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Christian Rössl Leif Kobbelt Hans-Peter Seidel

ComputerGraphicsGroup
Max-Planck-Institutfür Informatik
Im Stadtwald,66123Saarbr̈ucken

Germany�
roessl,kobbelt,hpseidel� @mpi-sb.mpg.de

ABSTRACT

In recentyears,several techniqueshave beenproposedfor automaticallyproducingline-art il-
lustrations.In this papera new nonphoto-realisticrenderingschemefor triangulatedsurfacesis
presented.In contrastto prior approacheswith parametricsurfaces,thereis no global parame-
terizationfor trianglemeshes.Soa new approachis madeto automaticallygeneratea direction
field for the strokes. Discretecurvatureanalysison suchmeshesallows to estimatedifferential
parameters.Linesof curvaturearethenconstructedto beusedasstrokes.Usingtriangulatedsur-
facesallows to renderaestheticallypleasingline drawingsfrom a hugeclassof models.Besides,
experimentsshow thatevenrealtimevisualizationis possible.

Keywords: non photo-realisticrendering,line art drawings, trianglemeshes,discretecurvature
analysis

1 INTR ODUCTION

1.1 Line art rendering

Computer graphics usually focus on creating
photo-realisticpicturesof artificial scenes.How-
ever, therearenumerousapplicationswhereab-
stract line-oriented drawings are preferred to
photographs,especiallyfor scientific or techni-
cal illustrations. Therearea coupleof reasons
for this: informationcanbe conveyed betterby
usingsomelevel of abstraction,line drawing en-
ablescreatingsketchesthatappearlesscomputer
orientedandmay be easierto be reproducedon
blackandwhite displaysor printers.

Line renderingtechniqueshave a long tradition
in arts,e.g. pen-and-inkillustrationsor copper
plateswith engraved lines, which usedto be a
commonwayto print illustrationsin books.Over
thelastyearscomputerbasedtechniquesfor pro-
ducing such illustrations have beendeveloped.

Therearetwo basicapproaches:

The first approachis image basedand assists
the user in converting a digital grey scaleim-
age into a pen-and-inkillustration. This way,
theuseris freedfrom drawing individualstrokes.
In [Salis94] predefinedstroke texturesareused
to map the tone of the referenceimage,and in
[Salis97] thestrokesaregeneratedautomatically
from botha setof referencestrokesandaninter-
actively modifiabledirectionfield.

Thesecondapproachcreatesline art illustrations
from 3D geometry. An earlystepin thedevelop-
mentof thistechniquewastheuseof haloedlines
[Appel79] which give an impressionof depth.
Different line stylessuchas line width, dashed
or dottedlines canbe employed for outline and
shading[Doole90a, Doole90b]. [Leist94] dis-
cussesa ray tracingapproachto emulatecopper
plates.Most recently, [Deuss99] takesadvantage



of the graphicshardware to achieve similar ef-
fectswith setsof parallelcuttingplanes.

In order to produce high quality illustrations
from polygonalmodels[Winke94] usesspecial
stroke texturesin addition to the geometry, e.g.
bricks of a wall. The strokesarerenderedwith
lines of varying thicknessandshape(waviness)
emulatingthe effect of manualdrawing. Apart
from that,anadvancedshaderis used,whiche.g.
generatesshadows. After transformingthepoly-
gonsfrom 3D to 2D imagespacea specialtone
mappingprocessdeterminesthe densityof the
strokesin 2D imagespace.

In this paperwe will concentrateon line art ren-
deringof 3D geometrythat cando without any
further informationaboutthescenelike texture.
A directionfield for thestrokesis generatedau-
tomatically from the geometry. In contrastto
otherapproachesusingparametricsurfacesthere
is no global parameterizationavailable for tri-
anglemeshesthat canbe utilized for producing
strokes.Our resultswill show thatrenderingcan
be performedefficiently on suchfree-form ge-
ometry. Theprecedingsurvey is continuedwith
focus on automaticallygeneratingstrokes from
3D geometry.

1.2 Relatedwork

[Elber95] uses a coverage of isoparametric
curves of a free-from surface for line art ren-
dering. Thereforestrokes aredefinedas a par-
allel lines in the parameterdomainresultingin
isoparametriccurves.Thisworksespeciallywell
with surfacesof revolution. [Winke96] usessuch
isoparametriclinesin orderto producehighqual-
ity illustrationslike in [Winke94]. Interestingly,
for this approachthe surface is tessellatedto a
polygonal meshfor the final tone mappingas
well.

Mostrecently[Elber99] extendsthesetechniques
to enableinteractive renderingwith isoparamet-
ric curves,isophotesor linesof curvatureonfree-
form surfaces.For rendering,thesestrokecurves
areapproximatedby piecewise linear polygons.
They are then evaluatedup to a certain length
determinedby the shader. For shading,the sur-
facenormalsat the seedpointsof the polygons
areused.In orderto meetrealtime demands,all
possiblestrokesareprecalculated.Furthermore,
the numberof polygonsinvolved in the render-

ing processis effectively reducedby insertingthe
polygonsinto buckets.Geometrically, abucket is
aconeoutgoingfrom theorigin. Theunionof all
bucketscover theunit sphere.Every bucket con-
tains all normalsfalling into the corresponding
cone. The shaderfirst evaluatesthe “intensity”
for the axis of a conetaken as a representative
normal.Thiswaypolygonsin abucketonly need
to beevaluatedif theexpectedintensityis above
a certainlimit.

Elberprefersstrokesgeneratedfrom isoparamet-
ric curvesbecausethey canbedeterminedmore
efficiently than isophotesor lines of curvature.
Furthermorethey producevisually goodresults.
This is impossiblefor triangulatedsurfaceslack-
ing a global parameterization.We uselines of
principlecurvaturewhichdefineanatural“flow”
overthesurfaceinstead.Texturesgeneratedfrom
principlecurvaturedirectionshave recentlybeen
usedby [Inter97] to visualizevolumemodels.

1.3 Overview

In this paperwe presentan algorithm to ren-
der line-orientedsketchesof triangulatedsur-
faceswithout any (stroke) texture information.
Wetracelinesinto thedirectionof themaximum
curvature and use them as strokes, expanding
[Elber99] to beutilizedfor trianglemeshes.Such
meshesareauniversalrepresentationof surfaces
andthey becomemoreandmorepopularfor geo-
metricmodeling.This way our techniqueallows
us to createaestheticallypleasingline art draw-
ingsfor a wideclassof geometricalmodels.

In orderto utilize linesof curvatureasstrokesfor
line art rendering,analgorithmto constructthese
lines is needed. In contrastto parametricsur-
faces,thereareno derivativesor curvaturesde-
finedfor apiecewiselineartrianglemesh.There-
foreweuseamethodfor calculatingdiscretecur-
vature. Givenprinciplecurvaturevaluesanddi-
rectionswecancomputelinesof curvatureby in-
tegration.

For therenderingof thescene,suchlinesareuni-
formly scatteredover thesurface.Dependingon
thepointof view andthelighting, thestrokesare
drawn with differentlengths.This classification
of strokesis partof theshadingalgorithm.
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CONSTRUCTION OF LINES OF CUR-
VATURE

Discretecurvatureon triangulatedsurfacesis ap-
proximatedto getvaluesanddirectionsof princi-
ple curvaturein every vertex. Thenlinesof cur-
vaturecanbe integratedfrom the(discrete)field
of directionsaccordingto themaximalcurvature.

2.1 Approximation of discretecurvature

A trianglemeshis a piecewise linearratherthan
a smoothsurface,so it is not clear how to cal-
culateany derivatives on sucha mesh. A com-
montechniquegeneralizesconceptsfrom differ-
entialgeometryof smoothsurfaces.It fits simple
geometricprimitivese.g. secondordersurfaces
(quadrics)to a vertex andits neighbors.Thedif-
ferential parameterscan then be obtainedfrom
differentiatingthosewell known primitives.

Our approachuseslocally isometricdivideddif-
ferenceoperatorswhich arederived by fitting a
secondorderTaylor polynomial to a vertex and
its neighbors.A locally isometricparameteriza-
tion leadsto simplelinearoperatorssincederiva-
tiveswith respectto suchaparameterizationhave
ageometricinterpretation.Thiswaywecanesti-
mategeometriccurvature.

We locally estimatethe first andsecondfunda-
mentalform of thesurface �����	��

� in every ver-
tex of its triangulation. Deriving surfacecurva-
tures like principal curvaturesfrom the funda-
mentalformsis straightforward. An introduction
to thebasicconceptsof differentialgeometrycan
befounde.g.in [Farin96, Carmo76].

In this section � denotesthe vertex for which
the fundamentalforms are to be approximated,���
����������� , andfor convenience�����	��� �!�"� )
areits neighbors.# and #$� denotethepositions
of � and � � in 3D space.Without lossof gener-
ality theorigin is shiftedsuchthat #%� �&�('
�)'
�)'*� .
For simplicity, we do not handleverticeson the
boundaryof themesh.

2.1.1 Parameterization

As we areinterestedin curvatures,it is sufficient
to estimatepartialderivativesupto secondorder.
For approximatingthe derivatives �	+ , �-, , �	+.+ ,� +., and � ,/, in a specificvertex � we needa lo-
cally isometricparameterization�����0����
��1���2#$�
of its neighborhoodwith ���('
�)'*�3� �4�('
�)'
�)'*���

# . A parameterizationis isometric if 5/�	+65872� ,5/� , 597:� and ��;+ � , 7<' . The coefficientsof
thefundamentalformsarecompletelydefinedby
thederivativesup to secondorder.

The obvious way of constructingsucha param-
eterizationis to projectthe neighborhoodof the
vertex into a tangentplaneat this vertex. The
projectionplane = is givenby averagingthetri-
anglenormalsaround � resultingin the normal
vector >@? . By transformingtheprojectedpoints
into anorthonormalbasis

�BA ?C�D�0?��)>@?�� we get
aparameterization�����E?GF �H��
�?�F �I�J�K#L� . This pro-
jection methodsuffers from the fact that the or-
deringof neighborsaround � is not necessarily
preserved. Theorderingcanbe destroyed if the
trianglemeshis not sufficiently flat [Welch94].

An alternative parameterizationconsidersthe
lengthsandtheanglesbetweenadjacentedgesof
the triangulatedsurface. The orderingof neigh-
bors is preserved when using the exponential
map[Carmo76]MON
P �Q#L�Q�SRT5U#L�S5�V*WOXZY[�Q\ ��]6�^D_ �a`b ^ �D�)Y)ced	�Q\ ��]6�^D_ �a`b ^ ��f (1)

where `b �g� flat �ih3�Q#L�H�D#L�e�	�U��� with \ � `b �g�j�k
. Thereforeflat scalestheanglesbetweentwo

edgesin 3D sothatthey sumto
j�k

in 2D. A pos-
sibledefinitionfor flat is

flat �Ilm�I�n�olm� j�k\ ^ l ^ (2)

This uniformly scalesthe3D anglein a straight-
forward way andwill work with any configura-
tion of 3D angles.[Welch94]

2.1.2 Surfacefitting

Given this isometric parameterization,the sur-
facecanlocally beapproximatedby a quadratic
Taylorpolynomial�����	��

�n��m� +qp 
r� ,sp +utv � +.+8p �0
r� +[,ap ,Dtv � ,), (3)

Recall that we shifted the origin and chose
our parameterizationso that # � �('
�)'
�)'*�w����('
�)'*� . Fitting a secondordersurfaceto a ver-
tex � and its neighborsis straightforward: By
utilizing theparameterization�x���0����
��I�S�K#L� we
setup asystemof � linearequationsy{z �!| (4)



with
y � ���0�H��
��H� + t}v ���0��
~�H� , t}v ��� , z ��(� + �)� , �)� +[+ �)� +[, �)� ,/, � ; and |:���Q#L�Q� ;� . The

(leastsquaresresp. leastnorm) solutionof this
linearsystemis

z � ��� �� y ; � y{y ; � ]6� | �������y ]6� | �����o�� y ; y � ]6� y ;n| ������� (5)

An alternative approachproposedin [Welch94]
is to switch to anotherset of basisfunctionsif
the

y
matrix is ill-conditionedor �g�w� .

Theresultingvector
z

yieldsapproximationsof
theTaylor coefficients �-+ , �-, , �-+.+ , �-+., , �-,/, of
the surface. This enablesus to estimatefurther
differentialparametersat thevertex � of thetri-
angulationasneeded.

As weusedanisometricparameterizationit turns
out thatthefirst fundamentalform is theidentity� ��;+ � + ��;+ � ,� ;+ � , � ;, � ,~� 7 � ��'' � � (6)

Thefollowing termshavebeensimplifiedby tak-
ing advantageof this fact.

2.2 Integration of linesof curvature

With the approximatedfirst (identity) and sec-
ond fundamentalforms,principal curvatureval-
uesanddirectionscanbeestimatedfor everyver-
tex.

Let >�� ���(� +�� � , ���05/� +�� � , 5 bethenormal
vectorat a vertex � , thnewe usethe following
notationfor thesecondfundamentalform:��� �� � � � � � � ;+.+ > � ;+., >��;+., > ��;,), > � (7)

The normal curvature for a tangent direction� � ���*

�~�Z� in the parameterdomain is given
by [Farin96]� � � �S� � p j � � p � � v� p � v (8)

The normal curvature � � � � hastwo extremain
thegeneralcase– theprincipalcurvatures� �.� � v .
The correspondingprincipal directionsare ob-
tainedasroots

� �.� � v of a quadraticpolynomial
with� ��F v � ����� � ���o� ����� � � v p¡  �j � (9)

Sincestrokesshouldfollow themaximumcurva-
ture �G¢S£H¤ �¦¥¨§ N �r© � � © � © � v © � we chose

� ¢S£H¤ � �� ^ with
© � ^ © � ��¢S£H¤ . By transformingthesedi-

rections
� ¢S£H¤ from theparameterdomainto 3D

spacebyª« � �¦�(� +qp � ¢S£H¤ � , ���05/� +Lp � ¢S£H¤ � , 5 (10)

we obtaina discretevectorfield �$RT ª« � defined
for every vertex ��� of themesh.

This field can be madecontinuousby interpo-
lating directionsacrosstriangles. For a triangle¬ � � ¬ �Q� ��­ �D� � t �D� �¯® � weinterpolatelinearlyus-
ing barycentriccoordinates.A point =J° in the
triangleplanecanbeexpressedby

=±°w� ²³´ _ �Zµ ´ ���e¶B� ²³´ _ �*µ ´ �%� (11)

Applying the samebarycentriccombinationtoª« � ­ � ª« � t ª« � ® yieldstheinterpolateddirectionª« �(=J°·�S� µ � ª« ��­ p µ v ª« � t p µ ² ª« �¯® (12)

For conveniencetheresulting
ª« �(=J°·� arenormal-

izedto unit length.For trianglesat theboundary
of themesh,only thedirectionsof innervertices
are calculatedand taken into accountfor inter-
polation. We do not handletriangleswith three
boundaryvertices.Exceptfor pointsin suchtri-
anglesfor any other point = of the surfacethe
directionof themaximumcurvaturecanbeesti-
mated.

In oder to trace one single line of curvature���I¸6��¹���� startingfrom a point =	º»� �������mº���
Bº[�
andstreamingalong

ª« ¢S£H¤ , wesolve thedifferen-
tial equation¸r¼I��¹)�S� ª«±½¢S£H¤ �I¸6��¹����D� ¸6��¹ º �S�¦��� º ��
 º � (13)

Here
ª« ½¢S£H¤ is theprojectionof

ª«¾¢S£H¤ into theplane
of thereferencetriangle

¬
. A simpleEulerinte-

gratorhasprovento besufficient for ourpurpose.
With agivenstepsize ¿ Eq.13is thendiscretized
to¸ �B�	� �o¸ � p ¿ ª« ½¢S£H¤ �I¸ � �D� ¸ º �À= º (14)

Note,thatwe do notneedaglobalparameteriza-
tion. Usingtheprojecteddirectionsis necessary
in ordertoguaranteethattheresultingstreamline
doesnot leave thesurface. In addition,we must
detectwhenwe leave thecurrenttriangle

¬
and



enteranotherone. The barycentriccoordinates
areusedfor thein-triangletest. If µ �.� µ v � µ ²�Á '
for a point =J° then this point is situatedinside¬

. Otherwisea neighbortriangleis entered.Let� ¼ � �À� p �&¥3X
ÂÄÃ and � ¼ ¼ � �w� p j ¥3X
Â�Ã .

In caseonecoordinateµ � is negative, the inter-
sectionÅ of the line segment Æ ���I¸B���D�)���I¸Z���	�O�1Ç
with the oppositeborder ÆÈ� �ÊÉ �D� �ÊÉ É Ç of the trian-
gle is calculated.If two coordinatesµ � É1� µ � É É are
negative we have to determinebothintersectionsÅË�¾��Å v with thetwo edgesÆÈ�G���D� � ÉeÇQ�[ÆÈ���H�D� � É É¯Ç . The
point Å4�<Å ´ closestto the startingpoint with5�Å ´ �Ì���I¸B���[5·TÍ¥¨cid is theposition,wherethe
curve leavesthecurrenttriangle. It mayhappen
thata vertex is (nearly)intersected,i.e. ÅË�C7wÅ v .
The integration algorithm must be numerically
stablein suchthat it guaranteesto determinethe
correcttrianglethatwill beenterednext.

Figure 1 illustrates the two intersectioncases.
Thepoint Å is usedasnew vertex of thestream
line polygon,thus ���I¸ �B�	� ��� �ÎÅ . Furthermore
thereferencetriangleis changed.

Integration is stoppedafter a maximum path
lengthor whenreachingtheboundaryof thetri-
anglemeshor atrianglewith threeboundaryver-
tices. Sincethereareno directionsdefinedin its
vertices,integrationis stoppedaswell.

So far, we did not careaboutthe orientationof
the

ª«.¢S£H¤ F � vectors.IntegratingEq.13only makes
senseif thesevectorsare consistentlyoriented.
As thisis notgloballypossible,directionsareori-
entedlocally. Thereforean initial orientationis
chosenat the seedpoint. Then every time the
curve leaves one triangle, the directionsat ver-
tices of the newly enteredtriangle are oriented
into the currentdirectionof the curve. Thus, ifª«

cur denotesthecurrentdirectionall
ª« � areflipped

to � ª« � if theanglehÏ� ª«
cur � ª« �1��� k

.

Therearesophisticatedmethodsfor adjustingthe
stepsize ¿ adaptively during numericalintegra-
tion. We found that varying ¿ accordingto the
shapeof currenttriangle is fastandgivessatis-
factoryresults.In our experimentsthefollowing
heuristichasshown to work well. Let Ð be the
circumferenceof the triangle and b � the small-
estanglebetweenany two directions

ª«¾¢S£H¤ F � . We
thenchoose¿E°�� Ðj ��� p�\ ²^D_ � b ^ � v (15)

Of coursewedonotclaimto guaranteeany error
boundson theintegrationasthis is notnecessary
for thereconstructionof thenaturalflow.

3 RENDERING

After scatteringseedpoints uniformly over the
surface, lines of curvature are drawn starting
from thesepoints. The shaderthen determines
whichpartsof thelinesareactuallyrendered.

3.1 Distribution of seedpoints

In order to cover the surfacewith lines of cur-
vaturewe startwith uniformly scatteringa num-
ber of seedpoints. Drawing curves outgoing
from theseseedpoints we expect that the sur-
facewill besuitablycovered.Weprovideafunc-
tion thatcomputesanappropriatenumberof ran-
domly placedpointspertriangle.

Westartwith anapproximatenumber� of points
whichareto bescatteredover thewholesurface.
In additiona parameter

�
is chosenasthemax-

imum numberof pointsscatteredacrossa single
triangle. In general,

�
is chosenseveralmagni-

tudessmallerthan � . Now for every triangle
¬ �

thefollowing algorithmis iterated
�

times.

Chosea randomnumber ÑÓÒÔÆ '
�.�UÇ . Let Õ8� be
theareaof

¬ � and ÕÎ� �¦\ � Õ·� thetotal surface
area.If Ñ@�2Ö }ÖÓ× �Ø thenapoint is falling into

¬ � .
Thispoint is determinedby choosingbarycentric
coordinateswith randomµ �¾� µ v Ò»Æ '
�.�UÇ andµ ² ��s� µ � � µ v .
By repeatingthis algorithm

�
timespertriangle

every trianglehasa chanceof gettingat most
�

points. Especiallyfor configurationswith trian-
glesof verydifferentareathepossibilityof plac-
ing multiple points into a single triangle is im-
portant. Theprobability is chosenin a way that
in factapproximately� pointsarespreadoverthe
surface.

For somemodelsit might beappropriateto em-
phasizedetailin distinctregionsof themodel.In
orderto achieve this thedensityof seedpointsis
increasedfor that region. Regionsof detail can
be detectedfrom the geometryof the modelby
thresholdingthemaximumcurvature �G¢S£H¤ . For
trianglesin suchregions the probability of get-
ting a seedpoint is increasedby somefactor. Of
course,thegenerateddistribution of pointsis not
uniform anymore. Figure 3 shows sucha non
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Figure1: BarycentriccoordinatesÙZÚ¾ÛQÙBÜ.ÛQÙBÝ canbeusedfor thein-triangletest.Therearetwo caseshow
thetracedpathcanleavethecurrenttriangle.Left: onecoordinateÙ*Ú is negative.Middle: Two coordinatesÙ�Ü[ÛQÙBÝ arenegative. Then two intersectionpointshave to be determined.Right: If two coordinatesare
negative anda vertex is (nearly) intersectedthenthe integrationalgorithmmustbe able to find the next
triangle.

uniform distribution. Regionsof high curvature
of themannequinheadarerenderedwith higher
densityof strokes.

3.2 Shadingand rendering

Thelineartshaderis restrictedtoblackandwhite
only. There are different approachespossible
dependingon the requestedquality of the out-
put. While [Winke94, Winke96] use sophisti-
catedshadingin conjunctionwith a specialtone
mappingprocess,our shaderis relatively simple
muchlike the oneusedin [Elber99]. Therefore
real time applicationsarepracticable.In general
any advancedshadercan be used. We are not
limited to a particularshadingresp. hidden-line
removal algorithm.

A setof lines of curvatureoutgoingin both di-
rectionsfrom uniformly spreadseedpoints on
the surface is precomputedas polygons. The
maximum arc length Þ ¢S£H¤ of these“candidate
strokes” is limited to someusefulvaluedepend-
ing on the total areaof the surface. The shader
can thenaffect densityand lengthof strokes to
berendered.

Thearclengthof strokesis derivedfrom bothan
illumination anda silhouetteintensityterm. For
illumination only diffuselight is considered.In
additionto lighting, thesilhouetteof thesurface
shouldalwaysbevisibleor beenhanced.For sil-
houetteareasthesurfacenormalisnearlyperpen-
dicular to theviewing direction. Furtheron, the
boundaryof the surfaceis definedto be part of
the silhouetteandthusconsideredextra. Other-
wise the boundaryis likely to be invisible since
it cannotberespectedotherwise.

Forboththeilluminationandthesilhouetteinten-
sity a truncationlevel is usedso that short lines
arenot drawn. This preventshighlightedregions
from beingcoveredby smallspotsresultingfrom
shortcurvesegments.Suchregionsareto beren-
deredwithout any strokes instead.The total in-
tensityisobtainedasaconvex combinationof the
diffuseandthesilhouetteintensity.

In orderto determineintensitiestheremustbea
normalvectordefinedfor every stroke. We use
thenormalvectorof the trianglewheretheseed
point of a stroke is located.This way intensities
only have to becalculatedoncefor everytriangle
that containsany seedpoints. As a result real
timevisualizationispossiblefor reasonablesized
modelswithoutany advanceddatastructure.

Thedensitycanbeadjustedby randomlyselect-
ing only a fraction ßàÒ!Æ '
�.�UÇ of strokesfor ren-
dering. This fractionmayvary with thedistance
of the surface to the viewer. This way a con-
stant brightnesslevel of the 2D image is pre-
served. This may be achieved with somesim-
plified kind of tone mapping. An easierway
is taking only into accountthe relative distance� ¢Jáãâ �ä�à�ä� ¢S£H¤ . Differenttransferfunctions�ÏRT:ß canbeusedfor thispurpose.Thesimplest
alternative allows the userto selectthe density
and thereforethe numberof strokes rendered.
Thismaybethemethodof choiceto achieve real
timerenderingonavarietyof graphicshardware.

Hiddensurfaceremoval is trivial if oneis using
a z-buffer. Thesceneis renderedtwice, first the
facesin backgroundcolor, then the strokes. A
commonproblemhereis “z-fighting” causedby
nearlyequalz-valuesfor surfaceandstrokes,re-
sulting in visual artifactsas dottedstrokes. In



orderto avoid suchartifactsthestrokesaretrans-
lated somesmall amountinto z-direction resp.
towardstheviewer.

The graphicshardware may exploit back face
culling for the trianglesbut not for the strokes.
So an extra test in the renderingalgorithm is
worthwhile. Thereforestrokes can be culled if> � �å�Àæ . Here æÏÒÓÆ '
�.�UÇ is somesmallpositive
constant,i.e. '
ç j . As strokesoriginatedat aback
facemay flow into front facesandthusmay be
visible, theusualtestagainst' is inappropriate.

4 RESULTS

Figures2-4 show line art renderingsof threetri-
anglemeshes.Differentshadingparametersare
used. The figureshave beenrenderedby using
theabove z-buffer algorithm.Both, thesynthetic
model (cf. fig. 2) and the cat (cf. fig. 4) can
bedisplayedinteractively onaSGIO2(R10000,
225MHz). A maximumof about10k resp. 25k
strokesareprecalculated.

Althoughwedonotutilize specialdatastructures
or algorithmslike groupingstrokes into buckets
asin [Elber99], we areableto interactwith rea-
sonablesizedmodelsin real time. By assigning
triangle normalsto the strokes all strokes out-
going from the sametriangle are treatedequal.
Soshadingis doneper triangleandit canbere-
strictedto thosetrianglesthatcontainat leastone
seedpointof astroke.

For this reasonthe mannequinhead(cf. fig. 3)
with about nine times more triangles than the
other modelscannotbe displayedinteractively
anymore. By combiningElber’s algorithmwith
our trianglerenderingsubstantialgainsareto be
expectedfor futurework.

5 CONCLUSION

We presenteda techniquethatallows to produce
aestheticallypleasingline-drawings from trian-
gle meshesby utilizing lines of curvature. The
z-buffer renderingusedcanevendisplaymodels
of reasonablesizein realtime.
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Figure2: A syntheticmodel (9 k è ) renderedwith differentshadingparameters.The rightmostfigure
shows thesilhouette.

Figure3: Fromleft: original modelof themannequinhead(87 k è ); line art illustration; samebut using
fewer strokes;without shadingbut enhancedstroke densityfor regionsof high curvaturee.g. nose,eyes,
ear.

Figure4: Fromleft: original modelof thecat (11 k
¬

); all generatedstrokes;with shadingcon-
sidered;samebut usingfewerandthicker strokes.


