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Volumetric Model Repair for Virtual Reality Applications
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Abstract
RepairingVirtual Reality (VR) modelsis a challenge for productiveapplications.This paper describesa fast
implementationof Nooruddinand Turk’s ray-stabbingmethod14 basedon standard graphicshardware. Ray-
stabbingis usedto convert a polygonalmodelinto a volumemodel(alsocalledvoxelization). Thevolumemodel
is back-convertedinto a polygonalmodelusingthemarching cubes(MC) algorithm12 andtheQSlimalgorithm7

for reducingtheextractedpolygonmodel.Theoverall processyieldsa properlyclosedpolygonalmodelwith no
visualunimportantfeatureslike nestedor overlappinggeometriesor unwantedcracks.
Thevoxelizationprocessis thekey part of thereparationprocess.Wediscussimplementationdetailsandessential
problemsof ray-stabbingnotaddressedbyNooruddinandTurk 14. Wefocusonthegenerationof thevolumemodel
utilizing OpenGLhardware support.
The current implementationis a snapshotof an ongoingwork at EADSAirbus, Europesleading commercial
aircraft company. Thefinal goal is a fast modelrepair and reductionworkflow for generating VR-modelsand
various levelsof detail. Problemserasefrom the fact, that the polygonalizationof the volumemodelusingthe
MC-algorithmgeneratesa far too fine tessellatedmodelwhich thenhas to be reducedagain. We also discuss
possibleapproachesto overcomethis drawback.

1. Intr oduction

This paperfocuseson implementationandoptimizationas-
pectsof modelrepairfor Virtual Reality (VR) applications.
RepairingVR-modelsis anessentialstepof generatingVR-
modelsfrom CAD-models.

OneVR-focusof EADS-Airbus(Europe’sleadingaircraft
manufacturingcompany) is rapidprototypingfor customiz-
ing commercialaircrafts. A typical high-endVR system
is usedto presentcustomizedaircraftsusing a three-sided
CAVE, coupledwith differentinteractiondevicesanddriven
by a SGIONYX2 with threegraphicspipelines.

Beingableto presentthelatestaircrafttechnology, EADS
focuseson theoptimizationof thegenerationprocessof the
VR-model from the CAD-model. This processstartswith
a polygon model exportedfrom the CAD-system(usually
CADDS 5 or CATIA). Theseexportedmodelshows several
troublesomeproperties,especiallyholesandnestedgeome-
tries.Additionally, themodelis far toofinetessellated.In the
pastthe modeloptimizationprocessat EADS incorporated
tremendousmanualeffort to constructthefinal VR-model.

To reducethemodel,theholesandnestedor overlapping

geometrieshaveto beremovedfirst.EspeciallyCAD models
containpotentiallya largeamountof this visually unimpor-
tantgeometry. Furthermore,holesin theinitial modelcause
severeproblemsfor polygonreductionandalsofor further
interactive processing,e.g. for collision detection.It is the
taskof themodelrepairstepto remove all theseproblems.
Thereforea robustmodelrepairtechniqueis mostessential
to thewholeoptimizationprocess.

NooruddinandTurk 14 presenteda volumetricapproach
calledray-stabbingto handleall theseproblems.Their ap-
proachis very similar to implicit surfacetechniquesused
for geometricfusionof multiple rangeimages(for instance
Hilton et al 9). UnfortunatelyNooruddinandTurk’s 14 de-
scription of the techniqueis rather superficial,giving no
implementationdetails. Furthermorethe results given by
NooruddinandTurk indicatea rathertime-consumingim-
plementation,which can hardly be integrate in our new
workflow, which is still semi-manual.

This paperdescribesimplementationdetails of the ray
stabbingtechniqueand discussesfurther challengesto the
wholemodelrepairworkflow.

The fundamentalsfor volumetric model repair are de-
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scribedin Section2. Section3 describesthe detailsof our
advancedimplementationof theray-stabbingtechnique.Re-
sultsaregivenin 4. Section5 discussesthecurrentstateand
variousproblemsof theray-stabbingmethod.Promisingap-
proachesto solve theseproblemsare presentedin Section
6.

2. Volumetric Model Repair

In this Sectiongeneralapproachesfor repairingVR-models
are described.Section2.1 summerizesvery briefly tech-
niquesfor modelrepairandvolumetricrepresentationtech-
niquesfor polygonalmodels.Afterwardsthe ray-stabbing
algorithmasgivenby NooruddinandTurk 14 is presentedin
Section2.2.

2.1. GeneralConcepts

Currentmethodsfor modelrepaircanbeseparatedinto au-
tomatic and interactive techniques.Interactive techniques
(e.g.MorvanandFadel13) arenotappropriatefor largeVR-
models.Most automatictechniquesincorporatethe detec-
tion of thespecificsurfacedefectandtheexplicit reparation
of thesedefect(e.g.BarquetandSharir2). Suchtechniques
mainly addresssurfaceholesandcracksanddo not provide
a unifiedapproachto solve all problemsstatedearlier.

The basic idea of volumetric model repair is shown in
Figure2.1.Thekey-stepof this processis thevoxelization,
i.e. theconversionof thepolygonalmodelinto a volumetric
model.Thevolumetricmodelis givenby atri-variatescalar-
valuedfield-functiondG describingtheshortestdistanceof a
givenpointP ��� 3 from theoriginalpolygonalmodelG. dG
is commonlycalleddistancemap. After voxelizationstan-
dard methodsfor surface extraction (e.g. marchingcubes
12 or marchingtetrahedra20) are usedto reconstructG as
a closedpolygonalmodel.

DefiningthedistancemapdG asdistanceto theouterparts
of G solvestheproblemsof overlappingandnestinggeome-
tries.

volumetric repres.
of model

init. polygonal
model

polygonal model
repaired

CAD-system

optimized, repaired 
polygonal model

export

polygon reduction

surface extraction

voxelization

To computethe distancemap techniquessuch as 3D-
filtering (WangandKaufman21) andexplicit distancecalcu-
lation (Schroederet al 17) have beendeveloped.Nooruddin
andTurk 14 usea scanlineconversionalgorithmto compute
thedistancemap(seebelow).

2.2. Ray Stabbing

NooruddinandTurk 14 describeanew volumetrictechnique
calledray stabbingto computethedistancemapfor a given
polygonalmodel.They definethedistancemapdG for point
P ��� 3 to thegivengeometryG as:�� � dG � P	�
 0

dG � P	�
 1
dG � P	���
 0 � 1�

� �
����� P resides

�� � outsideG
insideG

nearG’s surface

� �
�

The ray-stabbingtechniquecan be summarizedas fol-
lows:

1. sendparallelraysthroughG
2. a ray r definesasvalid vote, if thereis anevennumberof

intersectionswith G, otherwiseit is regardedasinvalid.
NooruddinandTurk useorthographicprojectionsanda
polygon scan-conversion algorithm to determinedepth
values for each ray-object intersection,the so-called
depthmaps.

3. avoxel on r is classifiedinterior if r is valid andthevoxel
layswithin thefirst andlastobjectintersection

4. parallelraysaresendfrom differentdirectionsthroughG
to handleholes,which causeanoddnumberof intersec-
tions

5. a voxel is finally classifiedasexterior if it hasbeenclas-
sifiedasexterior by any direction

interior voxel

invalid vote

Figure 1: Ray-Stabbingapplied to overlapping (top-left),
nested(top-right)andnon-closedgeometries(bottom).Rays
are sentin thetwo majordirections.

This approach handles overlapping, non-closed and
nestedgeometriesfrom a visible point of view (seeFigure
1).

Nooruddinand Turk use 13 projectionsto compute13
depthmapsthatarefinally combinedto thedistancemapdG.
UnfortunatelyNooruddinand Turk do not explicitly state
how dG is calculated.

Having an appropriatedistancemap dG, Lorensenand
Cline’s marching cubesalgorithm12 is performed.This al-
gorithmconstructsa closedpolygonalapproximationof the
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volumemodel.Sincethe MC algorithmusuallyconstructs
a hugeamountof triangles,GarlandandHeckbert’s QSlim-
algorithm7 is usedto reducethetriangle-meshafterwards.

Nooruddin and Turk additionally apply morphological
operators,suchasopeningandclosingto thevolumemodel
in orderto remove smalldetails.

3. Our Implementation

In this Sectionwe give a detaileddescriptionon a fast im-
plementationof the ray stabbingalgorithmto computethe
distancemapdG.

We defineanorienteddistancemap,wheredG � P	�� 0 if
P is exterior to G anddG � P	�� 0 if P is interior to G.

Thegeneralstepsto computedG are(seeFigure2):

1. computetheboundingsphereS1 of G anddefinearegular
N � N � N voxel-grid aroundS1

2. initiate thevoxelsdistancevalueto -LARGE (interior)
3. definethe outer boundingsphereS2 aroundthe voxel-

grid
4. for eachdirectionin a givensetof directions:

a. computeminimalandmaximaldepthmapswith apre-
definedresolutionusingorthographicprojectionsuti-
lizing OpenGLhardwaresupport

b. updatedistancemapaccordingto currentprojection

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

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

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

!�!�!�!!�!�!�!!�!�!�!!�!�!�!!�!�!�!!�!�!�!!�!�!�!!�!�!�!!�!�!�!

S
object

voxel space

orthographic
projection

S

1

2

Figure 2: The general setup using the object’s and the
voxel-grid’s boundingsphere (left) and illustrating an or-
thographicprojection(right).

In our situation,we canguaranteethe properorientation
of all polygonalfacesof theinitial model.Thusthedecision
on a vote’s validity is equivalent to the visibility of back-
facingpolygons.

To computethe depthmap for directiondir we usea
standardOpenGL-renderer, especiallyOpenGL’s culling fa-
cilities andit’ sstencilbuffer (seeOpenGLliterature15" 16 for
detaileddescriptionof OpenGLfunctionality).

Firstwegive acompactC-likecode-fragmentfor extract-
ing thenecessarydepthandstencilbuffer:

void getBuffers(float depth_buf[],
float stencil_buf[]

int cullDir ){
glClearStencil(0x0);
glClear(GL_COLOR_BUFFER_BIT |

GL_DEPTH_BUFFER_BIT |
GL_STENCIL_BUFFER_BIT);

glCullFace(cullDir);
glStencilFunc(GL_ALWAYS, 0x1, 0x1);
glStencilOp(GL_REPLACE,

GL_REPLACE,GL_REPLACE);
renderScene();

cullDir = ( cullDir == GL_BACK ) ?
GL_FRONT : GL_BACK;

glCullFace(cullDir);
glStencilFunc (GL_ALWAYS, 0x0, 0x0);
renderScene();

readPixels(GL_DEPTH_COMPONENT, depth_buf);
readPixels(GL_STENCIL_INDEX, stencil_buf);

}

readPixels is a simplified version of OpenGL’s
glReadPixels function. cullDir indicates which
viewing directionis assumedasbackwards.This getsmore
clearfurtherthis section.

Utilizing thisgetBuffers function,theC-like pseudo-
codefor the extraction of the depthmap looks as follows
(z-Buffer rangeis assumedas 
 0 � 1� , where1 indicatesthe
farclipping plane):

glDepthFunc(GL_LESS);
getBuffers(dm_min, stencil_front, GL_BACK);

glDepthFunc(GL_GREATER);
getBuffers(dm_max, stencil_back, GL_FRONT);

foreach pixel (x,y) {
valid(x,y) = stencil_front(x,y) &

stencil_back(x,y);
}

dm_min, dm_max aretheminimumandmaximumdepth
mapvalues.

Switching the depth-buffer function from GL_LESS to
GL_GREATER yields the maximum depth values. The
culling direction has to be switched as well, since for
the maximumdepthvalues,front-facingpolygonsindicate
holes.

In very rarecaseswhena ray passesthroughtwo holes
this algorithmmarksan invalid vote asvalid. This hasnot
beenobservedin any realisticsituation.

Obviously, the depthvaluesare given in rastercoordi-
nates.In orderto updatethe distancemapdG, we mustas-
sociatethediscretevoxel coordinatesandthediscreteraster
coordinatesfrom thevariousorthographicprojections.Since
we useorthographicprojectionsthat fit the outerbounding
sphereS2, the map betweenworld- and rastercoordinates
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is anaffine maphaving only a variablerotationalterm (the
direction).Thus the depthvaluesfrom the different depth
mapsarecomparable,i.e samedepthvaluesrepresentsame
euclidiandistances.

In detail thetransformationTvoxel# rast to mapthevoxel-
to the raster coordinatesis composedusing Tvoxel# unit
(mapsto the unit cube 
 $ 1 � 1� 3), R (rotationaboutthe ori-
gin) andTunit # rast . R is a simple rotationmatrix, whereas
Tvoxel# unit andTunit # rast involve only fix scaleandtransla-
tional terms.Theresultingtransformationis

Tvoxel# rast 
 Tunit # rast % R % Tvoxel# unit

After transforminga voxel V to rastercoordinatesusing
Tvoxel# rast yielding V 
 � vx � vy � vz 	 , the currentdepthmap
is usedto updatethedistancemap.This is doneby bilinear
interpolatingthe minimum and maximumdepth-mapval-
uesof the four surroundingpixels of � vx � vy 	 andselecting
theshortestdistance(seeFigure3).Usingnearestneighbour
samplinginsteadresultsin visiblealiasingartifacts.

voxel in
raster  coord.

z

x

dist

max. depth map

min. depth map

interpolated
depth values

Figure 3: Computingthedistancevaluefor a specificpro-
jectiondirectionin rastercoordinates.

Additionally wecheckfor invalid votesor toosteepdepth
variation,which indicatepixels nearthe object’s boundary.
This is doneto preventinteriorvoxelsfrom gettingincorrect
positive distancevalues,sinceoneoutsideray would cause
V to bedeclaredexterior (seeFigure4).

The computationof the minimum and maximumdepth
mapvaluesfor V ascodefragment:

x = floor(v_x);
y = floor(v_y);

if ( !valid(x,y) || !valid(x+1,y+1) ||
!valid(x+1,y) || !valid(x,y+1) ) {

depth_min = 0.0; /* set interior */
depth_max = 1.0;

}
else {

f1 = dm_min(x,y); f2 = dm_min(x+1,y);
f3 = dm_min(x,y+1); f4 = dm_min(x+1,y+1);
min_low = minimumOf(f1, f2, f3, f4);

voxel in
raster coord.

z

x

max. depth map

min. depth map

dist

depth map
values =1
(no object hit)

interpolated
distance maps

Figure 4: The boundary situation: One ray near the
voxel missesthe object.Thevoxel’s is placedinterior, i.e.
depth_min=0 anddepth_max=1.

min_high = maximumOf(f1, f2, f3, f4);

b1 = dm_max(x,y); b2 = dm_max(x+1,y);
b3 = dm_max(x,y+1); b4 = dm_max(x+1,y+1);
max_low = minimumOf(b1, b2, b3, b4);
max_high = maximumOf(b1, b2, b3, b4);

if( (min_high-min_low > MAX_GRADIENT) ||
(max_high-max_low > MAX_GRADIENT) ) {

depth_min = 0.0; /* set interior */
depth_max = 1.0;

}
else {

depth_min = interpolate(v,x, v,y,
f1, f2, f3, f4);

depth_max = interpolate(v,x, v,y,
b1, b2, b3, b4);

}
}

Finally, the distancevalue for V is calculated.Initially
V is marked as interior, i.e. dist_map(V) = -LARGE.
Oncea positive distanceis found, V is marked asexterior
andit hasbekeepthisproperty.

Therelevantcodefragment:

midpoint = ( depth_min + depth_max ) / 2.0;
if ( v_z < midpoint ) {
dist = depth_min - z;

}
else {
dist = z - depth_max;

}

if ( ( distance_map(V) < 0 &&
dist > distance_map(V) ) ||

( dist > 0 &&
distance_map(V) > dist ) ) {

dist_map(V) = dist;
}
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Thevaluedist representstheapproximatedvoxel’s dis-
tancefor thecurrentdirectionin rastercoordinates(seeFig-
ure3).

Consideringpolygon reduction,lots of techniqueshave
beenintroducedin thelastyears.Ratherthanimplementing
and comparingthe different methodswe madeour choice
basedon Cignoniet al’s comparison5. They give a compar-
ison on the following techniques:MultiresolutionDecima-
tion (Ciampalini et al 4), SimplificationEnvelopes(Cohen
et al 6), QuadricError Metrics– QSlim(GarlandandHeck-
bert7), MeshOptimization(Hoppe10) andMeshDecimation
(Schroederet al 18), .

Cignoni et al comparethe algorithm’s speedusingthree
differentpolygonalmodels.Additionally distanceerrorsare
given.Accordingto their results,theQSlim-algorithm7 of-
fersa goodtrade-off betweenspeedandaccuracy. Thuswe
usethe samepolygonreductionschemeasNooruddinand
Turk14.

The setting of various parameters

Wetrieddifferentratiosof renderingtovoxel grid resolution.
Our experienceshow goodresultsfor a resolutionratio of
approximatly5. Insteadof 13 projectionsasNooruddinand
Turk 14, we foundsevendirections(thethreemajoraxisand
thefour cubediagonals)to beenough.

Concerningthe rejectionof a voteasinvalid is caseof a
largegradient,we founda boundof 5 to give goodresults,
i.e.

MAX_GRADIENT = 5 / RENDER_RESOLUTION

4. Results

To discussthemethoddescribedabove,weusethreepartsof
an aircraftasshown in Figure5: A seat,an upperdeckpart
anda side-plate.All modelsexhibit smallholeat theedges
of theoriginal surfacepatches.

Reducingthesemodelswith QSlimwithout takingcareof
the holesandthe nestedgeometriesyields undesiredholes
andcracksin thereducesmodel(seeFigure6).

Applying themodelrepairbeforereducingthepolygonal
modelyields perfectlyclosedandwell shapedresults(see
Figure7)

Problemsappearin regionswith thin parts.This canbe
seenat thebaseof theseat,wheremany tee-like geometries
reside.Thesethin object regions can not be reconstructed
properly. Figure8 comparesthe resultsof applyingQSlim
only andRayStabbingin combinationwith QSlim.

The problemwith thin object regions is extremly obvi-
ous in caseof the sideplate.The side-platemodel resem-
blesadeformedthin sheetof metal.Thusevenarelativ high
voxel grid resolutionof 2003 cannotrepresentthepolygonal

Figure5: Theoriginal models.Top: Seatmodelwith 52639
triangles.Bottomleft: Upperdeck modelwith 324triangles.
Bottomright: Side-platemodelwith 16896triangles.

model,resultingin a only fragmentaryreconstructedmodel
(seeFigure9 left).

A simple,but not very accurateapproachto reducethis
problem is the usageof an iso-value greater than zero
(seeFigure9 right). The resultingobjectsarenot perfectly
shaped.This is dueto fact,that thedistancemap’s approxi-
mationof theeuclidiandistanceis moreinaccuratefor point
off theoriginal object’s surface.

5. Conclusion

A fastandrobust implementationof a volumeticmodelre-
pair techniquehasbeenintroduced.This techniqueis based
on Nooruddinand Turk’s ray stabbingmethod.Many de-
tails of thehardwareacceleratedimplementationhave been
described.Furthermore,essentialproblemscausedby the
marchingcubes(MC) algorithm have beendiscussedand
possiblesolutionhavebeenpointedout.Finally someresults
basedon technicalobjectshave beenpresented.

TheRayStabbingalgorithmprovedto beapowerful tech-
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Figure 6: Applying polygonreductiononly. Left: The up-
perdeck with holes.Right: A close-upto thearm-restof the
seatwith holesandcracks.Bothmodelshavebeenreduced
by90%.

Figure 7: Applying model repair and polygon reduction.
Left: Theupperdeck hasbeenvoxelizedusinga 403 voxel-
grid. Right:Thechair hasbeenvoxelizedusinga 1203 voxel-
grid. Bothmodelshavebeenreducedby90%.

nique for separatinganddeletingvisually unnecessaryge-
ometry. Furthermorethe resulting object surface is prop-
erly closed.Our implementationfor computingthedistance
mapreducesthecalculationtime from several minutes(see
NooruddinandTurk14, table1; samplescomputedonamul-
tiprocessorsystem)to lessthana minute.Additionally, the
calculationtime is relatively independantof the numberof
trianglesin theinitial model.

Still theprocessexhibits onemajorproblem.Thechoice
of the sizeof the voxel-grid determinesthe maximumfre-
quency that canbe representedby thegrid’s distancefunc-
tion. This frequency however can be very high, especially
whenworkingwith technicalobjectcontainingthin sections.

Figure 8: Theseatbase. Left: Only QSlimwasapplied;the
modelexhibitsseveral large holes.Right: Modelrepair and
polygonreductionwere bothapplied.Themodelshavebeen
reducedby90%.

Figure9: Thesideplate. Left: Attemptto repair theverythin
model.Right:Reconstructingan iso-surfacefor dG & 1% of
object’s size. Bothmodelshavebeenreducedby 90%.

Thisis aclassicalproblemof samplingtheoryandtherecon-
structionof continuousobjectsin discretespaces.

To aviod this problem,the highestfrequency hasto de-
terminethe overall voxel-grid size.Thus,usingthe march-
ing cubesalgorithm,aunnecessaryhighamountof triangles
is constructed,which, again,hasbe reducedin a following
polygonreduction.Bothsteps,extractingtheiso-surfaceand
reducingthe mesh-complexity, thus, consumemuch more
time thannecessary. Furthermorethecalculationof thedis-
tancemaphasto bedonefor all voxels.Adaptivealgorithms
would evaluatethedistancemaponly at pointsneartheiso-
surface,i.e. nearthemodelitself.

In section6 we discusspossibleapproachesto solve this
problem.

6. Further Optimization

For mostmodelsthe choiceof the fixedvoxel step-sizere-
sults in a far too long runtime of the algorithm. The fix
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Upper-
deck

Seat Side-
plate

Voxel-grid 403 1203 2003

Reduction 10% 10% 10%
depth-map 2” 23” 1’35”
dist.-map 2” 55” 5’05”
MC 4” 4’13” 2’15”
QSlim 13’ 2’05” 57”

Table 1: Timing information for the different models.The
test have beenmadeon a SGI O2 with R12K, 300 MHz
Processorand512MB RAM.Theruntimefor theside-plate
modelis takenfor theiso-valuedG 
 0.

choiceof the step-sizein combinationwith the simpleap-
plication of the marchingcubesalgorithmpotentiallycon-
structsfar too many triangles.Furthermorethe MC algo-
rithm frocestheevaluationof thedistancemapateachvoxel,
evenfar off theiso-surface.

Onealternative is Hilton etal’s 8 MarchingTriangle(MT)
algorithm.The MT-algorithmis a mesh-growing approach,
utilizing a circumsspheretechniquesimilar to theconstruc-
tion of a Delaunaytriangulation.Theresultingtriangulation
exhibits better shapedtriangles.The constructionof new
verticesstartswith a point with fixed distanceto a current
boundaryedge.Thus, the statedguaranteeto preserve the
models’s local topologyis notobviousto us.Thegeneration
of new verticesis supposedto beadaptivewith respectto the
localbehavior of thefield function.

Another alternative is a hierarchicalMC-approach,us-
ing an adaptive step-size.Shekharet al 19 usea hierarchi-
caloctree-approachto reducethenumberof generatedtrian-
gles.They applyamergingstrategy, trying to combinesmall
trianglesto largerones.This processis still moretime con-
sumingsinceit is a bottom-upapproach.

Shekharat al’s techniquecouldbereformulatedasa top-
down approach.Startingwith a coarsegrid, the refinement
algorithmnow consistsof thefollowing steps:

Refinement-Decision:Has the current cell (a cube with
eightvoxelsascorners)to besubdivided?
In thecaseof RayStabbingfinding theansweris simple:
If thedistancebetweenthefirst andlastobjectintersection
for a ray directionis lessthanthecurrentgrid-resolution,
thevoxel shouldbesubdivided.

ConstrainedMC: If a voxel hasto besubdivided,we usa
23-subgrid.The MC algorithmpotentially generatestri-
angleson thefiner grid. Thus,we have to guaranteethat
adjacenttrianglesin neighbouringcoarsercells definea
propertriangulationin conjunctionwith thesubgridtrian-
gles.

Assumingthe refinement-decisionguaranteesthat a cell

is subdivided whenthe field function additionallychanges
sign alongoneof its edgesor at the midpoint of its faces.
This midpoint-criterionshouldalso be usedto handlethe
ambigouoscasesof theMC algorithm.Now considerneigh-
bouringcellsatdifferentlevelsof refinement.Edgesof gen-
eratedtrianglesfor thesecellscansimply bematched,since
no additionaledges(or polylines) can appear(seeFigure
10). Thussubdividing the trianglesfor the coarsercell ac-
cordingto thepolyline of thefiner cellsclosesthegapsbe-
tweenthetriangulationsof differentlevel of refinement.

interior

exterior

arbitrary

The ambiguous case:

Figure 10: Neighboringcell with different level of refine-
ment.Edgeson cell of thecoarsergrid correspondto poly-
lineson thefinergrid.
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