this increased efficiency at
search time is in the complexity of building the tree, which contains only the training samples and
can thus be constructed offline.

[0069] As a second example, further computational efficiency can be achieved by using
approximate kNN searches, which are designed to give results close to those of the exhaustive
search, although they are not guaranteed to be exactly the same. One such approach is Locality-
Sensitive Hashing (LSH). As before, charting module 39 organizes the training samples based on
their structure in feature space in order to enable rapid kNN search. In this case, several hash
tables are formed that index the training samples. Each hash table is formed by.taking a random
projection of the training samples, resulting in a one-dimensional representation for each sample,
and then binning the samples along this line into a set of discrete groups. Repeating this procedure,
several hash tables are formed and the approximate kNNs of a point can be quickly found with
high probability based on these hash tables. An illustration of this is shown in FIG. 8, for the
simple case of three hash tables 140 into which each of the three training samples 141A, 141B and
141C and the query sample 142 are hashed. In this case, indexing the resulting hash tables results
in correctly identifying the two nearest-neighbors 141A, 141B of the query sample. Further details
on Locality-Sensitive Hashing (LSH) are described in “Locality-sensitive hashing: A. Andoni and
P. Indyk, \Near-Optimal Hashing Algorithms for Approximate Nearest Neighbor in High
Dimensions,” Communications of the ACM, vol. 51, no. 1, pp. 117-122, Jan. 2008.

{0070] Returﬁing to the flowchart of FIG. 6, after identifying the k-Nearest Neighbors, charting
module 39 computes the reconstruction weights for the query point that best express the query
point as a linear combination of its k-nearest neighbors (126). The weights can be either positive or

negative, and can be computed by minimizing the following error:
e =|[Xg = Xicq Wixi”z, (14)
where the w;'s are the reconstruction weights, and Q is the set of k-nearest neighbors. The error

function (14) can be minimized in closed form. The weights can also be computed in a closed

form.

-17-



the nul ti-di mensi onal space; conputing a transition probability from
each point within the nulti-dinensional space to each of the other points

r epr esentwo 2bi2/asiesf eat ure vectors, wherein conputi ng tIRE€TIUS2MLI054605
probabilities includes including a penalty for transitioning between two
points that represent training i mages assigned different rating | abels;
based on the transition probabilities, conputing pair-w se distances

bet ween each of the points, wherein each of the distances indicate a
nmeasur e of (06713 Silaw, barting yodudd I9eemputds éhetsevariity ranking vaig @6the @prygsmnfoetle by t he

poi nts; angmlcular defegtoa%uwe Qedaav@lg ollipl'etaﬂllgl \;a}{leé(%\(tgf(lné es(n%%hﬂopsq Jtﬁ’z{t each of

the trainin es as a tunctio alr-w se Ces between the
poi nt repr @h(t‘ - Iypne yample. é’i‘er‘fF‘ﬁQty|’Wﬁ'@évaéiﬁda'éb§(9ﬁ°‘6‘¥tedtahe other points with
the mul tidi mensional feature ghase, o WiF, The met hod of claim6, wherein
processing a new i mage conprises"<conput i ng a feature ve€tSdor within a
mul ti-di ﬁEﬂSb&kﬂ@kheE&ﬁﬁ%ﬁln@@a@&yf@kmé Vi DEME dpﬁ@%mt ik drﬁzn&ohtfldﬁbﬁlgcale\/\ﬁ th the

sof t war e, nearest neiq or the_training i mage
in the nul ﬁ?a ’ﬁ’%cril‘s?f'%wr?g ¢ RERPYUL ?ceécéra"%"%%.'f@o'ﬁb's gosgé? thes of | é?:'?)‘ﬂsét ruction
wei ght s t hsimildyémagessx fhr braiging 6 If ieadntemelateé thiiothef or-of-fampla@aiqresgen bss a | i near

combi nat i ope@fhstbAer Rl ﬁk%n%itln'éﬁr,!ht{afhom@efhﬁ%é&e nei ghboring points; and
conmput i ng the severit the non-uni form defect of the new i nmage

based on al®W&! Jitedy coiine mpdvie $? quipdts s SOTRYIeA STVRRTY {Aingvalus &P DaIPSBYT of t he
training i raQeshe @puesymnike theiormtohepditing b allaittsyasod shaeatrestin rhescgbhy)rl ng points

within t hera%*gtﬂor(*hmﬂaj S’rQﬁer@%ﬁ@le 39 may simply output the severity ranking value as a
single number. For example, charting module 39 may update a chart upon processing each new
image so as to graph the severity level of the non-uniform defect for the Wéb material over time.
The computerized inspection system or other component may subsequently receive input from the
user specifying a change to a process control parameter for the manufacturing process, and may
adjust the process control parameter in response to the input.

[0073] Various embodiments of the invention have been described. These and other

embodiments are within the scope of the following claims.
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8. An apparatus conprising: a processor; a nenory storing a plurality
of training sanples, wherein each of the imges has been assigned one of a
set of diwonret2ssrsing | abel s for a non-uniform defect pCEASPA11N546M3 N t he
trai ning inmages; and trai ning software executing on the processor,
wher ei n Qﬁf tware includes a feature extraction nodule to extract
features %ﬁﬁ'ach of a plurality of training i mages by conputing a feature
vector for each of the training i mges from pi xel values of the respective
training |inmg wherein the training software represents each of the

e
feature Vect or$"FBPIEHETIEi ning i mages as a point within a

mul ti - di mensi aRalutispativarcand compiititte SxttacCloftiies tron Sadhar K iphuguliof oftthanitg ai ni ng

i mges in which each of the.traini i mges is assi.gned_.a non-uniformty
severi ty PARRPASTDRITE Bl nlin frs CERR e T mitales SRm PR & OF i m s,
wher ei n tiherefpeativeitatirgahmbye viereia rpuhtof sheambged Ass beeroassipiicdlabof d deyoffdisoraeeach
point within thf nmul ti-dinensi.onal Sﬁﬁ@ﬁ ﬁ%teach.of t he other points

r epr esent 8PEIPPHE F 08 HA™ EEEHPE LR IS "EREEIPRENi ng sof tware i ncl udes
a penalty in thaeetsingnkd tun@ric{) dedagfbisiof the srafntngtima@k Witk pehdinkQoftwaasi t i ons
between two points.that represent.training i s .assigned different rating
Pabers. ErBEt TS SR UETE T os s ProTOT e AR 608k SIS hop
wher ei n tihetrdiniag mages; s@f t war e conput es pair-w se di stances between each of
t he points based on the transiHjoaéprobabi%ituﬁskvégﬁre}n qgch qf t he

di st ances i ndiPCAFENE AR IUPE BGRUEH LA TP YTH et FrieHa gt KPHES i mages

r epr esentfagh iy néw @ng2o it Smpafed se@mpLtes of thenshouhiforih Heedrifdryhes@abebascddyonr anki ng
val ue fonheac of the trﬁ'ngngkinages as a function of the pair-wse

di st ances "HEPHREHS BRE Y S "HEPs 8%t ed by the training i mage and each of
the other points with the nultidinensional feature space. 11. A

conput er IZZ. ed I'Hlse Fr)nee(ﬁ}old(())g clgi}lnslt, %Epth%ro crg%’plrigilngn 8r:esenting a user interface to output the

severity level to a user.

3. The method of claim 2, wherein presenting a user interface comprising updating a chart to

graph the severity level of the non-uniform defect for the web material over time.

4. The method of claim 2, further comprising:
receiving input from the user; and
adjusting a process control parameter for the manufactured web material in response to the

nput.

5. The method of claim 1, wherein computing a numerical descriptor for each of the training

images comprises computing a feature vector within a multi-dimensional feature space.

6. The method of claim 5, wherein processing the numerical descriptors of the training
images with the rating software to compute a continuous ranking of the training images comprises:
representing each of the feature vectors for the training images as a point within
the multi-dimensional space;
computing a transition probability from each point within the multi-dimensional
space to each of the other points represented by the feature vectors, wherein computing the
transition probabilities includes including a penalty for transitioning between two points

that represent training images assigned different rating labels;
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a nenory to store a nodel that represents a continuous ranking of the
training images as a plurality of points within a nultidinmensional feature
space; whwpenr/ss2h of the points within the nul tidi nenPConsR13/85E3
corresponds to a feature vector for a different one of the training inageS'
a server executing software, wherei he software .processes new i

Captur od f1oma nadireh OeglBE RRrLIS STurERE UBYRF Sabtrs B rniEhe new
i mage and conqftie palnﬁsewm’rblh}éadhe)‘fﬂie difanecs Maficaten hasure defigtilaigr bethen Wb

mat eri al continuous. scal e based on the nodel of the training inmage; and a
user |nterfacé“?ﬂ%ﬂﬁPgﬁfq¥ﬁﬁm§ &fPVnTéW | to a user. 12. The
conputerized ins peabn@ml@)asbﬁmhﬁémbmmﬂ&ammabﬁaéh bhee tﬁ@ﬂlhg\m{ages@@rzrput es a
feature vector, with ional feature he. new i mage,
donti 1 s a drHa pE eR i R B BRB O MO BTt LA TR et

mul ti - di mensi andkacheathdbtespatewhiaihe Agltalipdndioad] iféayurodpagoi Nt S, conputes a
set of reconstruction weights that best express the feature vector for the
new i mge as a |linear conbination of the plurality of nearest nei ghboring
poi nts, and COMﬁmkﬂ&dbhﬂmﬁﬂﬂamhkmlhﬁﬂﬁhgaﬁmwﬁﬁmﬂﬂﬂn@ﬁ&iOrnldefeCt for the

web based on a wei ght ed average. on-uni farmt val ues of the
o e o s do TGP L SR St dpiln AR Tony B Mt Dt e Bt PrEE oo nt &

wi t hin the nulitidnaifyim) sitb telsobpace.plurddy ofmcaestntizhsing poiyits canpLt@iing eadabl e

medi um conpr | s%%gtasof lI’lSltfr?UCtl ons to cause a conputer processor to:

execut e sof Wik ﬁmﬁfu\,\%’ﬂﬁ?ﬂo@? PIEMFGct features fromeach of a plurality
of training i ragestilgu sembhslﬂgct&nmt@fslthmbesdeqﬁd’ss mteﬁdfanfr@vec&aﬁiﬂ ti@fnetvhe

training i s fr val e.respect vetral i mge, wherein
cach of t ho A gLs S B S Ot G bRTa Gt Siedr 6By e rati ng | abel <
for a non-uni foomputigfieciv@ieresdiof i hbn-tnifoe dbﬂ’ealolﬁthagew mage dased ona  Process
the nuneric descriptors of.the tr with the rating software
o conputt A SGRETRABIE PAARITE e HE ¢ e g T g Be B REa U e
di scr et e phatlitn of dcafesl nsigaissing peidtstwathintBe tdidinieAgonalgges ; process a
new i mage captured froma manufactured web material to extract features
fromthe new i nage and conpute a severity |evel of the non-uniform defect
for the vieb basegppantut bemghigi nuous ranking of the training inmge; and
present a user plrglct SeSE)f ace to output the severity level to a user.
a memory storing a plurality of training samples, wherein each of the images has been
assigned one of a set of discrete rating labels for a non-uniform defect present within the training
images; and
training software executing on the processor, wherein the software includes a feature
extraction module to extract features from each of a plurality of training images by computing a
feature vector for each of the training images from pixel values of the respective training image,
wherein the training software represents each of the feature vectors for the training images
as a point within a multi-dimensional space, and computes a continuous ranking of the training

images in which each of the training images is assigned a non-uniformity severity ranking value on

a continuous scale.

9. The apparatus of claim 8, wherein the training software computes a transition probability
from each point within the multi-dimensional space to each of the other points represented by the
feature vectors, wherein the training software includes a penalty in the transition probabilities that
correspond to transitions between two points that represent training images assigned different

rating labels.
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10. The apparatus of claim 8, wherein the training software computes pair-wise distances
between each of the points based on the transition probabilities, wherein each of the distances
indicate a measure of dissimilarity between the training images represented by the points; and
computes the non-uniformity severity ranking value for each of the training images as a function
of the pair-wise distances between the point represented by the training image and each of the

other points with the multidimensional feature space.

11. A computerized inspection system comprising:

a memory to store a model that represents a continuous ranking of the training images as a
plurality of points within a multidimensional feature space; wherein each of the points within the
multidimensional space corresponds to a feature vector for a different one of the training images;

a server executing software, wherein the software processes a new image captured from a
manufactured web material to extract features from the new image and compute a severity level of
a non-uniform defect for the web material continuous scale based on the model of the training
image; and

a user interface to output the severity level to a user.

12. The computerized inspection system of claim 11, wherein the software computes a feature
vector within a multi-dimensional feature space for the new image, identifies a plurality of nearest
neighboring points within a multi-dimensional feature space having a plurality of points, computes
a set of reconstruction weights that best express the feature vector for the new image as a linear
combination of the plurality of nearest neighboring points, and computes the severity level of the
non-uniform defect for the web based on a weighted average of the non-uniformity ranking values
of the training images represented by the plurality of nearest neighboring points within the

multidimensional space.

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

execute 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, wherein each of the images has been assigned one of a set of discrete
rating labels for a non-uniform defect present within the training images;

process the numerical descriptors of the training images with the rating software to
compute a continuous ranking of the training images based on the discrete rating labels assigned to

the training images;
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process a new image captured from a manufactured web material to extract features from
the new image and compute a severity level of the non-uniform defect for the web based on the
continuous ranking of the training image; and

present a user interface to output the severity level to a user.
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