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Abstract

Wepresentanaspect-graphapproach to 3D objectrecogni-
tion wherethede�nition of anaspectis motivatedbyits role
in the subsequentrecognition step. Speci�cally, we mea-
sure the similarity betweentwo views by a 2D shapemet-
ric of similarity measuringthe distancebetweenthe pro-
jected,segmentedshapesof the3D object.Thisendowsthe
viewing sphere with a metric which is usedto group sim-
ilar views into aspects,and to representeach aspectby a
prototype. Thesameshapesimilarity metric is thenused
to rate the similarity betweenunknownviews of unknown
objectsand stored prototypesto identify the objectand its
pose. Theperformanceof this approach on a databaseof
18 objectseach viewedin �ve degreeincrementsalongthe
groundviewingplaneis demonstrated.

1 Intr oduction
1.1 3D Object Recognition

The humanvisual systemhasan uncanny ability to rec-
ognize objects from single views, even when presented
monocularyundera �x edviewing condition.For example,
theidentity of mostof the3D modelsin Figure1 is imme-
diately clear. The issueof whether3D object recognition
shouldrely on internal representationsthat are inherently
three-dimensional,e.g. thosedescribedby GEONs [3],
superquadrics[2], deformablesolids [14], algebraicsur-
faces [18], and CAD models,or on collectionsof two
dimensionalviews, e.g., as those representedby aspect
graphs[10], is still being explored. Psychophysical evi-
dencefor both views is strong[5, 3] and it is likely that
the representationis taskdependent,e.g. manipulationvs.
recognition. This paperexaminesa bottom-up, viewer-
centeredview of 3D objectrecognition.

Thereis ampleliteratureon recognitionfrom 2D views.
Nayaret al. [13] useprincipal componentanalysis(PCA)
on a setof objectviews to generatea distancebetweenan
unknown view and prototypicalviews. Cootesand Tay-
lor [4] proposedanactiveappearancemodel(AAM) which
learnsa statisticalmodelby trainingon a seriesof 2D im-
ages,Ulman andBasri [19] representeachview as linear
combinationof prototypicalviews.

The aspectgraphrepresentation[10, 11] identi�es re-
gionsof the viewing spherewhere“equivalentviews” and
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Figure1: These3D modelsrepresentour initial databaseof ob-
jectswhich wereusedto evaluatethe performanceof the recog-
nition algorithm presentedhere. (Our databaseis composedof
VRML andAutocadmodels,takenfrom www.3dcafe.com)

neighborhoodrelationson the viewing spheregeneratea
graphicalstructureof views. Eachnodeof theaspectgraph
representsa “general view”, or aspect,of the 3D object
andrepresentsa maximallyconnectedregion on theview-
ing sphere.Eachlink representssomevisual event where
transitionsoccurbetweentwo neighboringgeneralviews,
namely, the accidentalviews. Aspect graphshave been
de�ned for polyhedra[17], solids of revolution [7], and
curvedobjects[12]. Themaindrawbackin this typeof ap-
proachis in thecomplexity of generatingaspectsandin the
largenumberof aspectswhoselargestorageandsearchre-
quirementsareimpracticalfor objectsof modestcomplex-
ity. Eggertet al. [8] observedthattheaspectgraphis often
basedon a level of detail not fully observable in practice
andexploreda notion of a scale-spaceaspectgraphto re-
ducethenumberof views.

Our approachto 3D object recognitionalsorelieson a
parcellationof the viewing sphereto generatean aspect-
graph. Observe that the problemof generatingaspectsis

1



Figure 2: Aspectscan be generatedby groupingviews by the
similarity between2D shapesandrepresentingeachaspectby a
prototypicalview.

highly integratedwith theproblemof recognizingthoseas-
pects.Theview thataspectsareprincipallygeneratedto re-
ducethesearchtime from indexing in a databaseof objects
views motivatesthe useof the recognitionschemeitself,
ratherthanthe singularitiesof visual mapping,in de�ning
the aspect.Speci�cally, the shapesimilarity metric which
is usedto judgethedistancebetweentwo viewsshouldalso
be usedto generateaspects:views wheresimilarity drops
off ratherslowly shouldgeneratelarger sizeaspects,e.g.,
side views of four-leggedanimals,while regionsof rapid
changein similarity should lead to smaller aspects,e.g.,
frontal viewsof four-leggedanimals.

More speci�cally, the shapesimilarity metric between
object outlinesendows the viewing spherewith a metric
which can be usedto cluster views into aspects,and to
representeachaspectwith a prototypicalview. 3D object
recognitionis thentantamountto indexingatargetview into
the databaseof prototypeviews andorderingtheseby the
shapesimilaritymetric.Two key issuesareaddressed.First,
how canasetof aspectsandtheirprototypicalviewsbegen-
eratedin orderto copewith therequirementsof recognition.
Second,underwhat conditionsis this set of prototypical
viewssuf�cient to achieve robustrecognition.

Our earlier work showed that for a single three-
dimensionalmodel,theposeof anunknown view canbero-
bustlyandaccuratelydeterminedby ahierarchicalcompar-
isonof shapesimilarity of theunknown view againstahier-
archicallyarranged,multiresolutionalsetof views. Speci�-
cally, this work determinedtheposeof spiralvertebrafrom
singleX-ray imagesby comparisonto viewsgeneratedfrom
a CT-generated3D model to within 1-2 degrees [6]. We
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Figure3: Two objects(“kangaroo”and“bull”) from thedatabase
aredepictedon the left. On theright we show all views from the
groundplanein � ve degreeincrements.Circled views represent
prototypicalviews.

now show thatnotonly pose,but alsotheidentity of anob-
ject canbedeterminedvia a2D shapesimilarity metric.

We madea numberof simplifying assumptionsto ex-
plore this concept. First, we only consideredviews gen-
eratedon one viewing plane,namely thosegeneratedby
“walking around” the object, Figure 2. This reducesthe
numberof viewsfor thispreliminarystageaimedatproving
theconcept,but is notafundamentallylimiting assumption.
Second,we assumethat theobjectis distinctenoughfrom
thebackgroundthateachview canbeeasilysegmented.

Our approachis thensummarizedasfollows. Each3D
objectmodelgivesrise to a numberof prototypicalviews,
Figure 3, which are selectedfrom the rangeof possible
views for eachobject in the database,Figure 1, Section
2. We examinetwo shapesimilarity metrics,onebasedon
curve matchingandtheotherbasedon shockgraphmatch-
ing, andconcludethat the latter is moresuitedfor generat-
ing aspectsandfor recognition.Therecognitionof an un-
known view is doneby matchingit with storedprototypes
for eachobjectandby orderingthemaccordingto theshape
similarity metric. Theresultingmatchgivesthe identity of
theobjectaswell asits pose,Section3. Wediscussmatch-
ing resultsin Section4.

2 Similarity-Based Aspects
We now discusshow a shapesimilarity metric,or alterna-
tively, a distancemetric betweentwo shapescan be used
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Figure4: Theidealmetricshouldbesensitive to suddenchanges
in shapedue to changesin view. Th e shockmatchingis more
sensitive to thesetransitionsasindicatedby the samplegraphof
the derivative of this distancewith changein viewing anglefor
the shockmatchingmetric (left) and the curve matchingmetric
(right). Bothindicatelargeregionsof similarity well (1),but curve
matchingmissessomesuddenedges(2).
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Figure6 plots theshapesimilarity metric for a selectionof
eight views (thoseare in fact the prototypicalviews) asa

function of differencesin viewing anglefrom eachview.
Notethat thesimilarity metricwe useis monotonicallyin-
creasingfor someneighborhoodaroundeachview. Sec-
ond, eachaspectandits prototypeshoulddifferentiatebe-
tweenaspectandnon-aspectviews. But, �rst we discuss
our choiceof shapesimilarity metric, which is critical to
thesuccessof therecognitionsystem.

2.1 ShapeSimilarity Metric

In previous work [16, 15, 9], we have de�ned shapesim-
ilarity metricsbasedbothon curve matchingandon shock
graphmatching. Both aremetricsby constructionasthey
arise from optimal pathsof deformation. However, the
curve-basedmetric �GF is generallymuch faster to com-
putethantheshock-basedmetric �IH , typically 0.8 minutes
vs. 5 minuteswhen run on an SGI Indigo II, 195 Mhz.
Both metricssatisfycriteria1 in that they bothdepictlocal
monotonicitywith viewpoint variation,althoughtheextent
of the neighborhood7 over which this holdsis greaterfor

�DH thanfor �GF , Figure4. More signi�cantly, however, the
shockgraphmatchingmetric brings out importantdiffer-
encesarisingfrom a slight changein viewpoint. Figure4
illustratesthis by plotting the distancebetweentwo adja-
centviews, for eachview, asa function of viewing angle,
i.e., an estimateof the derivative of the metric with view-
point changesat eachpoint. Observe how theshockmetric

�DH depictssigni�cant regions of similarity, notedby 1 in
Figure 4, while maintainingnoticeabledifferenceswhich
give rise to aspectboundaries,notedby 2 in Figure4. The
curve matchingmetric,on the otherhand,missessomeof
thesuddenchangesin shapewith slight changesin view.

Thus, despitethe additional computationcost, we se-
lected �GH , mainly for its largerextentof monotonicitywith
viewpoint variation, and its superiorsensitivity to signi�-
cantview changesbetweenadjacentviews.

2.2 GeneratingAspectsand Prototypes

The generationof aspectscan be viewed as a segmenta-
tion problem,not unlike that of intensity images,but now
applied to the viewing sphereendowed with a similarity
metric. Two approachescanbe adoptedin analogyto ap-
proachesof segmentationof intensity images: (i) group
similar views, a region-growing approach,and (ii) detect
signi�cant peaksin local differences,an edge-basedap-
proach. While the distinct peaksin Figure 4 can poten-
tially provide for anedge-basedapproachto generatingas-
pects,thatchangescansometimesbediffused,promptsus
to adopta region-growing approach.We must �rst place
additionalconstraintson de�ning anaspect,however while
themonotonicityconditionlimits thesizeof anaspectcen-
teredarounda candidateprototype,themetricof similarity
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Table1: The shapemetric betweenpairsof arbitraryviews. Costsin bold in eachrow show the region wherethe metric
satis�escriteria1 and2, i.e., is monotonicandgloballyselectiveof theprototype.

Figure5: Criterion2 constrainstheupperlimits of theboundary
views
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or, by monotonicitycondition,
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This in turn de�nes upper bounds �
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0

� and �
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.

� for
eachview �

�

� , namelythe �rst view in eitherdirectionof
view anglevariationswhich reachesthe global minimum
outsidethe monotonicregion aroundeachview, Figure5.
Clearly, views closerto theprototypethen #

* and #84 also
satisfythis condition,but we areseekingthe largestproto-
type which implies extendingthe aspectin the monotonic
region until theglobalminimumbeyondthemonotonicre-
gion is reached.This placeslimits on theboundaryof each
aspectfor eachview.
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Figure6: (Top)Theoriginal3D model“Ape” generatesthesetof
views on theright. Eachcircledview is a sampleview for which
themonotonicityconditionis examined.We selectedprototypical
views for our sample,but the sameconditionholdsfor all other
views. (Bottom) The setof 8 graphedfor eachchoiceof views

� above
�������

�
	

��� ���

� 
 is plotted as a function of � . Observe
thelocalneighborhoodwhere

�

is monotonicallyincreasingaway
from thebaseview.

Table 1 illustratesthe matrix of metric differencesbe-
tweenall the views of an object. Eachrow (or column)
gives rise to a graphlike thosedepictedin Figure 5; the
largestpossibleaspectfor eachview is depictedin bold.

The aspectsandprototypesarethengeneratedby seek-
ing a setmaximalregion whereCriteria1 and2 hold. We
employ a “seededregion-growing” algorithm [1] to max-
imize the size of eachaspectcompetitively, startingfrom
eachview, which is considereda seed.Thetwo views with
the minimal distancearemergedinto an aspectandrepre-
sentedby aprototype.Theprocedureis repeatedby replac-
ing themergedviewswith theprototype,whichis reselected
in eachiterationto minimizethemaximumdistancewithin
theaspect.Thealgorithmconvergeswith noparametersand
leadsto intuitive prototypesandaspects.

3 3D Recognition by Matching 2D
Views

Theprevioussectiondescribedhow aspectsandprototypes
for eachobjectcanbe generatedsuchthat (i) the distance
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Figure 7: The set of prototypicalviews of variousmodelsin-
cludedin ourdatabase
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betweeneachview in anaspectandthataspect's prototype
is lessthanthis view's distanceto any otheraspectproto-
type, (ii) the numberof aspectswasreducedby grouping
to thelargestclustersnot violating criteria1 and2, namely
monotonicityandobject-speci�cview distinctiveness.We
now examineindexing into a setof 3D objectsrepresented
by theiraspectsandprototypicalviews.

Consideran unknown view of unknown object �

�

�

. We
matchthis view to all prototypicalviews � �

� of all objects
in thedatabase,andorderthesetof matchedprototypesin
orderof increasingmetric. The top choicegivesthe iden-
tity of the 3D objectandits pose. The following theorem
showsthatif theobjectsin thedatabasearedistinctenough,
thesimilarity-basedaspectmatchingmethodproposedhere
will �nd thecorrectobject.

De�nition 1 (AspectDiameter): Thediameterof anaspect
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� is themaximumdistanceof theview in theaspectfrom
theprototype, i.e.,
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De�nition 2 (Aspect-Separable): Consider a database
of
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objects ���������
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��� with views �)�
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� with
associatedprototype �)�
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� satisfying criteria 1 and 2.
Thedatabaseis aspect-separableif for anypair of distinct
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� and ���
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Theorem1 Given an unknown view �
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, selectedfrom
an aspect-separable database, the object identi�ed by the
shapemetricis thecorrectone, i.e.
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Proof 1 Without loss of generality, let �

�

0

� be the most
distant view from �

�

� in aspect
&

�

� such that
�

�

� '

�

�8�!�
�

�

�"�

�

0

�

$ . By the triangle inequalityandmonotonic-
ity

�8�!�
�

�

�"���

�

$��

�8�!�
�

�

�"�

�

�

$��

� �!�

�

�

�"���

�

$

�

�8�!�
�

�

�"�

�

0

�

$��

� �!�

�

�

�"���

�

$

�

Since,by hypothesis
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Figure8: The resultof matching. Unknown views of unknown
objectsarematchedagainststoredprototypesandorderedby in-
creasingdistance.6
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Intuitively, if the objectsin the databaseproduceviews
which aredistinctenough,asmeasuredby thedistancebe-
tweenthe two mostdistantviews in an aspect,the objects
canbe distinguishedby comparingthe similarity between
their prototypicalviews. On the otherhand,the introduc-
tion of an objectwith views rathersimilar to thoseof an-
otherobject in the databasecreatesan ambiguity. In this
case,the above analysissuggestsgroupingof similar ob-
jectsinto categories.

It shouldbenotedthatTheorem1 establishesasuf�cient
condition,but not a necessaryone. Thus,in the construc-
tion of a 3D objectdatabase,aspectsandtheir prototypes
are�rst generatedfor eachnovel object. Theseprototypes
arecomparedagainstexisting prototypicalviews to verify
aspect-separability. If Inequality1 is violated,it is still pos-
sible for the similarity basedmatchingto producethecor-
rectobject,but this is not guaranteed.On theotherhand,if
Inequality1 is satis�ed,thenweareassuredthatrecognition
by similarity-basedmatchingproducesthecorrectresult.
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Figure 9: Resultsof matchinga view of an object not in our
databasewith theprototypicalviews of objectsin thedatabase.

4 Results

Wegeneratedviewsat randomanglesof randomlyselected
objectsfrom our databaseof models.Eachunknown view
wasmatchedagainsttheprototypicalviews in thedatabase.
Theresultsfrom matchingall theprototypicalviewsandthe
unknown imagearesorted,andthebestmatchgivestheun-
known object. Figure8 shows the top 5 matchesandtheir
matchcostsfor severalexamples.Table2 summarizesthe
results.Thebestmatchis alwayscorrectheresincetheob-
jectsin thedatabasearesuf�ciently distinct.

We also tested the performanceof the recognition
schemefor viewsof modelswhichwerenot in ourdatabase,
but which were similar in someway to an object in the
database.For example,the “robot” modelwassomewhat
closeto the“ape” �gure; Figure9 shows thatthetopmatch
givesthecorrectobjectandpose.

While theseresultsarepromising,werecognizetheneed
to testthe approachon a muchlarger database.The main
limiting factor is the time required to computea shock
match.Sinceeachmatchcurrentlytakesaround5 minutes
onanSGI Indigo II 195Mhz,performinga largenumberof

comparisonscanbetime consuming.We areconsideringa
numberof itemswhich would improve time ef�ciency. In
addition,the data�les resultingfrom the matchestake on
average1 MB of diskspace,whichcanbecomearestriction
whenmatchinglargedatasets.Also, while “groundviews”
arethe moreinterestingof the views, the full setof views
shouldbe incorporatedby applyingthe region-growing al-
gorithmto theviewing sphereendowedwith theshapemet-
ric. The resultspresentedhereencouragefurther develop-
mentof thisapproach.
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