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Abstract

Thetypeof representationusedin describingshapecanhave a signi�cant impacton theeffectivenessandef�ciency
of a recognitionstrategy. Shapehasbeenrepresentedby a point set, outline curve and the shockgraph(or medial
axis). Thecurve-basedrepresentationcanbeviewedaspoint-basedrepresentationwith additionalorganization,namely,
orderalonga contour;shock-basedrepresentation,in turn, canbeviewedascurve-basedrepresentationwith additional
organization,namely, pairing of contours. This additionalcomplexity in organizationleadsto greatercomputational
effort in deriving andmatchingtheserepresentations.However, it leadsto an increasein robustnessin thepresenceof
variations.In this paper, we examinethetradeoff betweenrobustnessandcomputationalcomplexity for curve andshock
basedrepresentations.Our resultsindicatethat the additionalcomputationaleffort requiredin shock-graphmatching
is worthwhile in the presenceof large amountvariations,in particularthoseinvolving the presenceof articulationor
rearrangementof parts. However, whenthespaceof variationsis smaller, curve matchingis a betterstrategy dueto its
lowercomplexity androughlyequivalentrecognitionrate.

1 Intr oduction

Recognitionof objectsin imagesis a key part of a content-basedretrieval system. It is alsoa very challengingprob-
lem mainly dueto the largedegreeof variationsexperiencedby projectionsof objectsin 2D imagesunderwithin class
variations,articulations,andotherobject-basedchanges,variationsin position,viewing direction,illumination,occlusion
andothers.Hence,the representationof objectsin imagesrequiresa high-dimensionalspaceto characterizethesevari-
ations. Most recognitionapproachestendto restrict the representationspaceby focusingon the main variationsin the
projectedintensitypattern(intensity-based),on thewithin category variationsof shapewhenrestrictedto a setof models
(model-based),andon thevariationsof theapparentcontour(shape-based).

Intensity-basedapproachesfocuson the main variationsin the projectedintensitypattern. Oneapproachis to treat
the intensity valuesin an imageas a high-dimensionalfeaturevector, which are then comparedby projectingonto a
low-dimensionalsubspaceof principal componentsusingprincipal componentanalysis(PCA) or Karhunen-Loeve ex-
pansion[1, 2, 3]. Thisapproachhasbeenusedfor facerecognition[1], 3D objectrecognition[2], andimageretrieval [3].
Imageintensitieshave alsobeencomparedusingcolor histograms[4], discretecosinetransform[5] andwavelet coef-
�cients [6]. Intensity-basedapproacheshave the advantageof not requiringa priori segmentation.However, they are
sensitive to changesin illuminationsandviewpoint variations.

Model-basedrecognitionapproachesaccountfor thevariationsof shapeof anobjectby usingasetof models.Features
areextractedfrom an image,andthenmatchedagainstoneof the models. Theseapproachescomein two �a vors: (i )
model-to-images wherea model (typically user-speci�ed) is matchedagainst a databaseof imagesto �nd the closest
image[7, 8], and(ii ) image-to-modelswherefeaturesareextractedfrom an imageandmatchedagainsta databaseof
pre-speci�edmodelsto �nd themodelthatmatchesthebest[9, 10, 11, 12, 13]. Imageintensityis typically usedasthe
imagefeature[7, 8], but perceptuallygroupededgeshave alsobeenused[10]. The matchingcanbe basedon elastic
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energy [7], featurematching[12, 13], or probabilisticmeasures[10, 8]. Geometrichashingis commonlyusedto �nd
theclosestmodelsin thedatabase[12, 13], but it hasthedrawbackof beingmemory-intensive. Themajorchallengein
model-basedrecognitionis selectingtheappropriatesetof modelsand�nding themodelthat is mostlikely to matchthe
featuresin agivenimageto renderthecomputationalcomplexity of model-basedschemespractical.

Shape-basedapproachesextracta representationof theshapeof theobjectandobjectsimilarity is measuredby com-
paringtheserepresentations.Most shape-basedmethodsrepresentshapeby its boundary, but thereareapproachesthat
usea region-basedrepresentation[16, 17,18]. In a region-basedapproach[16] a shapeis �tted usinga �x ednumberof
rectangles,which allows theshapeto be representedby a featurevectorof numericparameters,or a point in a multidi-
mensionalspace,which arethencompared.Anotherregion-basedapproach[18] representshapesby theeigenmodesof
the �nite elementmodel. Shapesimilarity thenis computedasthe modaldeformationenergy neededto align the two
objects.This methodhandlessmoothdeformationswell, but theglobalnatureof thecomputationmaycausedif�culties
dealingwith globalchangeslike occlusion.Relatedapproachesusea part-basedrepresentationwherepartsof anobject
are representedas the nodesof a grapharedescribedin [15, 14]. In [14] the shapeis partitionedinto “lumps” along
parallellinesatdifferentorientations,whicharerepresentedasagraph.A collectionof shapesis thenderivedby pruning
theleafnodesof thegraphoneatatime. Similarity betweentwo shapesis thendeterminedby �nding thelargestcommon
graphbetweentherespective collectionfor eachshape.

Boundary-basedrepresentationsof shapesincludeunorganizedpoint sets[19, 31, 20], curves [21, 22, 23, 24], and
medialaxis or shockgraphs[25, 26, 27, 28, 29]. Outlinesof shapeshave beenrepresentedasunorganizedpoint sets,
which aretypically matchedusinganassignmentalgorithm[30, 31, 20]. In [20] graduatedassignmentis usedto match
imageboundaryfeatures.In [30], theHungarianmethodis usedto match”shapecontexts”, wherea coarsehistogramof
therelative locationof theremainingpointsis usedasthefeature.A relatedapproach[32] usesthegeneralizedHausdorff
distanceto compareedgemapsof 2D images. Thesemethodshave the advantageof not requiringorderedboundary
points,but the matchdoesnot necessarilypreserve the coherenceof shapesin that the relationshipamongportionsof
shapein theprocessof matchingmaynotbepreserved.

Theshapeoutlineshave alsobeenrepresentedusingFourierdescriptors[33, 34] algebraiccurves[35, 36]. andinvari-
ants[37, 38, 39]. Therepresentationsaretypically comparedin termsof thecoef�cients, andthesemethodsareinvariant
to translations,rotationsandothergenerallineartransformations.However, all theseapproachesareglobalin natureand
mayhave problemswhendealingwith noisyor partialdata.Curvaturescalespaceproposedin [40] is anotherapproach
thatrepresentstheoutlineof shapesusinga few featurepoints.Thecurvaturescalespaceis generatedby smoothingthe
outlineusingGaussiankernelsof increasingscale.Thefeaturepointsarethelocationswherezero-crossingsof curvature
functionmeetandannihilate.

In many objectrecognitionandshape-basedindexing applications,theobjectsarerepresentedby their outlinecurves
andmatched[22, 23, 24]. Matchingtypically involves �nding a mappingfrom onecurve to the other that minimizes
an“elastic” performancefunctional,which penalizes“stretching”and“bending” [21, 24]. Theminimizationproblemin
the discretedomainis transformedinto oneof matchingshapesignatureswith curvature,bendingangle,or orientation
asattributes[21, 22, 23]. Thecurve-basedmethodsin generaltypically suffer from oneor moreof the following draw-
backs: asymmetrictreatmentof the two curves, lack of rotationandscalinginvariance,andsensitivity to articulations
anddeformationsof parts. In [41, 42] the notion of alignmentcurve is introducedto ensurea symmetrictreatmentof
the curves,androtation-invarianceis guaranteedby the useof intrinsic properties.This proposedapproachis effective
in severalapplicationsincludinghandwrittencharacterrecognition,prototypeformation,morphing,gesturerecognition,
andshape-basedindexing, asshown in [41, 42].

Shapeshave alsobeenrepresentedby themedialaxis,which representsboththeinterior andtheoutlineof theshape,
and which hasbeenusedas a basisfor matchingshapes,e:g:, [25, 29]. The shockgraphis a variant of the medial
axisendowedwith geometricanddynamicsinformation,andis a richerdescriptorof shapethanthemedialaxisgraph,
sinceits graphtopologyis morein accordwith our perceptualnotionsof shape.Shock-graphmatchinghasbeenused
in [26, 27, 28] for someobject recognitionand imageindexing tasks. Theseshock-basedmethodsdo not explicitly
modelthewell-known instabilitiesof thesymmetry-basedrepresentations.For a recognitionmethodto be robust to an
extensive rangeof visual transformations,thematchingstrategy hasto relateshapeson eithersideof an instability with
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Figure1: A schematiccomparisonof shaperepresentationusingunorganizedpoints,outline curve, andshockgraph. The curve
representationinducesan orderingof points. The shockgraphrepresentationintroducesan additionalconstraintby the pairing two
boundarysegments(shown by dottedlines)to representtheinteriorof theshape.

negligible cost.A recentapproach[43] accountsfor theinstabilitiesof thesymmetry-basedrepresentations,andusesan
edit-distance[44,45] betweenshockgraphsto matchshapeseffectively. Thisapproachis robustin thepresenceof several
visualtransformationsandgivesexcellentrecognitionratesfor indexing into shapedatabases.

Thispaperdealswith acomparisonof boundary-basedshaperepresentations:point sets,curvesandshockgraphs.An
interestingconnectionbasedonthelevel of “organization”canbedrawn betweentheseapparentlydiverserepresentations.
A curvecanbeviewedasasetof orderedpoints.Thisorderingconstrainsthelocalneighborhoodof eachpoint,andthus
thecurve representationcanbeviewedasan“organized”versionof thepoint-setrepresentation.Theshock-graphor the
medialaxisrepresentationof ashapeoutlineimposesadditionalconstraintsin thattheshockor medialpoint corresponds
to two pointson the outline, Figure1, thusconstrainingthe local neighborhoodof eachcurve. The additionalorgani-
zationapparentin curve andmedialbasedrepresentationsincreaserobustnessto changesin theshapeoutlinesresulting
from articulation,occlusion,viewpoint variationetc. However, this robustnesscomesat a cost: thecomputationaleffort
requiredto matchcurvesandshockgraphsareincreasinglyhigher. This tradeoff betweentherobustnessof therepresen-
tationandthecomplexity of matchingis exploredin this paper, with a focuson comparingcurve andshock-graphbased
representations.Speci�cally, two shapematchingframeworks that rely on matchingshapesrepresentedby their outline
curves[41, 42] andshapesrepresentedby their shockgraphs[43] is comparedin anexperimentalsettingusingseveral
databases.

2 CurveMatching

In this section,we brie�y review the outline-basedrecognitionmethod,which is basedon �nding the minimum-cost
deformationof onecurve to theother. Thecostof thedeformationis de�ned asthesumof “stretching”and“bending”
energies[24]. Let thecurvesto bematched,C andĈ, beparameterizedby arclengths andŝ, respectively. Let � (s) and
�̂ (ŝ) bethetangentorientationsof CandĈ, respectively. Thebasicpremiseof theapproachis thatthecostof deforming
the entire curves can be expressedas the sum of the costsof deformingin�nitesimal subsegments,which in turn is
penalizedby lengthandcurvaturedifferences.Speci�cally, we de�ne thecostof matchingin�nitesimal curve segments
asd� = jdŝ � dsj + Rjd�̂ � d� j, whereR is a scale-dependentconstant.Theproblemcanthenbecastasminimizing
anenergy functionaloverall possiblealignmentsbetweenthetwo curves.Thenotionof analignmentcurveis introduced
to representthealignmentwhich ensuresthesymmetrictreatmentof thetwo curves.Speci�cally, thealignmentcurve � ,
� (� ) = (s(� ); ŝ(� )) representsthepointson thetwo curvesC(s(� )) andĈ(ŝ(� )) thatcorrespond.Theoptimalalignment
curve � � is foundby minimizing thefunctional
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where~L is thelengthof thealignmentcurve. A key advantageof usingthealignmentcurve is that thealignmentcanbe
expressedin termsof a singlefunction.We choosetheanglebetweenthetangentof thealignmentcurve andthex� axis,
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Figure2: This �gure from [41, 42] illustratesthat thecurve matchingalgorithmworkswell in presenceof modestamountsof view-
point variation (a), articulation(b), partial occlusion(c), and af�ne transformations(d). The alignmentis indicatedby arbitrarily
coloring portionsof the alignedcurvesby identicalcolorswith a numberindicatingthe eachportion's endpoint. Observe that the
matchesareintuitive,e.g., hands,legsandheadof thedolls correspond.

 (� ). Then,thefunctionalin Equation1 canberewritten in termsof  as

� [ ] =
Z ~L

0

�
j cos( ) � sin( )j + Rj� cos( ) � �̂ sin( )j

�
d� : (2)

Theoptimalalignmentcurve � � is computedusingadynamic-programmingalgorithm[41, 42].
This techniqueworkswell in thepresenceof commonlyoccurringvisual transformationsincludingmodestamounts

of articulation,viewpoint variation, partial occlusion,and someaf�ne transformations,Figure 2. In addition, it has
beensuccessfullyappliedto several applicationsincluding handwrittencharacterrecognition(seeFigure3), prototype
formation,shapemorphing,gesturerecognition(seeFigure4) andobjectrecognition[41, 42].

3 ShockGraph Matching

In this sectionwe brie�y review thematchingof shapeswhich arerepresentedby their shockgraphs.Shapesareviewed
as points in a shapespaceand the distancebetweenshapesis de�ned as the cost of the least-costdeformationpath
connectingoneshapeto another. To make this searchpractical,an equivalenceclasson shapesis de�ned, whereall
shapeshaving thesameshockgraphtopologyareconsideredequivalent. In addition,all thedeformationpathspassing
throughthesamesetof shapeequivalenceclassesarede�ned asequivalent.Further, we representeachdeformationpath
by the transitionshapes, which arepointson the boundariesbetweenshapeequivalenceclassesandwherethe shock
graphtopology changes.Thesetransitionshapeshave beenformally classi�ed and enumerated[48]. In the discrete
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Figure3: This �gure from [42] examinestheperformanceof curve matchingfor handwrittencharacterrecognition.Left: Examples
of theoptimalalignmentfor handwrittencharacters.Observe thatthematchesareintuitive. Right: Thetop-rankedcategoriesfor a few
representativequeries.

0 0

1 1

2 2

3 3

0 0

1
1

2 2

0 0

1 1
2 2

0 0

1 1

0 0

1 1

2 2

0 0

1 1

2 2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Non Optimal Dynamic Programming
Fourier Descriptors            
Geometric Moments              
Sequential Moments             
Shape Contexts (Hungarian)     
Proposed Method                

Figure4: This�gure from [42] examinestheperformanceof curvematchingfor gesturerecognition.Left: Theresultof matchingsome
representative gestures.Observe that thecorrespondencesis intuitive in all cases.Right: Precision-recalldiagramfor theGESTURE
dataset[23]. Note that our approachoutperformsFourier descriptors[46], sequentialmoments[47], geometricmoments[37], non-
optimaldynamicprogramming[23] andshapecontext [19].
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Figure5: This �gure from [43] intermediateshockgraphsresultingfrom applyingtheeditsin theoptimaledit sequencefor matching
acatanddog.Theboxedshockgraphshave thesametopology. Thedistancebetweentheshapesis thesumof all edit costs.

domain,an “edit” operationon the shockgraphrepresentsthe deformationof a shapeto the adjacenttransitionshape.
Four typesof edit operationsarenecessaryfor shockgraphs:(i ) thespliceoperationdeletesa shockbranchandmerges
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Figure6: This �gure from [43] illustratesthat the shockgraphmatchingalgorithmworks well in presenceof view-point variation
(a) andarticulationanddeformationof parts(b) andocclusion(c). Samecolorsindicatematchingshockbranches,andgrey colored
branchesin theshockgraphshavebeenspliced.Thematchingis intuitive in all cases.Observe, in particular, how therideronthehorse
is prunedwhenmatchedagainsthorseby itself.

theremainingtwo; (ii ) thecontractoperationsdeletesashockbranchconnectingtwo degree-threenodes;(iii ) themerge
operationscombinestwo branchesat a degree-two node;(iv ) we alsode�ne a deformedit to relatetwo shapesin the
sameshapecell, i:e:, shapeswith thesameshockgraphtopologybut with differentattributes.Oncea costis assignedto
eacheditoperation,theminimum-costsequenceof editsis foundby apolynomial-timeeditdistancealgorithmdeveloped
in [44, 45]. An optimaledit sequenceis shown in Figure5. To ensurethat theedit costsareconsistentwith eachother,
we �rst de�ne the deformcostand thende�ne the costsof othereditsas the limits correspondingdeformedits. The
deformcostis computedby observingthateachshocksegmentcorrespondsto apairof boundarycurves,andusingasan
extensionof thecurve comparisonmetric[43].

Theshockgraphmatchingtechniqueworkswell in thepresenceof articulation,deformationof parts,occlusion,pres-
enceof shadow andhighlights,boundarynoise,andviewpoint variation,Figure6.
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Table 1: Eachshapein the databasein Figure 7 is matchedagainst all other shapes,and the �fteen nearestneighborsfor a few
representative shapesareshown usingcurve matching(top table)andshockgraphmatching(bottomtable). For shapeswith limited
amountof variability (e:g:, �sh in row 1 andrabbit in row 2) mostof thetop matchesarecorrectusingbothmethods.However, in the
presenceof partialocclusion(e:g:, planein row 3) andwhenthevariability is high(e:g:, donkey in row 4) shockmatchingoutperforms
curvematching.

4 CurvesvsSkeletons:Experimental Results

This sectiondiscussesour experimentsusing curve and shock-graphbasedrepresentationsfor matchingshapes,and
applyingit for databaseindexing for four distinctshapedatabases.First, considertheshapedatabasein Figure7. There
are99 shapesin this databasefrom ninecategories,which werecollectedfrom a varietyof sources:�sh andsea-animals
from Farzin Mokhtarian,“greebles”from Mike Tarr, and tools from StanSclaroff. Eleven shapesare includedfrom
eachcategory so thatshapeshave variationsin form, andaswell astransformationssuchasocclusion,articulation,and
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Figure8: Left: A databaseof 216shapes[43]. Right: Theprecision-recalldiagramshows thatshock-graphmatchingperformsbetter
thancurvematching.

missingparts[43]. Thetopmatchesfor afew representativeshapesusingthecurveandshock-graphmatchingis shown in
Table1. Observe thatthetop � vematchesarefrom thecorrectcategory for bothmethodsin all thecases.However, there
areinterestingdifferencesaswell. For the queriesQ1 (a �sh) andQ2 (a rabbit) both curve andshock-graphmatching
recall thetop matchescorrectly. In contrast,for queriesQ3 (a partially occludedplane) andQ4 (a donkey) shock-graph
matchingoutperformscurve matching.For this database,every shapeis matchedto all othershapesandtheperformance
is measuredusingthe precision-recalldiagrams.Precisionandrecall have beenusedto evaluatethe performanceof a
shaperetrieval scheme[23]. Precisionis theratio of thenumberof similar shapesretrievedto thetotal numberof shapes
retrieved,while recall is the ratio of thenumberof similar shapesretrieved to the total numberof similar shapesin the
database.The precision-recalldiagramshows that shock-graphmatchingoutperformscurve matching,Figure7. Note,
however, thatbothmethodsperformverywell with aprecisionof morethan85%.

Second,considerthe databaseof 216 shapesin Figure8, which is a subsetof a larger databaseof shapesusedfor
testingMPEG-7compressionrates[49]. Ourselectionconsistsof twelveshapeseachfrom eighteencategoriesfor a total
of 216shapes[43]. As in the�rst database,precision-recalldiagramindicatesthatshockgraphedit-distanceoutperforms
curve matching,Figure8.

Third,wecomparethecurveandshock-graphmatchingfor indexing into adatabaseof 1032shapesfrom 40categories.
Theshapeswerecollectedfrom a variety of sources.We have includedshapesfrom the MPEG-7testdatabase,Farzin
Mokhtarian(�sh, seaanimals),Mike Tarr (greebles),andStanSclaroff (tools). We highlight thedifferencesbetweenthe
two methodsfor threerepresentative shapes,Figures10 and11. For the �rst queryshape(�sh) both methodsperform
well, mainlybecausethe�sh categoryhaslimited shapevariation.However, for theremainingtwo queryshapes(rayand
bird), thewithin-categoryvariationis higher, andshock-graphmatchingsigni�cantly outperformscurve matching.

Finally, considera databaseof 64 � 72 shapesgeneratedby taking 72 views of 64 3D objects,Figure 12, taken
from [51]. In this paper, anaspectgraphwasgeneratedby endowing theviewing spherewith a dissimilaritymetricand
groupingof views to generateaspectsandprototypesfor this aspect.A measureof effectivenessof this metric is the
extentof invarianceto viewpointchangeswhichaffect thenumberof aspectsneededfor successful3D objectrecognition.
While bothcurve-basedandshock-basedmatchingallows for effective 3D recognition,98%for curve-basedand100%
for shock-basedusingtop threematches,thecurve-basedcomparisonrequiresa largernumberof aspects,Figure13.
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Figure9: From[50]. Thedatabaseof 1032shapes.

5 Discussion

A carefulexaminationof theseexperimentalresultsled us to concludea few fundamentaldifferencesbetweenthe two
representations,which cansigni�cantly affect theperformanceof therecognitionalgorithm.On theonehand,themajor
advantageof directly matchingtheoutlinecurvesof shapesis thecomputationalef�ciency of curve matching,which is
anorderof magnitudefasterthanshockgraphmatching.Speci�cally, for theshapesin Figure7, shock-graphmatching
takesabout5 minuteson averageto matcheachpair of shapes,while matchingtheshapeoutlineswhich arerepresented
ascurvestakesonly about0:2 secondsonanSGI Indigo (195MHz).

Ontheotherhand,while thereis asigni�cant advantagefor usingcurvematchingin termsof speed,somefundamental
limitations in usinga curve-basedrepresentationfor generalpurposeobjectrecognitioncanbe identi�ed by examining
unintuitive matchesarisingfrom our experiments.First, a well-known shortcomingof curve-basedrepresentationis that
it doesnot representthe interior of a shape,Figure14. Hence,curve matchingcannoteasilydistinguishbetweenthose
perceptuallydistinctshapeswhoselocal curve-basedfeatures(wavy linesin thisexample)areverysimilar, but wherethe
spatialarrangementof featuresleadsto distinctshapes.Similarly, local featuresof two shapesin Figure15 forceamatch
that ignorestheregional layout. On theotherhand,theshockgraphrepresentationinducesa pairingof pointsalongthe
boundaries,andrepresentstheinterior of theshapeaswell asits boundary. Hence,theglobalregionalview is takeninto
accountwhenmatchingof theshapes.

Anotherdrawbackof thecurve representationandhencecurve matchingis thesensitivity to thepresenceandspatial
arrangementof parts,Figures16 and17. This is mainly becausecurve representationdoesnot capturethe overall part
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Figure10: Comparisonof curve matchingandshock-graphmatchingfor indexing a databaseof 1032shapes.The top matchesfor
threerepresentative shapesareshown. Thematchesarehighlightedasfollows (red- correctcategory, green- wrongcategory, yellow
- additionalmatches).Observe that in the caseof �sh, curve matchingperformsaswell asshockmatching,while in the othertwo
examples,shockmatchingsigni�cantly outperformscurvematching,asshown in Figure11.

hierarchy. In otherwords,curve matchingtendsto matchlocal parts,and ignoresthe global view of how theseparts
arespatialarrangedwith respectto eachother. Figure16 shows anexamplewherecurve matchinggivesincorrectcor-
respondencebetweentwo �shes, becausethe �ns on themarearrangeddifferently. Observe that the removal of the �n
to the arrangementsimilar resultsin the intuitive correspondence.Figure17 comparesthe performanceof curvesand
shockgraphsfor matchingsimilar shapeswith differentspatialarrangementof parts.In thecaseof apairof ellipseswith
protrusions,curve matchinggivesthecorrectcorrespondencefor the largerprotrusion,asit lies on thesamesideof the
ellipsein both cases.However, the smallerprotrusionsareincorrectlymatchedasthey lie on the oppositesidesof the

10



0 20 40 60 80 100 120
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Number of matches

R
ec

al
l

Curve
Shock

0 20 40 60 80 100 120 140 160
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Number of matches

R
ec

al
l

Curve
Shock

0 50 100 150 200
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Number of matches

R
ec

al
l

Curve
Shock

Fish Ray Bird

Figure11: This �gure plots therecall for the indexing resultsshown in Figure10. Observe thatcurve matchingperformsaswell as
shockmatchingwhenthequeryshapeis a �sh (left). However, for theothertwo queries,a rayandabird, shockmatchingsigni�cantly
outperformscurvematching(middleandright).

.

Figure12: From[51]. This �gure shows thedatabaseof 64 objectsusedin 3D objectrecognitionexperiments[51]. Theviews were
generatedeitherby projecting3D VRML models(blackbackground)or by usinga turntableanddigital camera(redbackground).

Model Curve-basedcharacteristicviews Shock-basedcharacteristicviews

Curve-basedResults Shock-basedResults

Unknown Match1 Match2 Match3 Match1 Match2 Match3

Figure13: This �gure from [51] illustratesthecomparisonof curve andshock-graphbasedrepresentationsfor 3D objectrecognition
usinganaspectgraphrepresentation.Left: Curvematching[41, 42] is moresensitive to achangein thelayoutof ashape,eventhough
thestructureof theshapedoesnotchange,resultingin a largernumberof characteristicviews. In contrast,thecomparisonof thesame
seriesof views usingtheshock-graphmatching[43] capturestheunderlyingstructureof theshape,andresultsin fewer characteristic
views. Right: Thetop matchesfor a few representative queriesusingthecurve andshock-graphmetrics.Therecognitionratesfor the
top threematchesare(90:3%; 96:7%; 98:3%) and(95:2%; 97:6%; 100:0%) usingcurveandshock-graphmatching,respectively.
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Figure14: Curvesdo not representthe interior of theshape,andhencecannotadequatelydistinguishbetweenperceptuallydistinct
shapeswhoseoutlineshavesimilar features.
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Figure15: Curvesdonothaveanotionof theinteriorof theshape.Hencecurvematchingcannot�nd theintuitivecorrespondencein
somecases,e:g:, for a pair of noisysquares,wheretwo of thesidesarereplacedby a “wavy” lines. Curve matchingalignsthewavy
sidesto optimally matchthe boundaryfeatures,ignoring the spatialinformationthat underliesthe perceptof a square.Shock-graph
matchinggivesanintuitivecorrespondence.(Thisexampleandothersmustbeviewedin color.)

ellipses.Similarly for matchingthehands,thepresenceof thesmallbumpandthemissing�nger causescurve matching
to giveanerroneouscorrespondence.Theshockgraphof ashape,on theotherhand,inherentlyinducesapart-basedrep-
resentationof shapebasedon regionalaspects,andcapturesthespatialandhierarchicalrelationshipsamongtheseparts.
Theedit-distancebetweenshockgraphsnotonly matchespairsof individualpartsbut alsotheoverallparthierarchy. This
enablestheshockgraphmatchingto berobustto part-basedchanges,Figure17.

Aside from thesecategories,our resultsreveal that the curve matchingapproach[41] is robust to modestamounts
of visual transformations,if it doesthe overall part structureof the object is not altered,Figure2. However, whena
visual transformationaddsor deletesa part, or altersthe spatialarrangementof parts,curve matchingcanfail. This is
illustratedin Figure18 for partial occlusion.Whentheunoccluded�sh outlinesarematched,bothcurve matchingand
shockmatchinggive intuitive correspondences,Figure18a. However, theocclusionof partof the tail of thesecond�sh
altersthe overall part structure,andresultsin an erroneouscorrespondenceusingcurve matching,Figure18b. Shock
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Figure16: This �gure illustratesthesensitivity of curve matchingto thespatialarrangementof parts.Notethatthereis an“extra” �n
at thebottomsideof second�sh. This causesthecorrespondenceto be incorrect(a); a �n on the top �sh is matchedto theheadthe
bottom�sh. (b) and(c) examinestheeffect of removing the“extra” �n. Whenthe“extra” �n is removedfrom the“wrong” side,the
correspondenceis still incorrect(b). However, whenthe“extra” �n is removedfrom the“correct” side,curve matchinggivesintuitive
correspondence.

graphmatchinggivestheintuitivecorrespondenceby pruningtheshockbranchcorrespondingto theoccludedpart.

6 Conclusion

In this paperwe have comparedcurve andshock-graphbasedrepresentationsfor recognitionapplications.We conclude
that in applicationswherethespaceof variationsdoesnot includerearrangementandarticulationof partsandwherethe
regionalinteractionis not signi�cant, e:g:, handwrittencharacterrecognition,signatureveri�cation, etc., curve matching
is preferreddueto its superioref�ciency. On the otherhand,in thoseapplicationswherethe arrangementof partsand
regional effectsplay a role, e:g: for generalobjectrecognitionproblemdueto the enormityof the spaceof variations,
matchingbasedonshockgraphsgivessuperiorresults,andjustify theadditionalcomputationalcosts.
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