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Abstract

Estimationof theshapedissimilaritybetween3-D mod-
els is very importantproblemin bothcomputervision and
graphicsfor 3-D surfacereconstruction,modeling, match-
ing and compression. In this paper, we proposea novel
methodcalled ”surface roving technique' to estimatethe
shapedissimilarity between3-D models. Unlike conven-
tional methods,our `surfaceroving' approach exploits a
virtual camera andZ-buffer, which is commonlyusedin 3-D
graphics,sothat thecorrespondingpointson different3-D
modelcan be easily identi�ed, and also the distancebe-
tweenthemis determinedef�ciently, regardlessof the rep-
resentationtypesof the3-D models.Moreover, by employ-
ing theviewpointsamplingtechnique, theoverall computa-
tion can be greatly reducedso that thedissimilarity is ob-
tainedrapidly without lossof accuracy. Experimentalre-
sults showthat the proposedalgorithm achievesfast and
accurate measurementof shapedissimilarity for different
typesof 3-D objectmodels.

1 Intr oduction

In 3-D computervision and graphics,shaperecovery
and modelinghave beenone of the major research�elds
during last few years. For surfacemodeling,multiresolu-
tion surfacerepresentation,objectrecognitionand3-D data
compression,it is essentialto estimatethegeometricdistor-
tion or shapedissimilarity in objectspace,sincetheperfor-
manceof an algorithmcannot be evaluatedquantitatively
without it. In surfacemodeling [11], the shapedissimi-
larity betweenthe original dataand the generatedsurface
modelshouldbe compared,andin polygonalmeshreduc-
tion [2][3][4][5][6][7][8][9][10], the dissimilarity between
the original andthe simpli�ed meshshouldalsobe deter-
mined to guide the model simpli�cation process. While,
in 3-D datacompression[12], the dissimilarity is needed

for analyzingthe rate-distortionproperty. Similarly, de-
formablemodel managementand rangeview registration
which employs the iterative closestpoint (ICP) algorithm
alsoinvokea shapedissimilaritymeasurement.

Considera typical problemof �nding theshapedissimi-
larity betweena simpli�ed meshto anoriginal mesh.Most
existing methodsuse vertex-to-vertex [1][8], vertex-to-
plane[3][9], point-to-surface[2][5], andsurface-to-surface
distance[4][6][7][10]. However, most of them are dif�-
cult to implementandrequiremassivecomputationaswell.
Note that althoughthe vertex-to-vertex distanceis easyto
implement,it dosenot provide any correctmeasurement.
An alternative methodis to �nd thevertex-to-plane.How-
ever, a direct implementationof it is not trivial, since it
usually requiresa brute force searchwhich is impractical
whenthe surfacemodel is complex. Point-to-surfaceand
surface-to-surface distanceprovide more exact measure-
ments,while �nding the correspondingpoint set is still a
problem. Thus, in most literature,by imposingadditional
assumptionsand constraints,the brute force searchis re-
placedby a local searchfor practicaluse,andfew methods
canbe foundwhich dealwith theproblemdirectly in gen-
eralsetting.

In this paper, we proposean ef�cient methodto eval-
uate the shapedissimilarity between3-D models, even
though they are representedin different types, including
point cloud,polygonalmesh,parametricsurface,andvoxel
model. The referenceandtestmodelcanbe any of them.
Only exceptionalcaseis thatpointcloudcannotbeusedfor
thetestmodel.Unliketheconventionalgeometricmethods,
our approachutilizes a Z-buffer and virtual cameracom-
monly usedin 3-D graphics[13]. By usingthem,the dis-
tancebetweencorrespondingpointsondifferentmodelscan
be obtainedef�ciently , which is thenusedto computethe
shapedifferencebetweenthe models. Sincethe operation
is performedon thegeometryenginein graphichardware,
processingtime is greatlyreducedusing3-D graphicsac-
celerator.

This paperis organizedasfollow. In Section2, we de-



Figure 1. Distance between corresponding
points.

�ne the shapedissimilarity measurebetween3-D shapes.
Section3 describesthe3-D graphicsbackgroundwhich is
usedin theproposedapproach.In Section4, theproposed
algorithm is describedin detail. Experimentalresultsare
presentedin Section5, andtheconclusionis drawn in Sec-
tion 6.

2 DistanceMeasure

The shapedifferenceis de�ned asthe averagedistance
from samplepointson a referencemodel

���

to their cor-
respondingpointson a testmodel

���

. Ideally, thesample
pointsarethewholesurface � , yielding thedifferencein a
surfaceintegralon � usingpropermetric ���	��
�� 
 asfollows.
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where
�

is the surfaceareaof
�

�

, �

�

is a testpoint on
���

, and �

�

is its correspondingpointon
���

, asshown in
Figure1.

A numericalapproximationof (1) can be obtainedby
samplinga �nite setof pointcorrespondences,�����
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For example,eachvertex of

���

canbe a samplepoint in
a meshmodel. Let # denotethenumberof thepoint cor-
respondences,then(1) canbe approximatedby a discrete
form as
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In orderto evaluatethedistance�����
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- , we can simply selectappropriate���2�3
4�5
 among
many distancemeasuresincluding thesigneddistance,the
absolutedistance,andthesquareddistance.

Then,theonly remainingproblemis how to �nd thecor-
respondingpoint �

�

- , i.e., for each �

�

-


567�98�
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. Usually, the correspondenceproblem can be solved
with reasonableaccuracy by simplydeterminingthenearest
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Figure 2. Camera models and their proper ty
of depth evaluation in OpenGL. (a) A perspec­
tive camera. (b) Depth chang e in a perspec­
tive camera. (c) An or thographic camera. (d)
Depth chang e in an or thographic camera.

point from eachotherif themodelsconsistof densepoint
cloud or mesh. An improvedmethodis to �nd �

�

- by the
intersectionof a perpendicularline through �

�

- and
���

as
shown in Figure1. Note that this providesmoreaccurate
resultbut is computationallymoredif�cult. In this paper,
thedistancemeasureis de�ned asthelattercase.Notethat
this distanceis nota metric,sinceit is not symmetric.

3 Virtual Cameraand Z-Buffer

In this section,relatedissueson 3-D graphicsare ad-
dressed,especiallyonvirtual cameraandZ-buffer. They are
usedef�ciently in theproposedmethodfor measuringshape
dissimilarity, which is describedin detail in Section4.

The most popularcameramodel usedin computervi-
sionandgraphicsis a perspectiveprojectionmodel.A spe-
cial caseof theperspectivecameramodelis anorthographic
camera,in whichthefocal lengthis in�nite. An exampleof
bothmodelsis shown in Figure2 (a) and(c), which is im-
plementedusingOpenGL[14]. As will bedescribedlater,
sincewe areconsideringjust onepoint in thescenewhich
is positionedontheimagecenter, bothcamerascanbeused
in our approach.

TheZ-buffer, or depthbuffer, is commonlyusedin 3-D
graphicsto remove hiddensurfaces.It is a memoryarray,
in which eachelementcontainsthe distancefrom camera
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Figure 3. Surface roving method with a vir tual
camera.

to theobjectsurfacedrawn at a speci�c pixel position.The
valuein Z-buffer is increasingmonotonicallyasthedistance
increases.

In OpenGL,there is an important differencein depth
bufferingbetweenthetwo cameramodels.In a perspective
camera,thevaluein Z-buffer is not linear. Thatis, thedepth
value in the Z-buffer is not linearly increasingas the dis-
tancefrom thecamerato theobjectincreases.This behav-
ior is well illustratedin Figure2 (b), in which depthvalues
areretrievedandplottedwhile thedistancefrom viewpoint
andthe targetobjectis increasing.On theotherhand,it is
linearin anorthographiccamera,asshown in Figure2 (d).
SincetheZ-buffer valueis goingto beusedfor �nding the
actualdepthin Z-directionby simplescaling,we preferthe
linearpropertyin depthbuffer valuesaccordingto theZ po-
sition. Therefore,in this paper, theorthographicprojection
is adopted.Notethat theorthographicprojectionalsosim-
pli�es themathematicalcomputationinvolved,yieldingfast
measuringprocessof shapedissimilarity.

4 Measuring ShapeDissimilarity

In thissection,anovel methodto evaluatethedissimilar-
ity in (2) usinga virtual cameraandZ-buffer calledsurface
roving techniqueis presented.And thena fastandasymp-
totic versionof thesurfacerovingmethodbasedontheview
samplingtechniqueis describedaswell.

4.1 SurfaceRoving Method

Let <>=?�@�BA

0


	A

*


��3���/
	ADC

(E*

! be the set of sample
pointson
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, on which the approximationerror is to be
measured.In theproposedapproach,avirtual camerais set
to `observe' A

- , moving aroundfor 6F�G8�
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to
observethewholesurface.Theopticalaxisof thecamerais
alignedwith the oppositenormaldirectionof eachsample
point. Basedon thiscon�guration,it is obviousthat �

�

- and

(a) (b) (c)

Figure 4. 2­D examples of degenerate case
with geometric ambiguity . (a) Self­occ lusion.
(b) No detection (No hit in the view volume).
(c) False alarm (Wrong hit in the view volume).

thecorrespondingpoint �

�

- areprojectedontothesamepo-
sition in theimagecoordinates.Notethatourobjectiveis to
measurethedistancefrom a samplepoint �

�

- to
� �

along
theperpendicularline throughit asdescribedin Section2.
Basedon this observation,thedistancefrom �

�

- to �

�

- can
beevaluatedwithoutexplicitly �nding �

�

- , becausethedis-
tancefrom the camerato �

�

- andto �

�

- is recordedin the
Z-buffer when

�
�

and
�

�

is drawn, respectively. We can
retrieve thosecorrespondingdepthvaluesin the Z-buffer
and simply computethe difference,yielding both signed
andunsigneddistancefrom �

�

- to �

�

- . This procedureis
called `surfaceroving', sincethe virtual cameravisits all
the testpointsover the referencemodeljust like a satellite
roving abovetheearth,asshown in Figure3.

4.2 Removing GeometricAmbiguity

Generally, surfaceroving methodworkswell when
�

�

is locally smoothenoughand
���

approximates
���

to
someextent.However, for thecompletionof theargument,
a few degeneratecaseswith geometricambiguityshouldbe
addressed.

Considerthedegeneratecasesshownin Figure4 (a)J (c),
whicharemostlikely in realapplication.2-D curvesimply
the intersectionof 3-D surfaceand a normal plane. Fig-
ure4 (a) shows self-occlusioncaseof

�
�

, in which other
part of

�
�

hidesthe test point K from the virtual cam-
era.Sincetheviewing parametersof thevirtual cameracan
beadjustedeasily, theconsequentview volumecanalsobe
constructedproperly. Therefore,if wechoosetheview vol-
ume of the virtual cameraas a rectangularparallelepiped
centeredat the testpoint andalignedwith theopticalaxis,
thedepthvalue

�

of thetestpoint wouldbealways0.5,re-
gardlessof theocclusion.Wedon't needto renderthescene
in orderto computethedepthandthereforeocclusiondoes
not in�uence thedepthvalueat all. In our implementation,
theview volumeof eachvirtual camerais built in thesame
way suchthat theZ-buffer evaluationis necessaryonly for

�
�

.
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Other two casesoccurwhenthe approximationperfor-
manceis very poor. Note that, they seldomoccur in our
application,sinceour concernis a guidedmultiresolution
modelingandminorshapedistortionby geometrycompres-
sion. In caseof no detectionas shown in Figure 4 (b),
weprovideapredeterminedMAX ERRORvalueto thetest
point. A reasonablevalueof MAX ERROR could be the
half-heightof theview volume.

Figure 4 (c) is the worst case. In this case,sincethe
correspondingpointis determinedincorrectly, themeasured
depthdifferencebecomessmalleventhoughtheactualdis-
similarity is large. Note that, any other distancemeasure
cannotdeterminethe exact differencein this case.There-
fore, a high-level shapematchingalgorithmis requiredin
orderto �nd theexactcorrespondence,which is anotherre-
searchtopic in computervision.

4.3 Cooperative Method: Accelerating Surface
Roving by Viewpoint Sampling

Although the proposedsurfaceroving methodis quite
accurate,we have to `observe' tremendousnumberof sam-
ple points wherethe differenceis going to be measured.
This might causeredundantoperationsespeciallyfor those
samplepointswith similarnormaldirection.However, note
that sincean orthographiccameramodelassumesparallel
rays,by employing it, we don't needto visit all thosesam-
ple pointsindividually. For example,for theBunny model
shown in Figure5 (a),mostof samplepointsat thebottom
part have similar surfaceorientations,which is marked in
redasshown in Figure5 (c). Therefore,if we constructan
ExtendedGaussianImage(EGI) of themodel,asharpspike
shouldbeexistingon thecorrespondingpoint onEGI. This
is illustratedin Figure5 (b). In this case,surfaceroving
for thosepointscanbe replacedby only oneorthographic
projectionfrom theviewpoint shown asa redpoint in Fig-
ure5 (c), reducingthenumberof observationssigni�cantly
comparedwith the original surfaceroving. Thus, with a
properselectionof viewpointsamples,it is possibleto eval-
uateanasymptoticmeasurementof thedifferenceof models
usingthesurfaceroving technique.

One problem in using viewpoint sampleis that there
couldbe self-occlusionwhena objectis seenfrom a view
sample.Theremaybeunobservablepartof theobject,espe-
cially whentheobjectis not convex. For example,thelong
earsof thebunny modelmayoccludethemainbody. Thus,
for thosesamplepointson the occludedregion, the view-
point samplingmethoddoesnot work. In order to solve
this problem,cooperative methodis employed in our ap-
proach,in which the surfaceroving is appliedto the oc-
cludedregion,while theviewpointsamplingis usedfor the
unoccludedregion, respectively. Note thatwhethera sam-
ple point is occludedor not can be determinedeasily by
comparingthedepthdifferencewith prespeci�edthreshold.
In general,if theshapeof theobjectis not too muchcom-

(a) (b) (c)

Figure 5. Viewpoint sampling method. (a)
Bunn y model. (b) Extended Gaussian Image
(EGI) of the Bunn y model. (c) View samples
and a speci�c mapping.
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(a) (b)

Figure 6. Histogram of the appr oximation er­
ror between the Bunn y mesh models. (a)
Result of appl ying exact measure by surface
roving (Original surface roving). (b) Result
of appl ying asymptotic measure by viewpoint
sampling plus surface roving (Cooperative
method).

plex, mostof the surfaceregion is observablefrom oneof
theviewpointsamples.

Note that althoughthe cooperative methodis actually
an asymptoticimplementationof the original surfacerov-
ing using(2), it providesalmostthe sameperformanceof
the exact measure.For instance,for the meshmodelsin
Figure5 (a)andFigure8 (a), theshapedistortionsaremea-
suredusingbothmethods.Thehistogramsof themeasured
errorareshown in Figure6, in which bothdistributionsare
almostsimilar, while the numberof observationsrequired
for thecooperativemethodis reducedto only 5L of thatof
theoriginal surfaceroving.

Thereferencemodelcanbeany of point cloud,polygo-
nalmesh,parametricsurface,andvoxel model,asfarasthe
normaldirectionat a speci�c testpoint canbedetermined.
Thetestmodelcanalsobepolygonalmesh,parametricsur-
face,andvoxelmodel.However, sincepointcloudhasholes
anddoesnot recordthedepthon it, theproposedmethodis
notapplicablein this case.

Especially, if the referencemodel is representedby
voxel, thenumberof view samplesreducesto onlysix,since
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(a) (b) (c)

Figure 7. 3­D reference models. (a) Teeth
model with 69,451 triangles. (b) Rocker Arm
model with 116,602 triangles. (c) Venus
model with 134,342 triangles.

eachvoxel is actuallya cubewith six faces.Thus, in this
case,themeasurementprocesscouldbeextremelyfast.

5 Experimental Results

In this section,we presentthe experimentalresultsof
measuringtheshapedissimilarityusingtheproposedcoop-
erative surfaceroving method.First, it is investigatedhow
muchtheviewpointsamplingreducesthenumberof obser-
vations. For the referencemodelsshown in Figure7, the
numbersof observationsrequiredin both the original sur-
faceroving andthecooperative methodsarecountedfor a
few resolutionof viewpoint sampling. We summarizethe
resultin Table1, for varioushorizontalandverticalresolu-
tion,H andV, respectively. Asshown in Table1, thenumber
of observationsis reducedsigni�cantly comparedwith that
of the original surfaceroving method,rangingfrom 10L

(Rocker Arm model)to 0.65L (Venusmodel)of theorigi-
nalones.Viewpointsamplingreplacesthesurfaceroving if
thetestpoint is visible from a sampleviewpoint in its nor-
mal orthographicdirection. In caseof Rocker Arm model,
sincethe interior wall aroundthe hole is not visible, sur-
faceroving shouldbeemployedfor thosearea.On thecon-
trary, Venusmodelis roughlysphere-likesuchthatmostof
surfaceregion is visible from thecorrespondingview sam-
ple. Therefore,thenumberof observationscanbereduced
signi�cantly for theVenusmodelthanfor theRocker Arm
model.

In orderto show theef�cacy of theproposedtechnique,
experimentsare carried out on four different representa-
tions of the Bunny model. The referencemodel is dense
meshwith 69,451trianglesshown in Figure5 (a), andthe
test modelsare simpli�ed mesheswith different resolu-
tions (800 and10,459triangles,respectively), roughvoxel
(32 M 32 M 32) and�ne voxel (128M 128M 128),asshown in
Figure8.

Distancesfrom the referenceto the testmodelsaswell
astheexecutiontimeson a 933MHz PentiumIII CPU are
evaluatedby usingtheproposedmethod,andshown in Ta-

(a) (b)

(c) (d)

Figure 8. Diff erent representations of the
Bunn y model. (a) Simpli�ed mesh at low res­
olution. (b) Simpli�ed mesh at mid dle resolu­
tion. (c) Rough voxel. (d) Fine voxel.

Table 1. The number of obser vations for sur ­
face roving and cooperative methods.

Cooperative (H N V)Model Name SurfaceRoving
36 N 18 24 N 12 12 N 6

Bunny 69,451 3,422 3,286 5,396
Teeth 116,602 3,705 3,412 4,619

Rocker Arm 60,264 7,962 7,193 6,307
Venus 134,342 978 868 2,265

Table 2. Measured shape dissimilarity . (SiAD:
Signed average distance , USiAD: Unsigned
average distance , STD: Standar d deviation,
MAX: Maximum distance).

ShapeDissimilarity
Model Type SiAD USiAD STD MAX

Low-ResolutionMesh -0.2085 0.6777 0.8562 6.2169
Middle-ResolutionMesh 0.0156 0.0549 0.2632 6.1912

SparseVoxel 1.6348 1.6633 0.9922 5.1713
DenseVoxel 0.4436 0.4455 0.2249 4.9414
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Table 3. Execution time on a 933MHz Pentium III CPU.

ExecutionTime(sec)
Model Type Cooperative SurfaceRoving Vertex-to-Vertex [1][8]

Low-ResolutionMesh 27.6 87.5 O 3000
Middle-ResolutionMesh 64.9 1137.0 O 3000

SparseVoxel 38.4 57.9 N/A
DenseVoxel 152.0 440.0 N/A

ble 2 andTable3, respectively. It canbeseenthat thepro-
posedapproachis computationallyef�cient andmeasures
the shapedissimilarity for several different typesof 3-D
modelsaccurately. Comparedwith theoriginalsurfacerov-
ing methodandnaive implementationof the conventional
methodusedin [1][8], the cooperative algorithm reduces
the executiontime signi�cantly. In this experiment,a to-
tal of 24 M 12 view samplesareused,spaced15 degreesin
both latitudinal and longitudinaldirections. Note that the
executiontime can be further decreasedif the numberof
samplesis reducedby selectinglargerspacing.However, in
thiscase,themeasurementaccuracy maydecreaseaswell.

6 Conclusion

In this paper, we proposedanef�cient methodto evalu-
atethe shapedissimilarity for differenttypesof 3-D mod-
els. Unlike the conventionalgeometricmethods,our ap-
proachcalled`surfaceroving method'utilizes theZ-buffer
andvirtual cameracommonlyusedin 3-D graphicsto ob-
tain thedistancebetweencorrespondingpointson different
3-D surfacemodels. In order to make the surfaceroving
faster, an asymptoticimplementationof thesurfaceroving
methodwasdeveloped,in whichviewpointsamplingandsi-
multaneousorthographicprojectionof virtual camerawere
usedef�ciently . Sincetheoperationis performedonthege-
ometryengine,it canbespedup by adoptinga fasterhard-
wareaccelerator. Experimentalresultshows theef�cacy of
theproposedapproach,in which the shapedissimilarity is
measuredfor two populartypesof 3-D models,including
meshandvoxel model,rapidlyandaccurately.
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