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Abstract

We present an aspect-graph approach to 3D object
recognition where the de�nition of an aspectis motivated
by its role in thesubsequentrecognition step. Speci�cally,
wemeasurethesimilarity betweentwoviewsbya 2D shape
metricof similaritymeasuringthedistancebetweenthepro-
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

Thehumanvisualsystemhasanuncanny ability to rec-
ognize objects from single views, even when presented
monocularlyundera �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 [17], algebraicsur-
faces [23], and CAD models,or on collectionsof two
dimensionalviews, e.g., as those representedby aspect
graphs[13], is still being explored. Psychophysical evi-
dencefor both views is strong[6, 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. [16] useprincipal componentanalysis(PCA)
on a setof objectviews to generatea distancebetweenan
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Figure 1. These 3D models represent our ini­
tial database of objects whic h were used to
evaluate the perf ormance of the recognition
algorithm presented here . (Our database
is composed of VRML and Autocad models,
taken from www.3dcaf e.com)

unknown view and prototypicalviews. Cootesand Tay-
lor [5] proposedanactiveappearancemodel(AAM) which
learnsa statisticalmodelby trainingon a seriesof 2D im-
ages.UllmanandBasri[24] representeachview asa linear
combinationof prototypicalviews.

The aspectgraph representation[13, 14] identi�es re-
gionsof the viewing spherewhere“equivalentviews” and
neighborhoodrelationson the viewing spheregeneratea
graphicalstructureof views. Eachnodeof theaspectgraph
representsa “general view”, or aspect,of the 3D object



Figure 2. Aspects can be generated by group­
ing views by the similarity between 2D shapes
and representing each aspect by a prototypi­
cal view.

andrepresentsa maximallyconnectedregion on theview-
ing sphere.Eachlink representssomevisual event where
transitionsoccurbetweentwo neighboringgeneralviews,
namely, the accidentalviews. Aspect graphshave been
de�ned for polyhedra[22, 21], solids of revolution [9],
andcurvedobjects[15]; also,seea survey by Bowyer and
Dyer [4]. The main drawback in this type of approachis
in thecomplexity of generatingtheaspectsandin thelarge
numberof aspectswhoselargestorageandsearchrequire-
mentsareimpracticalfor objectsof modestcomplexity. Eg-
gertetal. [10] observedthattheaspectgraphis oftenbased
on a level of detailnot fully observablein practiceandex-
ploreda notionof a scale-spaceaspectgraphto reducethe
numberof views. Dickinsonet al. [8] constructeda hier-
archicalaspectgraphsystembasedon a setof primitives.
IkeuchiandKanade [11] usethe similarity of featureex-
tractedfrom 2D views of theobjectto form a graphstruc-
ture usedin recognition.The theorywhich de�nes theas-
pectgraph,i.e., view stability andview likelihood,wasex-
ploredby WeinshallandWerman [25].

Our approachto 3D object recognitionalsorelieson a
parcellationof the viewing sphereto generatean aspect-
graph. Observe that the problemof generatingaspectsis
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 varies
ratherslowly shouldgeneratelargersizeaspects,e.g., side

            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

Figure 3. Two objects (“kangar oo” and “b ull”)
from the database are depicted on the left.
On the right we sho w all views from the
ground plane in �ve degree increments. Cir­
cled views represent prototypical views.

viewsof four-leggedanimals,while regionsof rapidchange
in 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
whichcanbeusedto clusterviews into aspects,andto rep-
resenteachaspectwith aprototypicalview. In thisview, as-
pectgenerationis a “segmentation”of viewing sphereand
representingeachaspectby a prototype.3D objectrecog-
nition is thentantamountto indexing a targetview into the
databaseof prototypeviewsandorderingtheseby theshape
similarity metric. Two key issuesareaddressed.First, how
cana setof aspectsandtheir prototypicalviews be gener-
atedin orderto copewith therequirementsof recognition.
Second,underwhat conditionsis this set of prototypical
viewssuf�cient to achieve robustrecognition.

Our earlier work [7] showed that for a single three-
dimensionalmodel,theposeof anunknown view canbero-
bustlyandaccuratelydeterminedby a hierarchicalcompar-
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.We now
show that not only pose,but alsothe identity of an object



canbedeterminedvia a 2D 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 views for this preliminarystagewhich is aimed
at proving theconcept,but is not a fundamentallylimiting
assumption.Second,we assumethat the object is distinct
enoughfrom the backgroundthat eachview canbe easily
segmented.

Our approachis thensummarizedasfollows. Each3D
objectmodelgivesrise to a numberof prototypicalviews,
Figure 3, which are selectedfrom the rangeof possible
viewsfor eachobjectin thedatabase,Figure1, asdescribed
in Section2. Weexaminetwo shapesimilarity metrics,one
basedoncurvematchingandtheotherbasedonshockgraph
matching,and concludethat the latter is more suited for
generatingaspectsandfor recognition.Therecognitionof
anunknown view is doneby matchingit with storedproto-
typesfor eachobjectandby orderingthemaccordingto the
shapesimilarity metric.Theresultingmatchgivestheiden-
tity of theobjectaswell asits pose,Section3. We discuss
matchingresultsin Section4.

2 Similarity-Based Aspects

We now discusshow a shapesimilarity metric,or alter-
natively, a distancemetricbetweentwo shapescanbeused
to generateaspectson theviewing sphere.Let therebe
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thesetof generallyequivalentviewsboundedby accidental
views. In contrast,weadopta “regiongrowing” ratherthan
“edge-based”view anduseshapesimilarity to de�ne equiv-
alentviews. Wemust�rst imposeseveralconditionson the
metric. First, theshapesimilarity metricshouldbeincreas-
ing as the viewing anglebetweentwo shapesis increased
for somelocal neighborhood:
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Figure 4. The ideal metric should be sensitive
to sud den chang es in shape due to chang es
in view. The shoc k matc hing is more sensi­
tive to these transitions as indicated by the
sample graph of the deriv ative of this dis­
tance with chang e in viewing angle for the
shoc k matc hing metric (left) and the cur ve
matc hing metric (right). Both indicate large
regions of similarity well (1), but cur ve matc h­
ing misses some sud den edges (2).

Figure6 plots theshapesimilarity metric for a selectionof
eight views (thoseare in fact the prototypicalviews) asa
function of differencesin viewing anglefrom eachview.
Note that thesimilarity metricwe useis monotonicallyin-
creasingfor someneighborhoodaroundeachview. Second,
eachaspectandits prototypeshouldsomehow differentiate
betweenaspectandnon-aspectviews. But, �rst we discuss
ourchoiceof shapesimilarity metric,whichis critical to the
successof therecognitionsystem.

2.1 ShapeSimilarity Metric

In previouswork [20,18,12, 19],wehavede�nedshape
similarity metrics basedboth on curve matchingand on
shockgraphmatching. Both are metricsby construction
asthey arisefrom optimalpathsof deformation.However,
thecurve-basedmetric �KJ is generallymuchfasterto com-
putethantheshock-basedmetric �KL , 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
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-80 0.52 0.57 – 0.38 0.47 0.50 0.70 0.69 0.80 0.81 0.80 0.80 0.81 0.82 0.80 0.79 0.80 0.83 0.94 0.83 0.81 0.84 0.82 0.75 0.89 0.72 0.81 0.77 0.72 0.85 0.78 0.73 0.72 0.71 0.73 0.70 0.74
-75 0.57 0.61 0.38 – 0.34 0.43 0.66 0.59 0.79 0.82 0.81 0.78 0.77 0.78 0.78 0.78 0.79 0.85 0.96 0.84 0.85 0.82 0.80 0.70 0.87 0.67 0.87 0.73 0.69 0.86 0.78 0.72 0.67 0.68 0.67 0.68 0.71
-70 0.60 0.67 0.47 0.34 – 0.31 0.67 0.54 0.73 0.78 0.80 0.78 0.78 0.77 0.79 0.78 0.77 0.80 0.91 0.81 0.81 0.81 0.79 0.68 0.85 0.66 0.81 0.68 0.68 0.84 0.72 0.67 0.67 0.69 0.70 0.68 0.71
-65 0.66 0.68 0.50 0.43 0.31 – 0.66 0.55 0.66 0.73 0.76 0.80 0.79 0.76 0.79 0.77 0.79 0.77 0.91 0.78 0.77 0.79 0.78 0.67 0.85 0.68 0.80 0.69 0.68 0.86 0.77 0.67 0.67 0.72 0.73 0.75 0.76
-60 0.62 0.68 0.70 0.66 0.67 0.66 – 0.27 0.42 0.43 0.60 0.63 0.64 0.48 0.63 0.64 0.68 0.52 0.62 0.51 0.50 0.65 0.67 0.55 0.70 0.57 0.55 0.57 0.55 0.69 0.68 0.67 0.64 0.70 0.69 0.65 0.71
-55 0.74 0.79 0.69 0.59 0.54 0.55 0.27 – 0.44 0.45 0.59 0.61 0.64 0.53 0.60 0.64 0.69 0.54 0.66 0.56 0.55 0.68 0.68 0.58 0.70 0.61 0.61 0.64 0.63 0.76 0.71 0.72 0.70 0.70 0.71 0.68 0.70
-50 0.81 0.86 0.80 0.79 0.73 0.66 0.42 0.44 – 0.24 0.25 0.30 0.31 0.36 0.38 0.38 0.39 0.42 0.58 0.48 0.43 0.43 0.40 0.43 0.41 0.43 0.46 0.47 0.47 0.61 0.57 0.66 0.66 0.68 0.73 0.79 0.80
-45 0.82 0.87 0.81 0.82 0.78 0.73 0.43 0.45 0.24 – 0.22 0.27 0.29 0.34 0.34 0.33 0.36 0.39 0.58 0.45 0.41 0.39 0.40 0.41 0.43 0.42 0.43 0.47 0.46 0.57 0.57 0.71 0.68 0.73 0.77 0.83 0.84
-40 0.80 0.81 0.80 0.81 0.80 0.76 0.60 0.59 0.25 0.22 – 0.25 0.28 0.29 0.32 0.31 0.35 0.37 0.53 0.43 0.38 0.35 0.37 0.41 0.40 0.41 0.43 0.48 0.46 0.59 0.58 0.67 0.69 0.67 0.75 0.80 0.78
-35 0.79 0.79 0.80 0.78 0.78 0.80 0.63 0.61 0.30 0.27 0.25 – 0.26 0.31 0.30 0.29 0.30 0.36 0.45 0.39 0.37 0.38 0.38 0.37 0.41 0.41 0.44 0.47 0.43 0.58 0.55 0.66 0.66 0.67 0.72 0.79 0.80
-30 0.80 0.79 0.81 0.77 0.78 0.79 0.64 0.64 0.31 0.29 0.28 0.26 – 0.27 0.27 0.26 0.30 0.34 0.44 0.38 0.35 0.35 0.37 0.36 0.36 0.39 0.42 0.44 0.43 0.57 0.56 0.66 0.66 0.69 0.75 0.79 0.79
-25 0.79 0.79 0.82 0.78 0.77 0.76 0.48 0.53 0.36 0.34 0.29 0.31 0.27 – 0.25 0.28 0.30 0.31 0.50 0.35 0.33 0.31 0.35 0.35 0.37 0.39 0.40 0.46 0.41 0.57 0.57 0.72 0.67 0.71 0.74 0.80 0.80
-20 0.78 0.79 0.80 0.78 0.79 0.79 0.63 0.60 0.38 0.34 0.32 0.30 0.27 0.25 – 0.25 0.28 0.26 0.44 0.32 0.30 0.29 0.31 0.35 0.35 0.39 0.40 0.44 0.40 0.53 0.53 0.65 0.66 0.69 0.73 0.78 0.77
-15 0.77 0.79 0.79 0.78 0.78 0.77 0.64 0.64 0.38 0.33 0.31 0.29 0.26 0.28 0.25 – 0.23 0.27 0.39 0.32 0.29 0.31 0.32 0.33 0.33 0.36 0.41 0.43 0.41 0.54 0.55 0.64 0.65 0.68 0.72 0.76 0.74
-10 0.81 0.83 0.80 0.79 0.77 0.79 0.68 0.69 0.39 0.36 0.35 0.30 0.30 0.30 0.28 0.23 – 0.26 0.37 0.32 0.29 0.31 0.32 0.31 0.34 0.36 0.41 0.44 0.42 0.54 0.53 0.65 0.65 0.67 0.71 0.75 0.75
-5 0.83 0.83 0.83 0.85 0.80 0.77 0.52 0.54 0.42 0.39 0.37 0.36 0.34 0.31 0.26 0.27 0.26 – 0.36 0.25 0.25 0.26 0.32 0.35 0.36 0.40 0.39 0.44 0.44 0.58 0.56 0.70 0.70 0.71 0.75 0.79 0.79
0 0.96 1.00 0.94 0.96 0.91 0.91 0.62 0.66 0.58 0.58 0.53 0.45 0.44 0.50 0.44 0.39 0.37 0.36 – 0.35 0.38 0.38 0.40 0.43 0.47 0.48 0.58 0.63 0.60 0.76 0.67 0.78 0.77 0.81 0.83 0.83 0.84
5 0.82 0.81 0.83 0.84 0.81 0.78 0.51 0.56 0.48 0.45 0.43 0.39 0.38 0.35 0.32 0.32 0.32 0.25 0.35 – 0.28 0.29 0.32 0.32 0.35 0.40 0.38 0.45 0.43 0.57 0.56 0.69 0.67 0.69 0.73 0.77 0.79
10 0.85 0.86 0.81 0.85 0.81 0.77 0.50 0.55 0.43 0.41 0.38 0.37 0.35 0.33 0.30 0.29 0.29 0.25 0.38 0.28 – 0.24 0.30 0.27 0.31 0.33 0.37 0.40 0.39 0.53 0.49 0.75 0.80 0.79 0.80 0.80 0.78
15 0.80 0.81 0.84 0.82 0.81 0.79 0.65 0.68 0.43 0.39 0.35 0.38 0.35 0.31 0.29 0.31 0.31 0.26 0.38 0.29 0.24 – 0.28 0.27 0.30 0.31 0.35 0.41 0.37 0.52 0.54 0.70 0.69 0.69 0.76 0.79 0.78
20 0.80 0.82 0.82 0.80 0.79 0.78 0.67 0.68 0.40 0.40 0.37 0.38 0.37 0.35 0.31 0.32 0.32 0.32 0.40 0.32 0.30 0.28 – 0.26 0.25 0.30 0.34 0.39 0.37 0.47 0.52 0.64 0.63 0.66 0.70 0.75 0.75
25 0.77 0.81 0.75 0.70 0.68 0.67 0.55 0.58 0.43 0.41 0.41 0.37 0.36 0.35 0.35 0.33 0.31 0.35 0.43 0.32 0.27 0.27 0.26 – 0.27 0.30 0.28 0.34 0.32 0.47 0.49 0.75 0.79 0.79 0.79 0.80 0.79
30 0.89 0.93 0.89 0.87 0.85 0.85 0.70 0.70 0.41 0.43 0.40 0.41 0.36 0.37 0.35 0.33 0.34 0.36 0.47 0.35 0.31 0.30 0.25 0.27 – 0.27 0.30 0.33 0.32 0.46 0.45 0.71 0.76 0.79 0.80 0.82 0.82
35 0.79 0.79 0.72 0.67 0.66 0.68 0.57 0.61 0.43 0.42 0.41 0.41 0.39 0.39 0.39 0.36 0.36 0.40 0.48 0.40 0.33 0.31 0.30 0.30 0.27 – 0.29 0.31 0.29 0.43 0.46 0.72 0.75 0.78 0.77 0.79 0.81
40 0.87 0.92 0.81 0.87 0.81 0.80 0.55 0.61 0.46 0.43 0.43 0.44 0.42 0.40 0.40 0.41 0.41 0.39 0.58 0.38 0.37 0.35 0.34 0.28 0.30 0.29 – 0.30 0.27 0.44 0.45 0.72 0.78 0.81 0.78 0.81 0.79
45 0.81 0.85 0.77 0.73 0.68 0.69 0.57 0.64 0.47 0.47 0.48 0.47 0.44 0.46 0.44 0.43 0.44 0.44 0.63 0.45 0.40 0.41 0.39 0.34 0.33 0.31 0.30 – 0.29 0.45 0.49 0.78 0.78 0.80 0.79 0.81 0.82
50 0.77 0.83 0.72 0.69 0.68 0.68 0.55 0.63 0.47 0.46 0.46 0.43 0.43 0.41 0.40 0.41 0.42 0.44 0.60 0.43 0.39 0.37 0.37 0.32 0.32 0.29 0.27 0.29 – 0.38 0.46 0.74 0.75 0.77 0.76 0.79 0.79
55 0.82 0.88 0.85 0.86 0.84 0.86 0.69 0.76 0.61 0.57 0.59 0.58 0.57 0.57 0.53 0.54 0.54 0.58 0.76 0.57 0.53 0.52 0.47 0.47 0.46 0.43 0.44 0.45 0.38 – 0.43 0.71 0.78 0.81 0.80 0.79 0.76
60 0.81 0.81 0.78 0.78 0.72 0.77 0.68 0.71 0.57 0.57 0.58 0.55 0.56 0.57 0.53 0.55 0.53 0.56 0.67 0.56 0.49 0.54 0.52 0.49 0.45 0.46 0.45 0.49 0.46 0.43 – 0.53 0.52 0.55 0.61 0.69 0.70
65 0.70 0.74 0.73 0.72 0.67 0.67 0.67 0.72 0.66 0.71 0.67 0.66 0.66 0.72 0.65 0.64 0.65 0.70 0.78 0.69 0.75 0.70 0.64 0.75 0.71 0.72 0.72 0.78 0.74 0.71 0.53 – 0.35 0.41 0.50 0.65 0.63
70 0.68 0.72 0.72 0.67 0.67 0.67 0.64 0.70 0.66 0.68 0.69 0.66 0.66 0.67 0.66 0.65 0.65 0.70 0.77 0.67 0.80 0.69 0.63 0.79 0.76 0.75 0.78 0.78 0.75 0.78 0.52 0.35 – 0.29 0.41 0.54 0.54
75 0.72 0.71 0.71 0.68 0.69 0.72 0.70 0.70 0.68 0.73 0.67 0.67 0.69 0.71 0.69 0.68 0.67 0.71 0.81 0.69 0.79 0.69 0.66 0.79 0.79 0.78 0.81 0.80 0.77 0.81 0.55 0.41 0.29 – 0.35 0.52 0.54
80 0.72 0.75 0.73 0.67 0.70 0.73 0.69 0.71 0.73 0.77 0.75 0.72 0.75 0.74 0.73 0.72 0.71 0.75 0.83 0.73 0.80 0.76 0.70 0.79 0.80 0.77 0.78 0.79 0.76 0.80 0.61 0.50 0.41 0.35 – 0.48 0.49
85 0.70 0.72 0.70 0.68 0.68 0.75 0.65 0.68 0.79 0.83 0.80 0.79 0.79 0.80 0.78 0.76 0.75 0.79 0.83 0.77 0.80 0.79 0.75 0.80 0.82 0.79 0.81 0.81 0.79 0.79 0.69 0.65 0.54 0.52 0.48 – 0.36
90 0.67 0.72 0.74 0.71 0.71 0.76 0.71 0.70 0.80 0.84 0.78 0.80 0.79 0.80 0.77 0.74 0.75 0.79 0.84 0.79 0.78 0.78 0.75 0.79 0.82 0.81 0.79 0.82 0.79 0.76 0.70 0.63 0.54 0.54 0.49 0.36 –

Table 1. The shape metric between pair s of arbitrar y views. Costs in bold in each row sho w the region
where the metric satis�es criteria 1 and 2, i.e., is monotonic and globall y selective of the prototype .

of the neighborhood7 over which this holdsis greaterfor
�DL thanfor �DJ , 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

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

Thus,while it is possibleto use �KJ with thecurrentap-
proach,despitetheadditionalcomputationcost,weselected

�DL , mainly for its largerextentof monotonicitywith view-
point variation, and its superiorsensitivity to signi�cant
view changesbetweenadjacentviews.

2.2 GeneratingAspectsand Prototypes

Thegenerationof aspectscanbeviewedasa 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-

Figure 5. Criterion 2 constrains the upper lim­
its of the boundar y views

�

* and
�

4 of an
aspect for each view beyond the monotonic
region.

�

* and
�

4 are the views most distant
from the prototype candidate whic h remain
in the monotonic region and whic h are belo w
the value of the global minim um outside this
region.



Figure 6. (Top) The original 3D model “Ape”,
left, generates the set of views on the right.
Each cir cled view is a sample view for whic h
the monotonicity condition is examined. We
selected prototypical views for our sample ,
but the same condition holds for all other
views. (Bottom) The set of 8 graphs for each
choice of views � above � �!�"�

�

�#���+*

�

�

$ is plot­
ted as a function of

�

. Obser ve the local neigh­
borhood where � is monotonicall y increasing
away from the base view.

proach. While the distinct peaksin Figure 4 can poten-
tially provide for anedge-basedapproachto generatingas-
pects,thatchangescansometimesbediffused,promptsus
to adoptaregion-growing approach.Wemust�rst placead-
ditional constraintson de�ning an aspect,however. While
themonotonicityconditionlimits thesizeof anaspectcen-
teredarounda candidateprototype,themetricof similarity
shouldalsobeableto differentiatebetweenaspectandnon-
aspectviews:

Criteria 2 (Object-Speci�c Distinctiveness of Aspect
Views): For each aspect

&

�

� with prototypicalview �"�

� ,
wemusthave �;�!�
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$ <
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$ for any �
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and �
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�

Observethatthisdelimitsthepossibleaspectboundaries
for eachcandidateprototypeviews, sincefor each ���

� we
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Figure 7. The set of prototypical views of var­
ious models inc luded in our database
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$ reachesthe value of
the global minimum outsidethe monotonicregion around
eachview, Figure5. Clearly, views closerto theprototype
then

�

* and
�

4 alsosatisfythiscondition,but weareseek-
ing the largestaspectwhich implies extendingthe aspect
in the monotonicregion until the global minimum beyond
themonotonicregion is reached.This placeslimits on the
boundaryof eachaspectfor eachview.

Table 1 illustratesthe matrix of metric differencesbe-
tweenall theviewsof anobject.Eachrow (orcolumn)gives
rise to a graphlike thosedepictedin Figure5; the largest
possibleaspectfor eachview is depictedin bold. Notethat
only thenumbersin bold areof interest,thusthereis room
for future improvementsin ef�ciency to take advantageof
this fact.

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. The two views
with the minimal distanceare merged into an aspectand
representedby a prototypeif they do not exceedtheupper
bounds.Theprocedureis repeatedby replacingthemerged
views with a representative prototype,which is reselected
in eachiterationto minimizethemaximumdistancewithin
theaspect.Thealgorithmconvergeswith noparametersand
leadsto intuitiveprototypesandaspects.

3 3D Recognitionby Matching 2D Views

The previous sectiondescribedhow aspectsandproto-
types for eachobject can be generatedsuch that (i) the
distancebetweeneachview in an aspectandthat aspect's
prototypeis lessthanthis view's distanceto any otheras-
pectprototype,(ii) the numberof aspectswasreducedby
groupingto thelargestclustersnotviolatingcriteria1 and2,
namelymonotonicityandobject-speci�cview distinctive-
ness. We now examineindexing into a set of 3D objects
representedby theiraspectsandprototypicalviews.

Consideran unknown view of unknown object �

�

�

. We
matchthis view to all prototypicalviews ���

� of all objects
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0.292 0.463 0.582 0.593 0.645

Figure 8. The result of matc hing. Unkno wn
views of unkno wn objects are matc hed
against stored prototypes and ordered by in­
creasing distance .



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
&

�

� is twicethemaximumdistanceof theview in theaspect
fromtheprototype, i.e.,
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De�nition 2 (Aspect-Separable): Consider a database
of
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objects ���������
�������
��� with views �)�
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� with
associatedprototype �)���
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� satisfying criteria 1 and 2.
Thedatabaseis aspect-separableif for any pair 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 shape metric is the correct one, i.e., 	
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Proof 1 Without loss of generality, let �
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Since,by hypothesis
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we have by combiningequation(5) and(6) andsubtracting
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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 theInequality(1) is violated,it is still
possiblefor the similarity basedmatchingto producethe
correctobject,but this is no longerguaranteedvia Theorem
1. On theotherhand,if theInequality(1) is satis�ed, then
we areassuredthat recognitionby similarity-basedmatch-
ing producesthecorrectresult.
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0.786 0.793 0.802

Figure 9. Results of matc hing a view of an ob­
ject not in our database with the prototypical
views of objects in the database .

4 Results

We generatedviews at randomanglesof randomlyse-
lectedobjectsfrom our databaseof models.Eachunknown
view was matchedagainst the prototypical views in the
database.The resultsfrom matchingall the prototypical
viewsandtheunknown imagearesorted,andthebestmatch
givestheunknown object.Figure8 showsthetop5 matches
andtheirmatchcostsfor severalexamples.Table2 summa-
rizestheresults.Thebestmatchis alwayscorrectheresince
theobjectsin thedatabasearesuf�ciently distinct.

We also tested the performanceof the recognition
schemefor viewsof modelswhichwerenotin 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 testtheapproachonamuchlargerdatabase.In fact,since
thepaperwassubmittedwe have extendedthedatabaseto
include65 objectswith similar results. The main limiting
factoris thetimerequiredto computeashockmatch.Since
eachmatchcurrentlytakesaround5 minuteson anSGI In-
digoII 195Mhz,performingalargenumberof comparisons



BestMatch1 BestMatch2 BestMatch3 BestMatch4 BestMatch5
ObjectCorrectlyDetected 100.0% 87.7% 66.6% 60.0% 53.3%

Table 2. Results of matc hing Unkno wns

canbe time consuming.We areconsideringa numberof
items which would improve time ef�ciency. In addition,
the data�les resultingfrom the matchestake on average
1 MB of disk space,which canbecomea restrictionwhen
matchinglargedatasets.Thesearelimitationswhichcanbe
drasticallyreducedby improving theshockmatchingcode.
Also, while “groundviews” arethemoreinterestingof the
views, the full setof views shouldbe incorporatedby ap-
plying theregion-growing algorithmto theviewing sphere
endowedwith theshapemetric. Theresultspresentedhere
encouragefurtherdevelopmentof thisapproach.
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