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Abstract

Estimationof the shapedissimilarity betweer8-D mod-
elsis veryimportantproblemin both computervision and
graphicsfor 3-D surfacereconstructionmodeling matc-
ing and compeession. In this paper we proposea novel
methodcalled "surface roving technique' to estimatethe
shapedissimilarity between3-D models. Unlike corven-
tional methods,our “surfaceroving' approach exploits a
virtual camen andZ-buffer, which is commonlyusedin 3-D
graphics,sothatthe correspondingpointson different 3-D
modelcan be easily identi ed, and also the distancebe-
tweenthemis determineckf ciently, regardlessof the rep-
resentatiortypesof the 3-D models.Moreover, by employ-
ing the viewpointsamplingtechnique the overall computa-
tion can be greatly reducedso that the dissimilarity is ob-
tainedrapidly without loss of accuracy. Experimentalre-
sults showthat the proposedalgorithm achievesfast and
accurate measuementof shapedissimilarity for different
typesof 3-D objectmodels.

1 Intr oduction

In 3-D computervision and graphics,shaperecovery
and modelinghave beenone of the major researchelds
during last few years. For surfacemodeling, multiresolu-
tion surfacerepresentatiorgbjectrecognitionand3-D data
compressioni is essentiato estimatehegeometriadistor
tion or shapedissimilarityin objectspacesincethe perfor
manceof an algorithm can not be evaluatedquantitatvely
without it. In surface modeling[11], the shapedissimi-
larity betweenthe original dataand the generatedurface
modelshouldbe comparedandin polygonalmeshreduc-
tion [2][3][41[51[6]1[71[8][9][10], the dissimilarity between
the original andthe simpli ed meshshouldalsobe deter
minedto guide the model simpli cation process. While,
in 3-D datacompressiorfl12], the dissimilarity is needed
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for analyzingthe rate-distortionproperty Similarly, de-
formable model managemenand rangeview registration
which employs the iterative closestpoint (ICP) algorithm
alsoinvoke a shapedissimilaritymeasurement.

Consideratypical problemof nding the shapedissimi-
larity betweera simpli ed meshto anoriginal mesh.Most
existing methods use vertex-to-vertex [1][8], vertex-to-
plane[3][9], point-to-surbce[2][5], andsurface-to-surdce
distance[4][6][7][10]. However, most of them are dif -
cultto implementandrequiremassve computatioraswell.
Note that althoughthe vertex-to-vertex distanceis easyto
implement,it dosenot provide ary correctmeasurement.
An alternatve methodis to nd the vertex-to-plane.How-
ever, a directimplementationof it is not trivial, sinceit
usually requiresa brute force searchwhich is impractical
whenthe surfacemodelis comple. Point-to-suréceand
surface-to-surdice distanceprovide more exact measure-
ments,while nding the correspondingoint setis still a
problem. Thus,in mostliterature,by imposingadditional
assumptionsnd constraints the brute force searchis re-
placedby alocal searchor practicaluse,andfew methods
canbe found which dealwith the problemdirectly in gen-
eralsetting.

In this paper we proposean ef cient methodto eval-
uate the shapedissimilarity between3-D models, even
thoughthey are representedn differenttypes, including
point cloud, polygonalmesh parametricsurface,andvoxel
model. The referenceandtestmodelcanbe ary of them.
Only exceptionalcaseis thatpoint cloudcannotbe usedfor
thetestmodel.Unlike theconventionalgeometrianethods,
our approachutilizes a Z-buffer and virtual cameracom-
monly usedin 3-D graphics[13]. By usingthem,the dis-
tancebetweercorrespondingointsondifferentmodelscan
be obtainedef ciently, which is thenusedto computethe
shapedifferencebetweenthe models. Sincethe operation
is performedon the geometryenginein graphichardware,
processingime is greatlyreducedusing 3-D graphicsac-
celerator

This paperis organizedasfollow. In Section2, we de-



Figure 1. Distance between corresponding
points.

ne the shapedissimilarity measurebetween3-D shapes.
Section3 describeghe 3-D graphicsbackgroundwhich is
usedin the proposedapproach.ln Section4, the proposed
algorithmis describedn detail. Experimentalresultsare
presentedn Section5, andthe conclusionis drawvn in Sec-
tion 6.

2 DistanceMeasure

The shapedifferenceis de ned asthe averagedistance
from samplepointson a referencemodel to their cor
respondingpointson atestmodel . Ideally, the sample
pointsarethewholesurface , yielding the differencein a

surfaceintegralon usingpropermetric asfollows.
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where is the surfaceareaof , is a testpoint on

,and isits correspondingointon ,asshavnin
Figurel.

A numericalapproximationof (1) can be obtainedby
samplinga nite setof pointcorrespondences, .
For example,eachvertex of canbe a samplepointin
ameshmodel. Let  denotethe numberof the point cor
respondenceghen (1) canbe approximateddy a discrete
form as

— @)

In orderto evaluatethe distance between
and , we cansimply selectappropriate among
mary distancemeasuredncluding the signeddistance the
absolutedistanceandthe squaredistance.

Then,theonly remainingproblemis how to nd thecor-
respondingpoint , i.e., for each

Usually;, the correspondencg@roblem can be solved
with reasonablaccurag by simply determininghenearest
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Figure 2. Camera models and their property
of depth evaluation in OpenGL. (a) A perspec-
tive camera. (b) Depth change in a perspec-
tive camera. (c) An orthographic camera. (d)
Depth change in an orthographic camera.

point from eachotherif the modelsconsistof densepoint

cloud or mesh. An improved methodis to nd by the

intersectiorof a perpendiculatine through  and as
shawvn in Figure 1. Note thatthis providesmore accurate
resultbut is computationallymoredif cult. In this paper

thedistancameasureés de ned asthelattercase.Notethat

this distancds notametric, sinceit is not symmetric.

3 Virtual Cameraand Z-Buffer

In this section,relatedissueson 3-D graphicsare ad-
dressedespeciallyonvirtual cameraandZ-buffer. They are
usedef ciently in theproposednethodfor measuringhape
dissimilarity; whichis describedn detailin Section4.

The most popularcameramodel usedin computervi-
sionandgraphicss a perspectie projectionmodel. A spe-
cial caseof theperspectiecameramodelis anorthographic
cameraijn whichthefocallengthis in nite. An exampleof
both modelsis shown in Figure2 (a) and(c), whichis im-
plementedusingOpenGL[14]. As will be describedater,
sincewe areconsideringust onepointin the scenewhich
is positionedontheimagecenter bothcameraganbeused
in our approach.

The Z-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 virtual
camera.

to the objectsurfacedrawn at a speci ¢ pixel position. The
valuein Z-bufferis increasingnonotonicallyasthedistance
increases.

In OpenGL,thereis an importantdifferencein depth
buffering betweernthetwo cameramodels.In a perspectie
camerathevaluein Z-bufferis notlinear Thatis, thedepth
valuein the Z-buffer is not linearly increasingas the dis-
tancefrom the camerao the objectincreasesThis beha-
ior is well illustratedin Figure2 (b), in which depthvalues
areretrievedandplottedwhile the distancefrom viewpoint
andthetargetobjectis increasing.On the otherhand,it is
linearin anorthographiccameraasshowvn in Figure2 (d).
Sincethe Z-buffer valueis goingto beusedfor nding the
actualdepthin Z-directionby simplescaling,we preferthe
linearpropertyin depthbuffer valuesaccordingo theZ po-
sition. Thereforen this paper the orthographigorojection
is adopted.Note thatthe orthographigrojectionalsosim-
pli es themathematicatomputatiorinvolved,yieldingfast
measuringprocesof shapedissimilarity.

4 Measuring ShapeDissimilarity

In this section anovel methodto evaluatethedissimilar
ity in (2) usinga virtual cameraandZ-buffer calledsurface
roving techniques presented And thena fastandasymp-
totic versionof thesurfaceroving methodbasedntheview
samplingtechniques describecaswell.

4.1 SurfaceRoving Method

Let be the set of sample
pointson , on which the approximationerror is to be
measuredln the proposedpproachavirtual camerds set
to ‘obsene' , moving aroundfor to
obsenethewholesurface. Theopticalaxisof thecameras
alignedwith the oppositenormaldirectionof eachsample
point. Basedon this con guration,it is obviousthat  and
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Figure 4. 2-D examples of degenerate case
with geometric ambiguity . (a) Self-occ lusion.
(b) No detection (No hit in the view volume).
(c) False alarm (Wrong hit in the view volume).

thecorrespondingoint  areprojectedontothe samepo-
sitionin theimagecoordinatesNotethatour objectieis to
measurghe distancefrom a samplepoint  to along
the perpendiculatine throughit asdescribedn Section2.
Basedon this obsenation,thedistancefrom  to  can
beevaluatedwithoutexplicitly nding  , because¢hedis-
tancefrom the camerato andto is recordedn the
Z-buffer when and is drawn, respectiely. We can
retrieve those correspondingdepthvaluesin the Z-buffer
and simply computethe difference,yielding both signed
and unsigneddistancefrom to . This procedures
called “surfaceroving', sincethe virtual cameravisits all
thetestpointsover the referencemodeljust like a satellite
roving above theearth,asshowvn in Figure3.

4.2 Removing Geometric Ambiguity

Generally surfaceroving methodworkswell when
is locally smoothenoughand approximates to
someextent. However, for the completionof the argument,
afew degenerateasesvith geometricambiguityshouldbe
addressed.

Considethedegenerateaseshavnin Figure4 (a) (c),
which aremostlikely in realapplication.2-D curvesimply
the intersectionof 3-D surfaceand a normal plane. Fig-
ure 4 (a) shaws self-occlusioncaseof , in which other
part of hidesthe testpoint  from the virtual cam-
era.Sincetheviewing parametersf thevirtual cameracan
be adjusteceasily the consequentiew volumecanalsobe
constructegbroperly Thereforejf we choosehe view vol-
ume of the virtual cameraas a rectangularmparallelepiped
centeredht the testpoint andalignedwith the optical axis,
thedepthvalue of thetestpointwould bealwaysO0.5, re-
gardles®of theocclusion.We don't needto renderthescene
in orderto computethe depthandthereforeocclusiondoes
notin uence thedepthvalueatall. In ourimplementation,
theview volumeof eachvirtual camerais built in the same
way suchthatthe Z-buffer evaluationis necessarpnly for



Othertwo casesoccurwhenthe approximationperfor
manceis very poor. Note that, they seldomoccurin our
application,since our concernis a guidedmultiresolution
modelingandminor shapedistortionby geometrycompres-
sion. In caseof no detectionas shawvn in Figure 4 (b),
we provide a predetermine®1AX _ERROR valueto thetest
point. A reasonablevalue of MAX _ERROR could be the
half-heightof the view volume.

Figure 4 (c) is the worst case. In this case,sincethe
correspondingointis determinedncorrectly themeasured
depthdifferencebecomesmalleventhoughthe actualdis-
similarity is large. Note that, ary other distancemeasure
cannotdeterminethe exact differencein this case. There-
fore, a high-level shapematchingalgorithmis requiredin
orderto nd theexactcorrespondenceyhichis anotherre-
searchtopic in computewvision.

4.3 Cooperative Method: Accelerating Surface
Roving by Viewpoint Sampling

Although the proposedsurface roving methodis quite
accurateye haveto “obsere' tremendousiumberof sam-
ple points wherethe differenceis going to be measured.
This might causeredundanbperationsespeciallyfor those
samplepointswith similar normaldirection.However, note
that sincean orthographiccameramodelassumegparallel
rays,by employing it, we don't needto visit all thosesam-
ple pointsindividually. For example,for the Bunny model
shavn in Figure5 (a), mostof samplepointsat the bottom
part have similar surfaceorientations,which is marked in
redasshawn in Figure5 (c). Thereforejf we constructan
Extendedsaussianmage(EGI) of themodel,asharpspike
shouldbe existing on the correspondingpoint on EGI. This
is illustratedin Figure5 (b). In this case,surfaceroving
for thosepoints canbe replacedby only one orthographic
projectionfrom the viewpoint shovn asared pointin Fig-
ure5 (c), reducingthe numberof obsenationssigni cantly
comparedwith the original surfaceroving. Thus, with a
properselectionof viewpointsamplesit is possibleto eval-
uateanasymptotianeasuremertf thedifferenceof models
usingthe surfaceroving technique.

One problemin using viewpoint sampleis that there
could be self-occlusionwhena objectis seenfrom a view
sample.Theremaybeunobserablepartof theobject,espe-
cially whentheobjectis not corvex. For example,thelong
earsof thebunny modelmayoccludethemainbody Thus,
for thosesamplepoints on the occludedregion, the view-
point samplingmethoddoesnot work. In orderto solve
this problem, cooperatie methodis employed in our ap-
proach,in which the surfaceroving is appliedto the oc-
cludedregion, while the viewpoint samplingis usedfor the
unoccludedegion, respectiely. Note thatwhethera sam-
ple point is occludedor not can be determinedeasily by
comparinghedepthdifferencewith prespeci edthreshold.
In generalf the shapeof the objectis nottoo muchcom-
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Figure 5. Viewpoint sampling method. (a)
Bunny model. (b) Extended Gaussian Image
(EGI) of the Bunny model. (c) View samples
and a specic mapping.
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Figure 6. Histogram of the approximation er-
ror between the Bunny mesh models. (a)
Result of applying exact measure by surface
roving (Original surface roving). (b) Result
of applying asymptotic measure by viewpoint
sampling plus surface roving (Cooperative
method).

plex, mostof the surfaceregion is obserablefrom one of
theviewpointsamples.

Note that althoughthe cooperatie 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), the shapedistortionsaremea-
suredusingboth methods.The histogramsf themeasured
errorareshavn in Figure6, in which bothdistributionsare
almostsimilar, while the numberof obsenationsrequired
for the cooperatie methodis reducedo only 5  of thatof
theoriginal surfaceroving.

Thereferencanodelcanbe ary of pointcloud, polygo-
nalmesh parametricsurface,andvoxel model,asfarasthe
normaldirectionat a speci ¢ testpoint canbe determined.
Thetestmodelcanalsobepolygonalmesh parametricsur
faceandvoxelmodel.However, sincepointcloudhasholes
anddoesnot recordthe depthonit, the proposednethodis
notapplicablein this case.

Especially if the referencemodel is representedby
voxel,thenumberof view sampleseducego only six, since
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Figure 7. 3-D 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
casethemeasuremergrocessould be extremelyfast.

5 Experimental Results

In this section,we presentthe experimentalresultsof
measuringhe shapedissimilarity usingthe proposeatoop-
eratve surfaceroving method. First, it is investigatechow
muchthe viewpoint samplingreduceghe numberof obser
vations. For the referencemodelsshavn in Figure 7, the
numbersof obsenationsrequiredin both the original sur
faceroving andthe cooperatie methodsare countedfor a
few resolutionof viewpoint sampling. We summarizethe
resultin Table1, for varioushorizontalandverticalresolu-
tion,H andV, respectiely. As shavnin Tablel, thenumber
of obsenationsis reducedsigni cantly comparedvith that
of the original surfaceroving method,rangingfrom 10
(Rocker Arm model)to 0.65 (Venusmodel)of the origi-
nal ones.Viewpoint samplingreplaceghe surfaceroving if
thetestpointis visible from a sampleviewpointin its nor-
mal orthographidairection. In caseof Rocker Arm model,
sincethe interior wall aroundthe hole is not visible, sur
faceroving shouldbeemployedfor thosearea.Onthe con-
trary, Venusmodelis roughly sphere-lile suchthat mostof
surfaceregion is visible from the correspondinyiew sam-
ple. Thereforethe numberof obsenationscanbe reduced
signi cantly for the Venusmodelthanfor the Rocker Arm
model.

In orderto shaw the ef cacy of the proposedechnique,
experimentsare carried out on four different representa-
tions of the Bunry model. The referencemodelis dense
meshwith 69,451trianglesshovn in Figure5 (a), andthe
test modelsare simpli ed mesheswith different resolu-
tions (800 and 10,459triangles,respectiely), roughvoxel
(32 32 32)and ne voxel (128 128 128),asshowvnin
Figure8.

Distancedrom the referenceo the testmodelsaswell
asthe executiontimeson a 933MHz Pentiumlll CPU are
evaluatedby usingthe proposednethod,andshovn in Ta-
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Figure 8. Different representations of the
Bunny model. (a) Simplied mesh at low res-
olution. (b) Simplied mesh at middle resolu-
tion. (c) Rough voxel. (d) Fine voxel.

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

ModelName || SurfaceRoving Cooperatre (H_V)
36 18|24 12|12 6
Bunry 69,451 3,422 | 3,286 | 5,396
Teeth 116,602 3,705 | 3,412 | 4,619
Rocler 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: Standard deviation,
MAX: Maximum distance).

ShapeDissimilarity
Model Type SIAD | USIAD | STD | MAX
Low-ResolutionMesh -0.2085| 0.6777 | 0.8562 | 6.2169
Middle-ResolutiorMesh || 0.0156 | 0.0549 | 0.2632| 6.1912
Sparsé/oxel 1.6348 | 1.6633 | 0.9922| 5.1713
DenseVoxel 0.4436 | 0.4455 | 0.2249| 4.9414




Table 3. Execution time on a 933MHz Pentium 11l CPU.

ExecutionTime (sec)
Model Type Cooperatie | SurfaceRoving | Vertex-to-Vertex [1][8]
Low-ResolutionMesh 27.6 87.5 3000
Middle-ResolutiorMesh 64.9 1137.0 3000
Sparsevoxel 38.4 57.9 N/A
DenseVoxel 152.0 440.0 N/A

ble 2 andTable 3, respectiely. It canbe seenthatthe pro-
posedapproachis computationallyef cient and measures
the shapedissimilarity for several different typesof 3-D
modelsaccuratelyComparedavith theoriginal surfacerov-
ing methodand naive implementatiorof the corventional
methodusedin [1][8], the cooperatie algorithm reduces
the executiontime signi cantly. In this experiment,a to-
tal of 24 12 view samplesareused,spacedl5 degreesin
both latitudinal and longitudinal directions. Note that the
executiontime can be further decreasedf the numberof
sampless reducedy selectindargerspacing However, in
this casethe measuremerdccurag maydecreasaswell.

6 Conclusion

In this paper we proposecan ef cient methodto evalu-
atethe shapedissimilarity for differenttypesof 3-D mod-
els. Unlike the corventionalgeometricmethods,our ap-
proachcalled surfaceroving method' utilizes the Z-buffer
andvirtual cameracommonlyusedin 3-D graphicsto ob-
tain the distancebetweercorrespondingointson different
3-D surfacemodels. In orderto make the surfaceroving
faster an asymptoticimplementatiorof the surfaceroving
methodwasdevelopedjn whichviewpointsamplingandsi-
multaneouorthographigorojectionof virtual camerawvere
usedef ciently . Sincetheoperations performedonthege-
ometryengine,it canbe spedup by adoptinga fasterhard-
wareacceleratarExperimentafresultshavs the ef cacy of
the proposedapproachijn which the shapedissimilarity is
measuredor two populartypesof 3-D models,including
meshandvoxel model,rapidly andaccurately
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