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Abstract

Repairing Virtual Reality (VR) modelsis a challenge for productiveapplications.This paper describesa fast
implementationof Nooruddinand Turk’s ray-stabbingmethod!4 basedon standad graphics hardware. Ray-
stabbingis usedto cornvert a polygonalmodelinto a volumemodel(also called voxelizatior). Thevolumemodel
is badk-corvertedinto a polygonalmodelusingthe marching cubes(MC) algorithm2 andthe QSlimalgorithm?
for reducingthe extractedpolygonmodel. Theoverall processyieldsa properly closedpolygonalmodelwith no
visualunimportantfeatueslike nestedor overlappinggeometrieor unwanteccracks.
Thevoxelizationprocesss the key part of therepaiation processWe discussmplementatioretailsandessential
problemsof ray-stabbingnotaddressedy Nooruddinand Turk 14. We focusonthegeneation of thevolumemodel
utilizing OpenGLhardware support.

The current implementatioris a snapshotof an ongoingwork at EADS Airbus, Europesleading commecial
aircraft company Thefinal goal is a fast modelrepair and reductionworkflow for geneating VR-modelsand
various levels of detail. Problemserasefrom the fact, that the polygonalizationof the volumemodelusingthe
MC-algorithm geneatesa far too fine tessellatednodelwhich thenhasto be reducedagain. We also discuss

possibleappmoacdesto overcomethis drawbad.

1. Intr oduction

This paperfocuseson implementatiorandoptimizationas-
pectsof modelrepairfor Virtual Reality (VR) applications.
RepairingVR-modelsis anessentiastepof generating/R-

modelsfrom CAD-models.

OneVR-focusat EADS-Airbus,Europes leadingaircraft
manugcturingcompayy, is rapid prototypingfor customiz-
ing commercialaircrafts. A typical high-endVR system
is usedto presentcustomizedaircraftsusing a three-sided
CAVE, coupledwith differentinteractiondevicesanddriven
by a SGIONYX2 with threegraphicspipelines.

Beingableto presenthelatestaircrafttechnologyEADS
focuseson the optimizationof the generatiorprocesof the
VR-model from the CAD-model. This processstartswith
a polygon model exported from the CAD-system(usually
CADDS 5 or CATIA). Theseexportedmodelshows several
troublesomepropertiesespeciallyholesandnestedyeome-
tries.Additionally, themodelis fartoofinetessellatedn the
pastthe modeloptimizationprocessat EADS incorporated
tremendousnanualeffort to constructhefinal VR-model.

To reducethe model,the holesandnestedor overlapping
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geometriehaveto beremovedfirst. EspeciallyCAD models
containpotentiallya large amountof this visually unimpor

tantgeometry Furthermoreholesin theinitial modelcause
severe problemsfor polygonreductionandalsofor further
interactive processinge.g.for collision detection.It is the
taskof the modelrepairstepto remove all theseproblems.
Thereforea robust modelrepairtechniques mostessential
to thewhole optimizationprocess.

Nooruddinand Turk 14 presentedh volumetricapproach
calledray-stabbingto handleall theseproblems.Their ap-
proachis very similar to implicit surfacetechniquesused
for geometricfusion of multiple rangeimages(for instance
Hilton et al 9). UnfortunatelyNooruddinand Turk’s 14 de-
scription of the techniqueis rather superficial, giving no
implementationdetails. Furthermorethe results given by
Nooruddinand Turk indicatea rathertime-consumingm-
plementation,which can hardly be integrate in our new
workflow, which is still semi-manualg.g.the visual qual-
ity of theresultingmodelis evaluatedby anengineer

This paperdescribesmplementationdetails of the ray
stabbingtechniqueand discussedurther challengego the
whole modelrepairworkflow.

ShortPresentations

delivered by

www.eg.org

-G EUROGRAPHICS
: DIGITAL LIBRARY

diglib.eg.org



http://www.eg.org
http://diglib.eg.org

A. Kolb andL. John/ VolumetricModel Repair

The fundamentalsfor volumetric model repair are de-
scribedin Section2. Section3 describeghe detailsof our
adwancedmplementatiorof theray-stabbingechniqueRe-
sults are given in Section4. Section5 discusseghe cur
rentstateandvariousproblemsof the ray-stabbingnethod.
Promisingapproacheto solve theseproblemsarepresented
in Section6.

2. Volumetric Model Repair

In this Sectiongeneralapproachefor repairingVR-models
are described.Section2.1 summerizesvery briefly tech-
niquesfor modelrepairandvolumetricrepresentatiotech-
niguesfor polygonalmodels.Afterwardsthe ray-stabbing
algorithmasgivenby NooruddinandTurk 14 is presentedh
Section2.2

2.1. General Concepts

Currentmethodsfor modelrepaircanbe separatednto au-
tomatic and interactve techniques.nteractve techniques
(e.g.MorvanandFadel'3) arenot appropriateor large VR-
models.Most automatictechniquesncorporatethe detec-
tion of the specificsurfacedefectandthe explicit reparation
of thesedefect(e.g.Barquetand Sharir2). Suchtechniques
mainly addressurfaceholesandcracksanddo not provide
aunifiedapproacho solwe all problemsstatedearlier

Thebasicideaof volumetricmodelrepairis shavn in Fig-
urel. Thekey-stepof this processs thevoxelization,i.e.the
corversionof the polygonalmodelinto a volumetricmodel.
Thevolumetricmodelis givenby atri-variatescalarvalued
field-functiondg describingthe shortestistanceof a given
point P € R® from the original polygonalmodel G. dg is
commonlycalleddistancemap After voxelizationstandard
methodsfor surface extraction (e.g. marching cube$? or
marchingtetrahedr®) areusedto reconstructG asa closed
polygonalmodel.

Definingthedistancemapdg asdistanceo theouterparts
of G solvesthe problemsof overlappingandnestinggeome-
tries.

init. polygonal
model

CAD-system—

expor

voxelization— L/

; . volumetric repres|.

surface extracti of model
polygon reducti%@L s

optimized, repaire repaired
polygonal model polygonal model

Figure 1: Thevolumetricmodelrepair process.

To computethe distancemap techniquessuch as 3D-

filtering (WangandKaufman??) andexplicit distancecalcu-
lation (Schroedeket al 17) have beendeveloped.Nooruddin
andTurk 14 usea scanlinecorversionalgorithmto compute
thedistancemap(seebelaw).

2.2. Ray Stabbing

NooruddinandTurk 14 describeanew volumetrictechnique
calledray stabbingto computethe distancemapdg for a

givenpolygonalmodel.They definethe distancemapdg for

pointP € R® to thegivengeometryG as:

ds(P)=0 outsideG
dg(P)=1 <= Preside insideG
de(P) € [0,1] nearG's surface

The ray-stabbingtechniquecan be summarizedas fol-
lows:

1. sendparallelraysthroughG

2. arayr definesasvalid vote if thereis anevennumberof
intersectionwith G, otherwiseit is regardedasinvalid.
Nooruddinand Turk useorthographicprojectionsand a
polygon scan-cowmersion algorithm to determinedepth
values for each ray-object intersection,the so-called
depthmaps

3. avoxelonr is classifiednteriorif r is valid andthevoxel
layswithin thefirst andlastobjectintersection

4. parallelraysaresendfrom differentdirectionsthroughG
to handleholes,which causean odd numberof intersec-
tions

5. avoxel s finally classifiedasexterior if it hasbeenclas-
sified asexterior by atleastonedirection

yar oW
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\ s
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i i< e interior voxel
= = invalid vote
L

Figure 2: Ray-Stabbingapplied to overlapping (top-left),
nestedtop-right) andnon-closedjeometriegbottom).Rays
are sentin thetwo major directions.

This approach handles overlapping, non-closed and
nestedgeometriefrom a visible point of view (seeFigure
2).

(© TheEurographicfssociation2001.



A. Kolb andL. John/ VolumetricModel Repair

Nooruddinand Turk use 13 projectionsto computel13
depthmapsthatarefinally combinedo thedistancanapdg.
UnfortunatelyNooruddinand Turk do not explicitly state
how dg is calculated.

Having an appropriatedistancemap dg, Lorensenand
Cline’s marching cubesalgorithm?2 is performed.This al-
gorithm constructsa closedpolygonalapproximatiorof the
volume model. Sincethe MC algorithm usually constructs
a hugeamountof triangles,GarlandandHeckberts QSIlim-
algorithm? is usedto reducethetriangle-mestafterwards.

Nooruddin and Turk additionally apply morphological
operatorssuchasopeningandclosingto the volumemodel
in orderto remove smalldetails.

3. Our Implementation

In this Sectionwe give a detaileddescriptionon a fastim-
plementatiornof the ray stabbingalgorithmto computethe
distancemapdc.

We definean orienteddistancemap,wheredg(P) > O if
P is exteriorto G anddg(P) < 0if P isinteriorto G.

Thegeneraktepsto computedg are(seeFigure3):

1. computetheboundingspheres' of G anddefinearegular

N x N x N voxel-grid arounds'

2. initiate the voxelsdistancevalueto - LARGE (interior)

3. definethe outer boundingsphereS® aroundthe voxel-
grid

4. for eachdirectionin a givensetof directions:

a. definetheviewing-aredor orthographigrojectionas
cubearoundS’

b. computeminimalandmaximaldepthmapswith apre-
definedresolutionusing orthographicprojectionuti-
lizing OpenGLhardwaresupport

c. updatedistancemapaccordingto currentprojection

2 voxel grid
N\ N
AR A %
NSNS SR\
NRSS N
NS NS¢
'object orthographic
st projection

Figure 3: The generl setup using the objects and the
voxel-grids boundingsphee (left) and illustrating an or-
thographic projection(right).

In our situation,we canguaranteghe properorientation
of all polygonalfacesof theinitial model. Thusthedecision
on avote’s invalidity is equivalentto the visibility of back-
facingpolygons.
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To computethe depthmap for directiondi r we usea
standardOpenGL-rendereespeciallyOpenGLs culling fa-
cilities andit’ s stencilbuffer (seeOpenGLliterature!® 16 for
detaileddescriptionof OpenGLfunctionality).

Firstwe give a compaciC-like code-fragmentor extract-
ing the necessargepthandstencilbuffer:

voi d getBuffers(float depth_buf[],
float stencil_buf[]
int cullDir ){
gl d ear St enci | (0x0);
gl dear (G._COLOR BUFFER BI T |
GL_DEPTH BUFFER BI T |
GL_STENCI L_BUFFER _BI T) ;

gl Cul | Face(cul I Dir);
gl Stenci | Func( GL_ALWAYS, 0x1, O0x1);
gl Stenci | Op( G._REPLACE,

GL_REPLACE, GL_REPLACE) ;
render Scene() ;

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

gl Cul | Face(cul I Dir);

gl Stencil Func (GL_ALWAYS, 0x0, 0xO0);

render Scene() ;

readPi xel s( GL_DEPTH_COVPONENT, dept h_buf);
readPi xel s(GL_STENCI L_I NDEX, stencil _buf);
}

readPi xel s is a simplified version of OpenGLs
gl ReadPi xel s function. cul | Di r indicates which
viewing directionis assumedsbackwards.This getsmore
clearfurtherthis section.

Utilizing thisget Buf f er s function,the C-like pseudo-
codefor the extraction of the depthmap looks as follows
(z-Buffer rangeis assumeds [0, 1], where1 indicatesthe
farclipping plane):

gl Dept hFunc(GL_LESS);
getBuffers(dm.mn, stencil _front, G._BACK);

gl Dept hFunc( GL_GREATER) ;
get Buf fers(dm max, stencil_back, G._FRONT);

foreach pixel (x,y) {
valid(x,y) = stencil _front(x,y) &
stenci | _back(x,y);

}

dm mi n, dm max aretheminimumandmaximumdepth
mapvalues.

Switching the depth-tuffer 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-facing polygonsindicate
holes.

In very rare caseswvhena ray passeshroughtwo holes
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this algorithm marksan invalid vote asvalid. This hasnot
beenobseredin ary realisticsituation.

Ohlviously, the depthvaluesare given in rastercoordi-
nates.In orderto updatethe distancemapdg, we mustas-
sociatethe discretevoxel coordinatesandthe discreteraster
coordinatesrom thevariousorthographigrojectionsSince
we useorthographigrojectionsthatfit the outerbounding
sphereSz, the map betweenworld- and rastercoordinates
is anaffine maphaving only a variablerotationalterm (the
direction). Thus the depthvaluesfrom the different depth
mapsarecomparablej.e samedepthvaluesrepresensame
euclidiandistances.

In detail the transformationTgyelsrag t0 Mapvoxel- to
the rastercoordinatess composedising Tyoxelsunit (Maps
to the unit cube[—1,1]%), R (rotationaboutthe origin) and
Tunit—rast- RIS asimplerotationmatrix, whereash oxels unit
andTynit—rag iNvolve only fix scaleandtranslationaterms.
Theresultingtransformatioris

Tvoxelsrag = Tunit—rast * R* Tvoxelunit

After transforminga voxel V to rastercoordinatesising
Tvoxelsrag Yielding V = (vx, w, vz), the currentdepthmap
is usedto updatethe distancemap.This is doneby bilinear
interpolatingthe minimum and maximum depth-mapval-
uesof the four surroundingpixels of (vx,vy) andselecting
theshortestistanceseeFigure4). Usingnearesheighbour
samplinginsteadresultsin visible aliasingartifacts.

max. depth map

¥ /
° bilinear
N interpolation
1 surface
interpolated ¢ voxel in
deptﬁ vaIue< | _—T raster coord.
*—
5Jl"\—dist

min. depth map

>
X

Figure 4: Computingthe distancevaluefor a specificpro-
jectiondirectionin rastercoordinates.

Additionally we checkfor invalid votesor too steepdepth
variation,which indicatepixels nearthe objects boundary
Thisis doneto preventinterior voxelsfrom gettingincorrect
positive distancevalues,sinceone outsideray would cause
V to bedeclaredxterior (seeFigureb).

The computationof the minimum and maximumdepth
mapvaluesfor V ascodefragment:

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

max. depth map /

I j l/\ ‘ //A

? depth map
O Values =1
(no object hit)

interpolated / ' dist

distance maps

voxel in
raster coord.

min. depth map

&
X

Figure 5: The boundary situation: One ray near the
voxel missesthe object. The voxels is placedinterior, i.e.
dept h_m n=0 anddept h_max=1.

if (lvalid(x,y) Ivalid(x+1, y+1) |

[ |
) || 'valid(x,y+1) ) {

lvalid(x+1,y
depth_mn = 0.0; /* set interior */
depth_max = 1.0;
}
el se {
fl dm min(x,vy); f2 dm m n(x+1,y);

f3 = dmmn(x,y+l); f4 = dmmn(x+1,y+1);
mn_low = minimnmd(fl, f2, f3, f4);
m n_hi gh = maxi munOf (f1, f2, f3, f4);

bl = dm nmax(Xx,y); b2 = dm nax(x+1,y);

= dm nmax(x, y+1); b4 = dm max(x+1, y+1);
max_l ow = mnimunOf (b1, b2, b3, b4);
max_hi gh = maxi mumOf (b1, b2, b3, b4);

if( (mn_high-mn_low > MAX_GRADI ENT) ||
(max_hi gh-max_| ow > MAX_GRADI ENT) ) {
depth_mn = 0.0; /* set interior */

dept h_max 1.0;
}
el se {
depth_mn = interpolate(v,x, v,vy,
f1, f2, 3, f4);
depth_max = interpolate(v,x, v,vy,
bl, b2, b3, b4);
}

Finally, the distancevalue for V is calculated.Initially
V is marked asinterior, i.e. di st _map(V) = - LARCE.
Oncea positive distanceis found, V is marked as exterior
andit hasbekeepthis property

Therelevantcodefragment:

/* conmpute distance for curr. depth nap */
m dpoint = ( depth_mn + depth_max ) / 2.0;
if ( v_z < mdpoint ) {

dist = depth_mn - z;
}
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el se {
dist = z - depth_max;

}

/* upodate di stance map */
if ( ( distance_map(V) < 0 &&
di st > distance_nmap(V) ) ||
( dist >0 &&
di stance_map(V) > dist ) ) {
di st_map(V) = dist;
}

Thevaluedi st representtheapproximatedoxel’s dis-
tancefor the currentdeptchmapin rastercoordinateqsee
Figure4).

Consideringpolygon reduction,lots of techniqueshave
beenintroducedin thelastyears.Ratherthanimplementing
and comparingthe differentmethodswe madeour choice
basedon Cignonietal’'s comparisort. They give acompar
ison on the following techniquesMultiresolution Decima-
tion (Ciampaliniet al 4), Simplification Envelopes(Cohen
etal 8), QuadricError Metrics— QSlim(GarlandandHeck-
bert”), MeshOptimization(Hoppe!®) andMeshDecimation
(Schroedeetal 18), .

Cignoni et al comparethe algorithm’s speedusing three
differentpolygonalmodels.Additionally distanceerrorsare
given. Accordingto their results the QSlim-algorithm? of-
fersa goodtrade-of betweenspeedandaccurag. Thuswe
usethe samepolygonreductionschemeas Nooruddinand
Turk!4,

The setting of various parameters

Wetrieddifferentratiosof renderingo voxel grid resolution.
Our experienceshav goodresultsfor a resolutionratio of
approximatly5s. Insteadof 13 projectionsasNooruddinand
Turk 4, we foundsevendirections(thethreemajoraxisand
thefour cubediagonals}o be enough.

Concerningthe rejectionof a vote asinvalid is caseof a
large gradient,we found a boundof 5 to give goodresults,
ie.

MAX_GRADI ENT = 5 / RENDER_RESOLUTI ON

4. Results

To discusghemethoddescribedabore, we usethreepartsof
anaircraftasshavn in Figure6: A seat,an upperdechkpart
anda side-plate All modelsexhibit smallhole at the edges
of theoriginal freeform-surlcepatches.

Reducinghesemodelswith QSlimwithouttakingcareof
the holesandthe nestedgeometrieyields undesirecholes
andcracksin thereducesnodel(seeFigure7).

Applying the modelrepairbeforereducingthe polygonal
modelyields perfectly closedand well shapedresults(see
Figure8)
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Figure 6: Theoriginal models.Top: Seatmodelwith 52639
triangles.Bottomleft: Uppeded modelwith 324 triangles.
Bottomright: Side-platemodelwith 16896triangles.

Problemsappearin regionswith thin parts.This canbe
seenatthe baseof the seatwheremary tee-like geometries
reside.Thesethin objectregions can not be reconstructed
properly Figure9 compareghe resultsof applying QSlim
only andRay Stabbingn combinatiorwith QSIim.

The problemwith thin objectregionsis extremly obvi-
ousin caseof the side-plate.The side-platemodelresem-
blesadeformedhin sheebf metal. Thusevenarelativ high
voxel grid resolutionof 200° cannot representhepolygonal
model,resultingin a fragmentaryreconstructeanodel(see
Figure10 left). Repairingthe modelwith ahigherresolution
yieldsa unacceptabléong runtime.

A simple, but not very accurateapproachto reducethis
problemis the usageof aniso-value greaterthanzero(see
Figure 10 right). The resulting objects are not perfectly
shapedThisis dueto fact, thatthe distancemap’s approxi-
mationof the euclidiandistancds moreinaccuratdor point
off the original object’s surface.

Our implementationfor computing the distance map
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Figure 7: Applying polygonreductiononly. Left: The up-
perded with holes.Right: A close-upto the arm-restof the
seatwith holesand cradks. Bothmodelshavebeenreduced
by 90%.

Figure 8: Applying modelrepair and polygon reduction.
Left: Theuppeded hasbeenvoxelizedusinga 40° voxel-
grid. Right: Thechair hasbeervoxelizedisinga 120° voxel-
grid. Bothmodelshavebeenreducedy 90%.

reducesthe calculation time from several minutes (see
Nooruddinand Turk!4, table 1; their samplesare computed
onamultiprocessosystem)o lessthana minute(seeTable
1).

5. Conclusion

A fastandrobustimplementatiorof a volumeticmodelre-
pair techniquehasbeenintroduced This techniques based
onNooruddinandTurk’s ray stabbingnethod Mary details
of the hardware acceleratedmplementatiorhave beende-
scribed.Theray stabbingalgorithmprovedto be a powerful
techniquefor separatingand deletingvisually unnecessary
geometry Furthermorethe resultingobjectsurfaceis prop-
erly closed.

Figure 9: Theseatbase Left: Only QSlimwasapplied;the
modelexhibits several large holes.Right: Modelrepair and
polygonreductionwere bothapplied. Themodelshavebeen
reducedoy 90%.

Figure10: Theside-late Left: Attempto repairtheverythin
model.Right: Reconstructingniso-surfacefor dg ~ 1% of
objects size Bothmodelshavebeenreduceday 90%.

Still the processexhibits one major problem causedby
the relation betweenuniform voxel resolutionand the ob-
ject’sthicknessThe choiceof the sizeof the voxel-grid de-
terminesthe maximum frequeng that can be represented
by the grid’s distancefunction. This frequeng however can
bevery high, especiallywhenworking with technicalobject
containingthin sectionsThis is a classicalproblemof sam-
pling theoryandthereconstructiorof continuousobjectsin
discretespaces.

To aviod this problem,the highestfrequeng hasto de-
terminethe overall voxel-grid size. Thus,usingthe march-
ing cubesalgorithm,aunnecessarkiigh amountof triangles
is constructedwhich, again,hasbe reducedn a following
polygonreduction Both stepsgextractingtheiso-surficeand
reducingthe mesh-compbety, thus, consumemuch more
time thannecessaryFurthermorehe calculationof the dis-
tancemaphasto bedonefor all voxels. Adaptive algorithms
would evaluatethe distancamaponly at pointsneartheiso-
surface,i.e. nearthe modelitself.
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Upper- Seat Side-

deck plate
Voxel-grid 40° 120° 200°
Reductionto 10% 10% 10%
depth-map 2" 23 1'35”
dist.-map 2" 55” 5'05”
MC 4" 413" 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
Processoland512 MB RAM. Theruntimefor the side-plate
modelis takenfor theiso-valuedg = 0.

In Section6 wediscusgossiblesolutionsto this problem.

6. Further Optimization

For mostmodelsthe choiceof the fixed voxel-grid resolu-
tion resultsin a far too long runtime of the algorithm.The
fix choiceof the step-sizein combinationwith the simple
applicationof themarchingcubesalgorithmpotentiallycon-
structsfar too mary triangles.Furthermorethe MC algo-
rithm frocesthe evaluationof thedistancemapateachvoxel,
evenfar off theiso-surface.

Onealternatveis Hilton etal’'s® Marching Triangle (MT)
algorithm.TheMT-algorithmis baseduponamesh-graving
approachutilizing a circumsspheréchniquesimilar to the
constructiorof aDelaunaytriangulation Theresultingtrian-
gulationexhibits bettershapedriangles.Theconstructiorof
new verticesstartswith a pointwith fixed distanceto a cur-
rentboundaryedge.Thus, the statedguarantedo presere
themodelss local topologyis not obviousto us. The gener
ationof naw verticesis supposedo be adaptve with respect
to thelocal behaior of thefield function.

Another alternatve is a hierarchicalMC-approach,us-
ing an adaptve step-size Shekharet al 1° usea hierarchi-
cal octree-approacto reducehenumberof generatedrian-
gles.They applyameming stratay, trying to combinesmall
trianglesto largerones.This processs still moretime con-
sumingsinceit is a bottom-upapproach.

Shekharat al’s techniquecould be reformulatedasa top-
down approach Startingwith a coarsegrid, the refinement
algorithmnow consistf thefollowing steps:

Refinement-Decision: Has the current cell (a cube with
eightvoxelsascorners)o besubdvided?
In the caseof ray stabbindginding theansweiis simple:|f
the distancebetweerthe first andlast objectintersection
for aray directionis lessthanthe currentgrid-resolution,
thevoxel shouldbe subdvided.

Constrained MC: If avoxel hasto be subdvided, we use

(© TheEurographic#ssociation2001.

a23-subgrid. TheMC algorithmpotentiallygeneratesri-
angleson thefiner grid. Thus,we have to guarantedhat
adjacenttrianglesin neighbouringcoarsercells definea
propertriangulationin conjunctionwith the subgridtrian-
gles.

Assumingtherefinement-decisioguaranteethatacell is
subdvidedwhenthefield functionadditionallychangesign
alongoneof its edgesor at the midpoint of its faces.This
midpoint-criterionshouldalsobeusedto handletheambigu-
ouscasef theMC algorithm.Now considemeighbouring
cellsatdifferentlevelsof refinementEdgesof generatedi-
anglesfor a coarsercell cansimply be matchedo polyline
(i.e. iso-lines)for the subdvided cell (seeFigure11). Thus
subdviding thetrianglesfor thecoarsercell accordingo the
polyline of thefiner cells closesthe gapsbetweerthe trian-
gulationsof differentlevel of refinement.

Finer Grid Coarse Grid

I&/ —(ID o - X(j) o interior
V' o5 L e ® exterior
@ arbitrary
o
/1 (o
b-ole
Figure 11: Neighboringcell with different level of refine-

ment.Edgeson cell of the coarser grid correspondo poly-
linesonthefinergrid.
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