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Abstract

lntht'spaper,wepresentanew methodfortwo-
dimensL'onal(2D)shapedetectionappIL'Cableunderajfne

transformation.lTheproblemofahfne-ir"arianTshapede-

tectLlonisa?i.mportantandbndamentalresearchsubjectin
computervLS10n･ALthoughvariousmethodshavebeenpro-

posedtosolvelhL'sproblem･.mostofthoseapproachesare
rutwellsuitedforthefollowtnggeneralcases:(I)ashape

tobedetectedisoccludedb_votheroverLappE'ngobjects,(2)
aShapeboundarγL'SpartiaLL_vbrokenbecauseofnot'seor

olherfactors_WeL'nlrvduceanewmethodtodealwL'thsuch

cases,whichextendsthegeneralizedHoughtransformlJ]
tobeanajfine-L'nvarL'anlShapedeteclor.ThL'smethod,called

theajfne-GHTutiLL'zespairwL'separallelEangenE∫andba-

∫icproperttLesofanajTinetransformatE'OnlocarrTthedirect
computatL'onjTorsL-Iparamele/･SOfanahinetransformatt'on･
Expert.mentalresultdemonstratesthattheproposedmethod

pelormSSuccessfullyandejfcL-entL_V･

1.1mtroduction

lnmanyindustrialapplicationsofimagepatternrecog-

nition,itisaslgnihcantresearchsubjecthowtoestablish

ana作ne-invariant2Dshapedetectionmethod･Thisprob-

lemisalsoimportantinthethree-dimensiona一(3D)image

analysISSuchascomputervision･Becauseitiswellknown

thatundertheparaperspectiveprojectionofthescene,two

differentimagesofthesameflatobjectareinanafnne2D

co汀eSPOndence【2].

ManystudieshavebeenproducedforsolvingSucha

problem[2-20】.Oneapproachisamodel-0rappearance-

basedtechnique(suchasthegeometrichashingl2-4],the

invariantpixelsetsignature[7]orsimilarothermethods).

Inthistypeofmethods,ashapeisrepresentedbylnVarj-

antfeaturesorslgnatureStOafRnetransformation,anda

CO汀elation-orstatisticaトbasedmatchinguslngthoseisap-

pliedtodetectshapes･SeveralkindsoFinvariantshave

beendevisedanduti)ized,e･g･basedonlocalorglobal

features[8-10],basedonnumeIIcalorstatisticalanalysis
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[11-13,16],etc.Moreover,anotherapproachestoaffine-

invariantshapedetectionhavealsobeenexploredrecently:

usinggeneticalgorithm【18],usingneuralnetworks【19],

usingwavelettransform【20],andsoon･
Fortheaboveconventionalmethods,wecanseethatan

efficientshapedetectionispossibleunderthecertainre-

strictedorconstrainedenvironments,e.g.,wheremanyaト

ーractiveorinterestfeaturesmaybeeasilydetectedorthe

shape'Sposeandilluminationaretightlycontro】led･How-

evermostofthemarenotwellsuitedfわrthefollow】nggen-

eralcases:(I)ashapetobedetectedisoccludedbyother

overlappingobjects,(2)ashape boundaryispartiallybro-

kenorclutteredbecauseofnoiseorotherfactors,(3)ashape

tobedetectediscomposedofgeneralcurves,and(4)thede-

tectionprocessneedstobeexecutedinareal-time･There-

fore,itisdesiredtodevelopanew,efRcientandpowerful

shapedetectionmethodthatcandealwithsuchcases･

Ontheotherhand,ifwefocusonthesimilanty-1nVariant

(translation-,rotation-,andscale-invariant)shapedetection,

thegeneralizedHoughtransform(GHT[1])iswellknown

asarobustmethodanditisalsoatimeconsumlng･It

shouldbenotedthattheGHTmaybeextendedasapoweト

fulafRne-invarianlshapedetector'throughfurtherimprove-
ments.

Inthispaper,weextendtheGHTtobeasanafRne-

invariantshapedetector･Thismethod,calledtheafhe-
G〃T,positivelyutilizespalrWiseparaHeltangentsandbasic

propertiesofanaffinetransformalion･Theafhne-GHTis
availableeventhoughtheconventionalshapedetectorsseem
tobedifhculttotreaL

2.Proposedmethod(a作ne-GHT)

As a2Da作netransformationisdescribedwithsixpa-

rameters(seebelow),Weneedasix-dimensional(6D)voting

spacetodirectlyapplyamethodbasedontheHoughtrans-

rom.Howeveritseemsimpossibleinactualitytoexecute
themethod.

Inthispaper,weintroduceamulti-stageHoughtrans-

form.AttheRrststage,weapplya2DHoughtransform



Figure1.Anaffinetransformation.

toobtaincandidatepositionsofatargetshape,andatthe

secondstage,applyfouトdimensional(4D)Houghtransfom
toobtaintheremainedfourparameters.Sinceweneedto

searcha4Dvotlngspaceatthesecondstage,Weadopt

theadaptiveHoughtransform(AHTl22])toimprovethe

processlngefRciency,whichexecutesvoteprocesslngby

changlngadaptlVelytheresolutionofavotlngSPaCe･

ⅠnthefoHowlng,Ourdiscussionismadeonaboundary

edgeimagethatcontainstangentinformationateveryedge

point･(Inthispaper,alltangentinformationswereobtained

byusinganimprovedmethodof【2日.)

2.1.DefinitionofafGnetransformation

Considertwoorthogonalcoordinatesystems,∑and∑′.
Letp - (xTy)iandp′- (xJ,y')ibe,respectively,the
coordinatesofapolntPonthe∑andthe∑′.Ana用ne
transformationisde抗nedasfollows:plStransformedinto
p/by

p′-Ap+t, (1)

wheretisatranslationvectordenotedbyt-(t｡,ty)i,A

isalineartransformationmatrixdenotedbyA-
(: 皇),

andad-bc≠0(seeFig.1).

Eq･(1)showsthatthea作netransformationhassixpa-

ramelers･Therefore,irthreecorrespondingpairsOfpi

andpi′(i- 1,2,3)aregiven,allthea作ne-parameters
(a,b,C,d,t3"ty)areuniquelydetemined.
Theaffinetransformationhasimportantproperties.

●A pal一OrParallelstraightlinesistransfわrmedinto

alsoapa∫rOfparallelstraightlinesaftertransforma-

tion(preservingparallelism).

｡Thecentroidoftheshapeistransromedintoalsothe

centroidofthetransfomedshape.

WewillpositivelyutilizethesepropertiesinthefoHowing
algorithm.

2･2･Detailsofalgorithm

Wecallatarget2DshapetobedetectedatemplateT･

TheboundaryofTisdescribedbyasetofNedgepolnts

expressedas〈(X-Yl)Ii-1,27･.,N)･Here,theo.rigin
oftheXY-CoordinatesystemisputtothereferencepolntR

thatmaybearbitrarilyseton71,
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Figure2･DescriptionofatemplateT.

2.2.1 ConstructionofR-TableandE-Table

First,wegenerateaR-table(reference-table,likeGHTl1])

torepresentatemplate71bythefollowlngProcedure.

ProcedureR-tableconstructJ'on(SeeFig.2)

1.PreparealDa汀ayOHinkedlistsasshowninTbble1

tostoreallparametersdescribedbelow･Theindexof

thearrayisthetangentvalue,0.

2･AlledgepIXelsor71aregroupedandsortedaccording
totheirtangentvaluesO.

3･Selectapairoftwoedgepointspl-(Xl,Yl):and

p2-(x2,Y2,):thathavethesametangentOi･
4.Drawastraightlinethroughthemidpointoftheseg-

ment百両 tothedirectionOいand伝ndalledgepolntS

thatthelineintersects71agaln.LeHhesepolntSbe,

respectively,p｡-(X3,Y3)三,p3′-(X｡′,Y3′);, ,
andtheirtangentsbe,respectively,ri,r行･･
5.RegistertheparametersOi,(Xl,Yl)i,(x2,Y2)1,
(x3,Y3)i,(X3',Y3')i,.･･,ri,r:,･･･intotheR-table
(seeTableI).

6.Repeatthepreviousstep2-step5forallpossible
pl,P2,andOi.

Second,wegenerateanE-table(edge-table)fromanin-

putimage∫bytheroHowlngPrOCedure･

ProcedureE-[abJeconstL-uCtL'on(SeeFig.3)

1.PreparealDarrayoHinkedlistsasshowninTable2･
Theindexorthisarrayisthetangentvalue,♂.
2.AlledgepIXelson∫aregroupedandsortedaccording
totheirtangentvalues♂.
3･Selectapairoftwoedgepointsql-(xl,yl)5･and

q2-(x2,yj)3･thathavethesametangent0,･･
4･RegistertheparametersOj,(xl,yl)i,and(扇,y2),
intotheE-table(seeTabl弓2).

5.RepeaHhepreviousstep3-step4forallpossible

ql,q2,andOj･

2.2.2 Detectionortranslationt

AttheRrststageofvoteprocesslng,Wedetectcandidate

positionsofthereferencepolntRorr.
ProceduretranslatI'ondetection

LRepeatthefollowlngSteP2-step5rorβ-Oto7r
withanincrement∂β.



Figure3･Constructionandutilizationofthe
E-tablefromaninputimage.

2･Selectarecordwith0-03fromtheE-table･andlet

qlaJldq2beql-(xl,yl)tandq2-(x2,y2)I,re-

Spectively･WhennosuchrecordsintheE-table,back
tostepl･
3.DrawastraightHnethroughthemidpointofthe seg-
ment玩 tothedirectioneonI(seeFig.3),and伝nd

anedgepointq3-(x3,y3)Iwhichexistsonthisline.
LeHhetangentva一ueatq3beT･
4.ForallrecordsintheR-table,repeatthefoJlowlngStep

(a)～step(e)･
(a)Forarecord0"let0,pl,P2,P3,andrbe,re-

SpectlVely.0 - 0いpl- (Xl,Yl)∴ p2-

(x2,Y2)tt,p3-(X3,Y3):andr-rt･
(b)CalculatesixafrlneParametersfa,b,C,d,tr,ty)by
uslngthreecorrespondingpal一sOFedgepolntS

(pj←･qj,3-1,2,3)andtheirre)ationships

q-Apj+t (2)

(C)Calculate(xe,yO)and(x7,yT)by

(;;)- A ( Cs?nSo? ) 烏 )-A (;?nSrr)･
(3)

(d)Foral一owableangle-e汀OrS△land△2,ir

lO-arctan(yo/xe)I≦△l (4)

l7-arCtan(y･Y/3;7)I≦△2 (5)

∬ebothsatlSfied,add l'sto the element

HZy(tr,ly)ofa2DvotingarrayHュywhosesIZe
isthesameto∫.

(e)RepeaHhepreviousstep(b)～ step(d)asto

p｡- (x3',Y3/):andr - Ill'.(Moreover,

if(X,",Y3")i,r", Ia,ealsoreglSte,edinthe
R-table,repeaHhesameprocedureastoeachof
them)
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5･Ifanotheredgepolntq;1Sroundinstep3,repeatthe
previousstep4astoit.IFnotfound,backtostep2･

6･AfterallvotlngforpossibleO'sareRnished,extractall

peakelementsH〇y(tkェ,thy)whosev?I.ingvaluesare
overathresholdTHEascandidateposltIOnSOff Let

thesetofthesepeaksbe(tk-(tk-工,thy)i).

2.2.3 DetectionoflineartransformationA

Foreachtk,WeCalculatealineartransformationpa-

rameterAk - (ak,bL-,Ck,dk)･ However,fourparame-

ters(ak,bk,Ck,dk)areallrealnumbersandtheirchanging
rangesarerespectivelydifferenLTherefore,weintroduce

anapproachllketheAHT【22]toreducememoryrequire一

mentandimprovetheefhciencyofvotlngPrOCedures･
ProcedureJjneaTtranSformaEL'ondeEectlOn

7.PreparealistLJcforeachcandidatetk･RepeaHhe
previousstep1-step6againandreglSterParameters

(akいbL･いCkいdL-JintotheHstLL･Wheneveravotlngto

thee)ementH｡y(tbTthy)iscarriedout･
8.PrepareaFour-dimensionalarrayHabcdtOObtainlin-
eartransFormat10nParameters(a,b,C,a)whosesizeis
9×9×9×9.ForeachrecordreglSteredlnthellStLん,

repeattheFollowingstep(a)～step(e)･
(a)Determlnethemaximum fluctuationrangesor

fourparameters(aki,症 ,cki,d七月 byscanning
lhellStLk･ThewholerangeofthevoLlngSPaCe
HabcdissettotheirfourmaximumrangesL

(b)Addl'stotheelementHabcd(ak-:bki;CL-"dんi)

co汀eSPOnding【OeachrecordreglSteredinthe一ist

Lた.AF(ervotlngfora一lrecordsisRnished,ex-

tractatlpeakelementsorthearrayHabcdWhose

votlngValuesareoverathresholdTHA･Push

thesepeaksAk--(ak.bk.Ck.dd intoastack･
(C)PopapeakelementAkfromthestack･Ifthe

stacklsempty,proceedlostep9,

(d)If each resolution of the parameters

(ak,bL･,Ck,dk)lSenough (forexample,its
ratlOtOtheinltiallessthan0.01),reglSlertkand



(a) (b) (C)

Figure4.Detectionofmultiplebrokenellipses:(a)thecircletemplateof158×158pixels,(b)the
testedeHpsesof256×256pixels,(C)thedetectedeMpses(drawnbythethick一ine)･

AkintoalistANStostoresolutions,andback

tostep(C)･0therwISe,proceedtothenext.
(e)ConsideringtherangeoF3×3×3×3elements

centeredonAktObethewholespaceofHab｡d,
divideitinto9×9×9×9elementsagain.How-
ever,theparameteraxiswhoseresolutionhasaト

readyreachedanadequatevalueisnotdIVided.

9･Repealthepreviousstep8foraHlists(Lk).AH
recordsinthellStANSarefinalsolutionparameters.

3.Experimentsanddiscussion

lnordertoverlfythevalidityandtheeffectivenessof

theproposedalgorithm,weca汀iedoutevaluationexperi-

ments･WeusedaPentiumIIprocessor(400MHz)tocom-
pute･Thefollow)ngparameterswereusedinsettlnguPthe
experiments:60-10,Al-A2-50,THt-500,and
THA-30.

FlrSt,WetriedtodetectmultiplebrokenelllPSeSuSlnga
c)rcletemplate(seeFig.4).Notethatanaffine-transformed

clrc)eistobeanet)ipse.TheresultisshowninFig.4(C).
ProcesslngtlmeWas12.3seconds.Asshownintheresult,

thedetectedellipsesarequl【ewell,especiallytheconcentrlC

e111PSeSareCO汀eCtlyseparatedanddetected.A一thoughonly

oneelllPSeWasnotdetected(whichistotheleft-uppercor-
ner,OneoFtheoverlappedthreee一lipses),thisisdue【Olack

oFparalle一tangentsForthispartialeHipseJtisnecessaryto

keeplnmindthaHheproposedmethodmaynotworkwell

whenaboundaryoFtheshapeiscontinuouslybrokenmore
than50%orso.

Second,WetestedrealimagesofRatindustrialpartsand

tIjedtodetecteachpart･As spaceislimited,onlythree

experimentalresultsareshowninFig,5.Inthesefigures,

columns(a)and(C)arereaHmagestakenthroughadigital
camera,andcolumns(b)and(d)aretheboundaryedgeim-

agesobtainedbytheCannyR】terl23],respectively･Note
thateachparttobedetectedinthetestedimageshasun-
dergoneanafRnetransFormation,sinceeachcameraview-

polntisdlfFerent.Inadd)t10n,theboundaryorthetarget

partispartlallyclutteredandoccludedbyotheroverlapplng
objects･ThedetectedresultsareshownlnCOlumn(e)of

Fig･5･TheirprocessLngt]meSWere1l･2,1614and53sec-
onds,inorderfromthetop.Theupperandmiddleresults

demonstratethateachdetectedshapeisqulteClosetothe

orlglnalshapeandtheproposedmethodworkscorrectlyln

thepracticalenvironments･ThelowerimagesorFig･5are
listedtoshowanexampleoHailuredetection･Asshown

inthisexample,whenanorlglnalgrayImageisstrongly

blurred,wecannotobtainvalidtangentsatedgepolntSin
suchimages･Thusamorerobustmethodofextractlngtan一

gentsfromaboundaryImageWiHbeneededtoapplythe

proposedmethodmorewldely･However,onthewholewe
canconhrmthattheafhe-GHTperformssuccessfullyand

efficientlylnrealimages.

Whi】etheproposedmethodcantreatwiththepractical

casethatashapeboundaryISPartiallyoccludedorcluttered,

itsmemoryrequlrementissmallanditsprocesslngisfasL
Furthermore,itisimportanHhaHheBallard'sGHTcanbe
extendedasanaffine-1nVariantshapedetector.Inparticular,

althoughtheBallard'sGHTneedsabrutefわrcevotlngtO
determinetwoparametersofrotationandscale,ourmethod
doesHnotHuseabruteforcevotlngtOdeterminefourpa-

rameters(a,b,C,a)oflineartransformation･
Futureworksoftheproposedmethodareinfurtherim-

provementsoftheprocesslngefhclencyandthedetection
robustness.Forexample,theprocesslngtlmeWillincrease

ifashape【ObedetectedhasalargenumberoredgepalrS

whosetangentsareparallel(llkerectangle,rhombus,etc･),
becauseits良-tablebecomesenormous.Ⅰnsuchacase,we

needtoimprovethealgorithmsothatitmayadoptavot-

1ngron basedongeometricFeaturessuchasllneSegments,
ratherthanedgepolntS･

4.Conclusion

Anefficientmethodtorealizetheaffine-invarlant2D

shapedetector,caHedtheB捕ne-GHT,ispresented.The
affine-GHTisavailabletodetectarbitrary2Dshapesro-

bustlyeventhoughashapeboundarylSPartlallyoccluded
orbroken TheatLfine-GHTintendstodetect2Dshapes

mainly,butitwiltbeappllCableto3DimageanalystsaS

describedinthebeginnlngOrthispaper.
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Figure51Experimentalresu一tsfor.realimages:foreachcolumn,(a)thetemplateimageof158×158
pixels,(b)theedgeimageofthetemplate,(C)thetestedimageof256×256pixels,(d)theedge

至mageofthetestedimage,(e)thedetectedresult(theaffine-transformedboundaryofthetemplate
JSOVerWritten).
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