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Abstract

This work introducesa techniquefor interactive walkthoughsof non-photoealistically rendeed (NPR) scenes
using3D line primitivesto de ne architectural featulesof the model,as well asindicatetextural qualities.Line
primitives are not typically usedin this mannerin favor of texture mappingtecniqueswhich can encapsulate
a greatdeal of informationin a singletexture map,and take advantae of GPU optimizationsfor acceleated
rendering However, texture mappedmagesmaynotmaintainthevisualquality or aestheti@ppealthatis possible
whenusing 3D lines to simulateNPR scenessud as hand-diawn illustrations or architectural renderings.In
addition, line texturescanbemodi ed interactively for instancechangingthe sketchy quality of thelines,andcan
be exportedasvectos to allow the automaticgeneation of illustrationsandfurther modi cation in vectorbased
graphicsprograms.Thetedhniqueintroducedhere extractsfeatue edges from a model,and usingtheseedges,
genertesa reducedsetof line textures which indicate material propertieswhile maintaininginteractive frame
rates.A clipping algorithmis presentedo enable3D linesto resideonly in theinterior of the 3D modelwithout
exposingtheunderlyingtriangulatedmeshTheresultingsystenproducesnteractiveillustrationswith highvisual

quality that are freefromanimationartifacts.

1. Intr oduction

Presentatiographicsare communicatie illustrationsoften
employedby architectsandotherdesignprofessionalso ex-
pressnot only the featuresof a designor model, but also
informative aspectsuchasmaterialproperty con denceor
completionevels,andotherimportantcharacteristicsThese
illustrationstypically avoid the factualconnotationsassoci-
atedwith realisticimageryandinsteaduserenderingstyles

thatalign betterwith the conceptualdeasbeingexpressed.

Imagesthat resemblephotographsare often interpretedas
completeand unchangeablewhile loose, sketchy illustra-
tionscanexpressmalleablecharacteristicef amodelor de-
sign. The degreeof loosenes®f renderedinesis often as-
sociatedwith thevariationof characteristicsvithin amodel.
This line “sketchiness’canvary within a singleimage,vi-
suallyrevealingthe changeof amodelattribute,andquickly
expressinga greatamountof informationin a conciseand
compactvay. An exampleof suchanillustrationcanbeseen
in thearchaeologicaleconstructioshavnin Figurel which
usesour techniqueto automaticallyplacefeatureand tex-
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turelinesonthe model,andallows a userto modify theline
characteristicsvhile walking throughthe sceneat interac-
tive framerates.In this illustration, the sketchinessof the
featureedgesand materialpropertylinesis modi ed based
on the con dence of the speci ¢ areasof the reconstruc-
tion. Thus,the baseof the Mayan Templeis renderedwith
straight,cleanlines becausehis areaof the modelhasthe
highestcon dencelevel, while the hut at thetop hasa very
low level of con denceandis renderedvith loose,sketchy
lines,anddoesnothave ary texturaldetail. Themethodgpre-
sentedn this paperuse3D line primitivesratherthantradi-
tional texture mappingin orderto maintainhigh visualline
quality, allow real-timemodi cation of line characteristics
and automaticallygeneratevectorillustrationsfrom within
aninteractve walkthroughof the scene.

Whencreatinganinteractie line draving systemthefol-
lowing importantcharacteristicenustbe considered:

1. highvisualquality of individual frames;
2. animationfree of dynamicartifacts,suchaspopping;
3. highframerate;and
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4. ability to directly createmanipulatableD illustrations.

The rst two itemssuggestising3D line primitives,asthey
canbe anti-aliasedn screenspacethusproducinghigh vi-
sualquality. In addition,line primitives do not needlevel-
of-detailmanagemento maintainconstanwidth or bright-
nessn screerspaceHowever, it is naturalto think thatinte-
rior linesshouldbe renderedisingtexture mappingfor ef -
cieng. Indeed texture mappinghasbeenusedeffectively to
accomplishinterior line renderingby others[FMSO01], who
usedcarefulgeneratiorof MIP mappedine texturesto avoid
dynamicartifacts. Unfortunately this techniquemalkesthe
line texturesstatic, so line sketchinesscannotbe varied at
runtime.Also, texture mappingdoesnot allow for thedirect
creationof 2D illustrations.Our methoddirectly generates
postscripillustrationsin which eachtextureandfeatureline
canbemanipulatedhftercreation.

The questionremainswhether3D line primitivescanbe
usedwhile maintainingan interactize framerate. Although
linesarenotusedin mostgraphicsgprogramsthey arehighly
optimizedby hardwaremakersbecausef the CAD market.
Usinglinesdirectly hasseveraladvantage®vertexturemap-
ping:

line primitivescanbeanti-aliasedvithouta multi-passal-

gorithm

line primitivescanhavetheirsketchinesvariedatruntime

by perturbingverticesin a hardwarevertex program

line primitives presere their width in screenspaceeven

for extremeclose-ups.

The lastitem could be viewed as an advantageor a disad-
vantagelependingnone's priorities; having constantvidth
linesin screen-spacmalkesfor a cleandraving reminiscent
of the type drawn by humandraftsmen put exchangedine-

Figure 1: An exampleillustration from an interactive ses-
sion of an archaeol@ical reconstructionwith the sketci-

nessof the line primitives varied accoding to the level of

con dencein thedata. Thebaseof the structue is rendeed
usingcleanlines, the midsections rendeed with a sketchy
line texture, andthe“top hut” is a matterof conjectue and
is rendeedwithouttexture andvery sketchy featue lines.

width depthcuesfor line-densitydepthcues,which canbe
visually distracting.

This papers main contritutions are creatinga system
that allows for the automaticplacemenbf texture acrossa
model, the interactve manipulationof viewpoint in a 3D
sceneandthe creationof 2D vectorillustrations.The suc-
cesof thesystems demonstratinghathigh frameratescan
be achieved usingline primitivesin scene®f realisticcom-
plexity. An algorithmis providedto automaticallyplaceline
textureson objectsin orderto performmaterialpropertyin-
dication; i.e.,a smallnumberof texture elementsndicates
thematerialpropertief theentiresurface.Finally, we shav
thataninteractive systemusing3D linesis relatively simple
to designandbuild, makingline primitivesa practicalalter
native to texture mappingwith respecto softwareengineer
ing aswell asef ciency issues.

2. Background

The style of illustration usedto createan imagehasa pro-
found effect on the interpretationof thatimage[SPR 94].
Photographidmages,like the onestraditionally generated
by computersgive the sensehatthe sceneis completeand
unchangeablaotinviting discussionsboutdesign,or indi-
catingthe actualcon dencelevel of the underlyingmodel.
Corversely hand-dravn illustrationshave a transientqual-
ity, the viewer is more comfortabletalking aboutmodi ca-
tionsto the sceng SSRL9§, andis often moreactively en-
gagedwith theimage Becausef thedifferencean theeffect
of renderingstyle, determiningwhich style to useis very
important.It is also possibleto usemultiple styleswithin
a singleimage,allowing for differing interpretationsacross
theimage[SMI99].

In additionto decisionson renderingstyle, speci ¢ fea-
tures of a scenemust be identi ed in order to createa
communicatie illustration. Featurelines such as silhou-
ettes,creasespoundaryand contour edgesaid in the un-
derstandingof geometric shapeand should be accented
[ST9Q SFWSO03. Likewise, how theselines are accented,
aswell ashow otherlinesin theillustration appearis criti-
cal. For instancejn line drawings, the type of line, suchas
dasheddotted,thick or thin, canexpressdirection,distance
andlocation,andendconditionscancorvey the relationof
theline with respecto otherlinesandsurfacesin the scene
[DCOd. Suchcorventionsarestandardn hand-dravn illus-
trations,and canbe adoptedfor usein computergenerated
imagery

Translatingartistic techniquesrom the humanhandto
a computerprocessrequiresthat inherent characteristics
of the traditional media be explicity de ned. There has
beenmuch work in simulating charcoal,ink, watercolor
andotherartistic mediumson the computeff GG01, SS03.
Thesemethodssimulatethe variationsin thickness wavi-
nessweight,anddirectionof themarksleft by themedia,as
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well astheir interactionwith paperor carvas.Typically, the
strokes left by artistic techniquesare texture mappedonto
the model. Alternatively, actual geometrycan be usedin
theform of graftals,a methodwhich randomlyplacesparti-
clesacrossa surface,from which artisticdetailscan“grow”
[KMN 99, KGCO00 MMK 00]. While the physical simula-
tion of the physical propertiesof artistic mediais challeng-
ing, ahardemproblemis simulatingtheartistichand.

It is very dif cult to completelyautomatevherean artist
placesstrokes,andmostsystemgely on humaninteraction
to aidin thegeneratiorof illustrations.For example,in work
by Salishury et al. [SABS94 SWHS97, the usercontrols
wherecollectionsof strokesareplacedonamodelby “paint-
ing” onareaof interest ThePiranessysten]Sch96 RS93
allows userdo paintartisticeffectsontoCAD modelscreat-
ing imageshatarecloserto theimageshandmaddy archi-
tecturaldesignersThe SKETCHsystem{ZHH96] usegyes-
tural input as a methodfor modeling, simulatingthe artist
sketching out a preliminary designon paper Dollner and
Walther [DWO03] createa systemthat usesnot only NPR
techniqueshut also cartographicand cognitive principles
to render3D city modelswith enhancedeatureedgesiwo
or three-toneshading texture mappedietailsandsimulated
shadevs. Thesetypesof systemsaid in creatingimagesthat
maintainingahumanguality andallow for computerspeci ¢
additionssuchaswalkthroughsandinteractie revisions.

Marny interactive NPR algorithmssuffer from a lack of
frame-to-framecoherencen which the texture or geometry
usedto expressthe artisticdetailpopsin or out of thescene,
or the strokesdo not matchup from one frameto another
This problemarisesirom thefactthattheartistictechniques
being simulatedare meantto be seenasa singleinstance,
ratherthanin repetition.Solutionsto this probleminvolve
fadingdetailinto the backgroundMMK  00], or variations
on texture and MIP mappingtechniquesTexture mapping
hardware canbe usedto maintaintone anddetail via hatch
andink maps[FMS01], aswell asto add ne tonecontrol
andreducealiasingartifacts[WPFH03. Maintainingcoher
encein animagebasedapproactcanbe doneby usingart
mapswhich maintainthewidth of NPRstrokesin thescene,
andrip mapseliminateartifactsthatoccuratobliqueviewing
anglegKLK 0Q].

The approachpresentedn this paperis novel in its use
of threedimensionaline primitivesasanalternatve to tex-
ture mapping.Line primitives have an adwantagein that
they maintainconstantscreenspacethroughoutan interac-
tive sessionand requireno specialalgorithmsto presere
frame-to-framecoherencef-eatureedgesandtexture areex-
pressedhroughthe placemenof the 3D lineswhichis done
automatically Similarly to theapproactby [WS94, texture
is placeddenselysoasto accenffeatureedgesandsparsely
acrosgherestof themodelto “indicate” thetexture.To cre-
atea hand-dravn quality anddescribecon dencelevelsin
the underlyingmodel, the endpointsof the lines canbe in-
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Figure 2: Texture is increasedaroundcreaseand boundary
edgesto enhancehefeatuiesof themodel.

teractvely perturbedusinggraphicshardware,afeaturethat
is dif cult to achieve usingtexture mapping.Anotherbene-
t of using3D line primitivesto expressmodelboundaries,
featuresandtextureis theability to output2D vectorillustra-
tions,allowing for scaleresolution anddisplayindependent
reproductiorf SALS94.

3. Algorithm

Thealgorithmpresentedhereto createrenderingswith tex-
ture indicated by 3D lines consistsof preprocessinghe
modelto nd importantedges,determiningthe placement
of and laying the texture, and nally clipping the texture
to the model. New techniquesinclude using 3D lines as
an alternatve to texture mapping,automatingthe indica-
tion of texture suchthat texture is minimized and placed
sparselyacrosgshe modelaswell asalongimportantedges,
andcreatingsketchy linesthroughvertex programsThesys-
tem usessimple algorithmsand currently supportsa vari-
ety of texturessuchasbricks, stonework, shingles thatch,
stuccoandsiding,while othermaterialscouldeasilybesup-
ported[Yes79 Miy90].

3.1. Feature Edge Detection

An importantcue to understandinghe shapeof an archi-
tecturalmodelis emphasizindeatureedgeg ST9(. These
edgesinclude outlines separatingthe model from space,
creasedglistinguishinginterior features and boundariesde-
tweenmaterials.To nd featureedgesin the triangulated
meshusedto representhe model,themodelis rst divided
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Figure 3: A modelwith silhouettefeatue edges. Sincethe
texturing algorithmis a pre-processtexture is neitherpopu-
lated nor clippedagainstsilhouetteedges(left). Addingsil-
houetteedgesaidesin theundestandingof the model with-
outneedingio modifythetexture algorithm.

into materialgroupssuchas bricks or grass.The test for

outlines and material boundariess then simpli ed into a
bruteforce searcHor edgescontainedn only a singlepoly-

gon.Thesearchor creaseedgesdenti es edgeshatadjoin
two polygonswhosesurfacenormalshave a dihedralangle
greaterthan g, for somethresholdvalue of g. The feature
edgesarethenexplicitly dravn with a3D line andtextureis

placedat a higherdensitycloseto theseimportantareasas
illustratedin Figure2.

Becausethe feature edge and texture generationalgo-
rithms are designedas pre-processesjiew-dependensil-
houetteedgeqi.e., edgedetweerfront facingandbackfac-
ing polygons)arenotaccentedvith texture. Thisraisegprob-
lemsfor models suchastheoneshavnin Figure3 thathave
borderedgeghatcanonly bede ned assilhouettesin such
models,textureis not populatedor clippedaboutsilhouette
featureedges,which doesnot emphasizehe featureedge
andtexture can possiblylie outsideof the model. Moving
the texture generationprocessto runtime would allow sil-
houettelinesto betreatedasstationaryfeatureedgeshow-
ever, the texture lines would needto be recalculateceach
time the viewpoint changedJeadingto disturbingartifacts
betweenframes.While thereis no obvious solutionto the
texturing problem, 3D silhouetteedgescan be addedas a
hardwareprocessat runtime,asshavn in Figure3, right, al-
lowing suchmodelsto bedisplayedn our system.

3.2. Texture Generation

Line texture synthesisacrosdnterior surfacesis carriedout
accordingto a heuristic that thresholdsPerlin solid noise
[Per89 to placeclustersof texture. An atomictexture ele-
ment(e.g.,asinglebrick or bladeof grass)is placedon the
triangleif thefunction:

1+3  N(kqkyk?) .
5 ;

is above a threshold, (where N is the Perlin function).
This function givesa uniformly randomdistribution of tex-
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Figure 4: Thetexture geneation process.Top left: texture
is placedalong featue edges. Top right: atomictexture el-
ementsare placedbasedon Perlin noise Bottomleft: tex-
ture is clusteed aboutthe atomicelementsBottomright: a
completetextured cubewith clipping (note: dueto random
selectionof texture library elementsactual texture element
placementaries.)

turewithoutexcessve accumulation®r concentrationsThe
thresholdcanbe changedo allow more or lesstexture on
ary portionof amodel.

The algorithmfor texture placemeniteratesthroughthe
texture spaceof the model,calculatingthe noisefunctionat
eachlocation wheretexture would be placedfor full cov-
erageof texture on the model.If the noisefunction returns
a valueindicating that the location shouldbe textured, the
texturelines correspondingo anatomictexture elementare
transformednto modelspace Featureedgesareembedded
into the noisefunction suchthatthe returnvaluealwaysin-
dicatesthattheseareasshouldbe textured. The top two im-
agesin Figure4 demonstratehis initial texture placement.
Ontheleft, textureis placedalongthefeatureedgespnthe
right atomictexture elementgin red)areplacedthroughout
theinterior of themodel.

Onceanatomictextureelements placed atexturecluster
is populatedaroundit. A texture clusteris a pleasinggroup
of texture elements.The aestheticquality of thesegroup-
ings is critical to creatinga good image.While automatic
generationis possible,we have found that the criteria for
what makes a good texture clusterare not obvious. Thus,
we createda library of humangeneratectclustersthat are
reusedThebottomimagesin Figure4 shav the nal stages
of texture placementOn theleft, textureis clusteredaround
atomicelementsandontherightis the nal, clippedresult,
with enoughtexture addedto pleasinglycover the surface.
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A side-efectof thetexturelibrary is therepetitionof texture
elementsgespeciallyin very regular texturessuchas brick.
This occurswhen the texture clustersgeneratedy the li-
brary placetexture elementson top of alreadyplacedtex-
ture. The drawvbackis thatthis increaseshe line count,and
may effect performancehoweverthis doesnotoccuronran-
domtexturessuchasthe grasswhich male up the bulk of
texture lines. While theserepetitive lines can easily be re-
moved througha pre-processort, we have chosento keep
the duplicatelines, sincethey are perturbedindependently
whenthe sketchinesss increasedThis resultsin a quality
thatmorecloselyresemblesiand-dravn, sinceanartistwill
oftendraw repetitve lineswhensketching.

4. Texture Clipping

Following the placemenbf the texture lines on the model,
all lines areclippedagninstthe creaseand boundaryedges
of the model. Clipping againstthe featureedgesmaintains
the unity of the model, while clipping againstsingle trian-

gleswould reveal the underlyingtriangulation.Thus, clip-

pingis performedafterall texture hasbeengeneratedHow-

ever, clipping 3D linesagainstthe 3D featureedgess nota

trivial task.

The algorithmto clip texture alongfeatureedgescanbe
broken into two steps.First, all texture lines that are com-
pletely outsideof the model are removed. Second the re-
mainingtexturelinesareclippedagainstthe featureedges.

4.1. Outside Line Removal

Themaingoalof thetexturing algorithmis to maintainvisu-
ally appealingextureacrosshe model.To hidethetriangu-
lation of the underlyingrepresentatiortexture lines extend
acrosshe boundarie®f the generatingriangleandare of-
ten dravn completelyoutsideof the model. Theseexterior
lines will not be removed by the clipping algorithm since
they do not intersectary featureedges.nstead every tex-
ture line mustbe testedagainstevery trianglein the model
to determindf eitherendpointis containedby themodel.

The rst stepin removing outsideedgess to nd thedis-
tanced, from thetextureline, I, to the currenttrianglewith
avertex tx, andnormalN:

tx) N (Iy tx) N,
NNy W
If the distancels closeto zero,the endpointsof the texture
line areprojectedontothe planeof thetriangle,by rst cre-
ating two directedlines from the endpointsof the texture
line pointingin thedirectionof thetrianglenormal.Eachof
thesedirectedlines,w, areintersectedvith the planeof the
triangle describedoy the trianglenormal,N, anda pointin
thetriangle, p:

d= min( (Ix

y= (P W) N .
Wy wy) N
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Figure 5: The Clipping Algorithm. The texture lines A, B,
and C are clippedagainstthe current triangle (outlinedin
bladk) with normal N. C is not clippedbecauset doesnot
projectontothetriangle. B projectsontothetriangle within e
distancebutis notclippedbecausét doesnotintersectwith
the featue edge plane (FP). A projectsonto the triangle,
andintersectsFP; the line is split by the intersectionpoint
into two segmentsTheline sggmentthat hasa positivedot
productwith the featue planenormal (FPN) is keptasthe
new texture line.

The u value is the parametriclocation of the intersection
point on the line, w;. The actualintersectionpoint can be
foundby solvingtheline equationusingtheu value:

Wi = Wy + U(Wy  W):

If eitherof theintersectiorpointsarefoundto lie within the
triangle,thetextureline is consideredo be containedwithin
the modelandthe test stops.Otherwise the testcontinues
with therestof thetrianglesof themodel,andif thetexture
line doesnot lie within ary triangle,it is discarded.

4.2. 3D Clipping

Onceall of the exterior texture lines areremoved, the algo-
rithm testseachtexture line againsteachtrianglethat con-
tainsa creaseedge.As shovn by Figure 5, the texture line
(a,b)is clippedagninstthe creasdine (y,z) thatis contained
by the triangle (x,y,z). The main stepsof the algorithmare
asfollows: 1) nd the distancefrom the texture line to the
triangle (similar to the testabove), 2) for texturereasonably
closeto the currenttriangle,intersectthe texture line with
the “feature edgeplane”, 3) testthatthis intersectionpoint
lies betweenthe endpointsof the featureedge,and nally,
4) keepthe sggmentof the texture line that lies inside the
triangle.
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4.2.1. DistanceTest

The rst stepin 3D clippingisto determinghedistancerom
thetextureline to the currenttriangleusingEquationl. Tex-
turelineswill only beclippedby featureedgeshatarespa-
tially close(i.e. thedistancefunctionis within somethresh-
old). Thiseliminates‘ghosting” effectsthatoccurwhentex-
turelinesareclippedby distantfeatureedges.

4.2.2. Find Feature Edge Plane

Thenext stepin theclipping algorithmis to nd the“feature
edgeplane”(FP). Thisis the planethatcontainghefeature
edgeandis perpendiculato thetriangle.lt is de ned by tak-
ing the crossproductof thefeatureedge,f, andthetriangle
normal,N, (i.,e.FP= f N). Thenormalto thefeatureedge
planeshouldpointinto thetriangle,makingthe dot product
of thefeatureplanenormalwith anedgeof thetrianglepos-
itive. In the casein which it is not, the featureedgeplane
normalis ipped.

4.2.3. Intersect Feature Edge Plane

The next stepis to intersecthetexture line with the feature
edgeplane.Thisintersectiorpointwill bethe nexv endpoint
of thetextureline, howeverwe musttestthatthisintersection
line actuallylies betweerthe endpointsof the featureedge.
To dothis, we projecttheintersectiorpointontothetriangle
planeby intersectinghe line formedusingthis intersection
point andthe triangle normal,with the triangle plane.This
givesanew intersectiorpointthatlies alongtheintersection
line of the creaseplaneandtriangle plane.To determineif
theintersectiorpointliesinsidethe creasesdge two vectors
areformedusingeachcreasdine endpointandtheintersec-
tion pointthatlies on the triangle plane.The dot productof
thesetwo vectorsis taken,andif thedotproductis zero,then
we know theintersectiorpointis within thecreasdine.

Onceit hasbeenfound that the texture line should be
clipped by the creaseplane,which sggmentof the texture
line to discardmustbe determinedThis is doneby forming
two new vectors,usingthe endpointsof thetextureline and
the new creaseplaneintersectionpoint. Thesevectorswill
point in oppositedirections.The dot productof the crease
planenormalandthetwo new vectorsis computedyith the
vectorresultingin apositive dot productkeptasthe new tex-
tureline, andtherestof theline thrown out.

4.3. Vertex Perturbation

Once all of the lines of a texture have beenplacedand
clipped, it is possibleto adjustthe sketchinesf thelines.
To achieve “sketchiness’the endpointsof the texture and
featureedgelines arerandomlyperturbed A sketcty qual-
ity of thelinesaddsto the hand-dravn look of theimagery
andcanbe modi ed independentlyn differentareasof the
model,allowing eachareato have a uniquesketcty quality
andmaintainthe unity of the scenelt is hardto determine
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Figure 6: Four levelsof sketdhiness.

theamountof sketchinesslesiredor themodel,soallowing
theuserto modify the sketchquality parameteis desirable.
Examplesof varyinglevels of sketchinesareshavn in Fig-
ure6.

Usingahardwarevertex programcodedwith theOpenGL
ShadingLanguagethe modi cation of the original line tex-
ture to sketcty lines canbe doneinteractiely. The goal of
ourvertex programis to maintainthebasicline texturestruc-
turewhile addinga slight randomoffsetto the original ver
tices. For eachline verte, the vertex programgenerates
perturbedline vertex coordinateby addinga perturbation
vector to the original vertex. This 3D vector is randomly
generatechnd storedin the multi-texture coordinatevertex
attributeduringthecreationof theline texturevertex buffers.
We alsosetthe normalvectorfor eachvertex to bethe nor
mal of the faceon which the line textureis beingrendered.
Thesearetheonly vertex attributesthatneedto besetfor the
vertex programto execute.

Oncerunning, the vertex program projectsthe random
perturbationvector onto the plane determinedby the nor
mal, andthenusesthis projectedvectorto slightly change
thelocationof the original vertex. The projectioncomputa-
tion forcesthe modi ed verticesto remainin the plane of
the polygonin which the line texture residesTo remove z-
ghting, wealsoaddasmalloffsetin thedirectionof theface
normalto lift the vertex off the surfaceslightly. We do not
performadditionalclipping atthis stageto stopsketcty lines
from extruding outsideof the polygonface.The OpenGL
ShadingLanguagecodeto modify the verticesof our line
texturescan be found in the appendix.The fragmentpro-
gramusedin ourimplementatiorsimply setstheinput color
astheoutputfragmentcolor.
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4.4. Creating Two Dimensionallllustrations

Representinfeatureedgesandtextureas3D line primitives
allows the direct creationof 2D vectorillustrations.This is
especiallyusefulfor ne manipulationof theillustrationaf-
ter creation.Thecreationof atwo dimensionalllustrationis
straightforvard. Oncethe userchooses suitableviewpoint
in the 3D scene,GL2PS[Ge\ is usedto corvert the line
primitivesto vectors.

5. Discussion

Using only the indication of texture in which the material
propertiesare hinted at ratherthan fully illustratedis in-

triguing for the viewer. Large amountsof line texturesare
distracting,andthe imaginationof the viewer is engagedto

Il in the texture whereit is omitted.In addition,the num-
ber of lines usedto suggestexture is reducedwhich helps
maintain performancelmplementingindication automati-
cally is a dif cult problembecausst is hardfor artiststo

describethe processf decidingwhereto placetexture. In

previous implementationssystemshave relied on the artist
to input areasof the modelthatshouldbe enhancedy tex-

ture [WS94. Looking at the imagescreatedby thesesys-
tems,it seemshat the featureedgesare commonareasto

receve moretexture.Althoughfeatureedgesmaynotbethe
only suchareago receve textureindication,this methoden-
hancedeatureedgesdhecausehey aresooftenenhancedy

artists.It hasalsobeenshavn thatthe enhancemerdf these
edgesaidsin the understandin@f the model. Additionally,

materialboundariearetypically enhancedy moretexture
indication,anothemphenomenogaptureddy thisimplemen-
tation. Theremainingareasof the modelreceve sparseex-

ture to reduceclutter, increaseefciency and maintain a
cleanlook [Lin97].

An interestingfeatureof our texture placemenglgorithm
is maintainingthe densityof the texture with distance This
approachallows thetoneof theimageto vary with depthso
objectsfartheraway will have a highertexture densityand
thusa darker tone,which canbe seenin Figure 7, left. The
tone of the image can be thoughtof asthe ratio of black
ink to white paper Allowing the toneto vary is a method
oftenadoptedoy artiststo createtheillusion of depthin the
image.Traditionallycomputegraphicgechniquesiecimate
texture densitywith distanceto maintaintoneacrossanim-
age.Thus, the densityof texture on an objectin the fore-
groundwould be at a level equalto the densityof texture
on a distantobject. This is doneto presere the visual ap-
pealof theimagebecause¢hetexturein thebackgroundan
quickly becometoo densegcreatinga very dark tonethatis
distractingandunappealingHowever, removing texture can
beperceptuallyconfusingandleadto mispercereddistance,
resultsthatcon ict with the goalsof this system.Thus,the
implementatiorpresentedhereindoesnot eliminatetexture
in thedistanceA bene t of usingindicationis thatin thedis-
tance thetexture densityis still lower thanif the entiresur

submittedto COMPUTERGRAPHICSForum(2/2007).

Figure 7: An exampleof a fully textured wall whosetone
getstoodarkin thedistance Whilethisimplementatioruses
indication to lessenthe amountof texture, and thusreduce
the problemof dark tonein thedistancewealsousecolored
lineswhich easeghe problemof tonein thedistance

facewastextured.This keepsthe toneat anappealindevel
throughoutthe scenewhile preservinghe propertythatthe
toneis darler in the distance A possibledravbackto this
approachs thatthe sizeof the ervironmentsis limited. The
assumptiorthat partial textureswill maintainappealat far
distancesnay not hold whenthe modelbecomewery large
andextenda long way into the distance.The lines usedto
corvey thetexturearecoloredlineswhich arenotasdistract-
ing asblacklineswhengroupedtightly, andmay not be as
unappealingn the backgroundasshawvn in Figure7, right.
Artists, insteadof removing texturein thedistancewill use
alighterline whendrawing texturein thebackgroundThus,
apossiblesolutionfor atexturedensitythatis toohighin the
distanceis to fadewith distancethe linesthat make up the
texture.

Anotheradditionto the systemto aid in aesthetiappeal
is entourageEntouragerefersto the useof familiar objects
of known sizein thesceneandis usedto createthe effect of
scale[Bur95. The systemuseshand-generategeopleand
trees,which areplacedin non-distractingareasof the scene
suchasneara cornerof abuilding or in thebackgroundTo
maintainthe overalllook, thetreesresemblghe penandink
treesof DeusseriDS0Q.

6. Implementation

Scene Polygons Line Count frames/sec
MayanTemple 1,259 58,276 149.1
Castle 9,734 27,910 102.4
OlympicVillage | 20,467 1,054,559 11.0

Table 1: Polygoncount,line count,andframedisplaytimes
averagedacross125framedor interactivewalkthroughsus-
ing our systenat animage resolutionof 1000x1000.

Our systemruns on a dual-core,3.0GHz Intel Pentium
D machinewith 2GB RAM andanNVIDIA GeForce7800
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GTX graphicsco-processorThe implementationis fairly

straightforvard,requiringapproximately\8000linesof code.
Thecodeis writtenin C++usingOpenGlLlibraries.Thesys-
tem’s only drawing primitivesare3D constant-coloretines
and 3D constant-coloregholygons.Table 1 givesthe poly-

gonandline countaswell asframeratesfor a 1000x1000
pixel image.Figure 8 showvs screenshotsof an interactve

sessionof our systemusinga model of the Salt Lake City

Olympic Village.

7. Future Reseach

We have shovn thatinteractive frameratescanbe achieved
usingline primitiveson scenef realisticcompleity. The
approachpresenteds a nice alternatve to texture mapping
in thatit is easyto implement,automateghe indication of
texture, allows for the runtime manipulationof the sketcty
guality of the lines, and can be usedas vector graphicsto
automaticallyproducezD illustrations.

Thereareseveralfurtherdirectionsof researclstemming
from our system First, it may be possibleto usefewer line
elementsto indicate the material propertiesof a surface.
Suchaninvestigationis likely to involve perceptuapsychol-
ogists.Alternative methodsfor texture placementould be
investicated; perceptuallyor artistically basednoise func-
tions could be usedinsteadof Perlin noise.The entourage
elementsare static 2D billboards.Dependingon the appli-
cation, 3D modelsor animatedbillboards could be used,
or moved aboutin the scene Finally, we have avoidedthe
LOD managemenissueby limiting oursehesto medium-
scaleervironmentsFor verylargesizedervironmentssome
LOD managemergystemmaybeneeded.

8. Conclusion

Whencreatingrenderingghatsimulatehand-dravn illustra-
tions, line quality andaestheti@ppealareimportant.These
characteristicaredif cult to achiese usingtexturemapping
techniques3D line primitives, however, maintainhigh vi-
sualquality independentf viewpoint, suggesthe aesthetic
natureof hand-dravn illustration, are free of dynamicarti-
factsandcanbemanipulatedn aninteractie setting.
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Appendix: OpenGL ShadingLanguageVertex Program

uniform oat k;

void main(wid)

{
vec3face_normat vec3(gl_Normal);
normalize(hce_normal);

vec3perturb= vec3(gl_MultiTexCoord1.x,
gl_MultiTexCoord1.y gl_MultiTexCoord1.z);
normalize(perturb);

vec3v = cross(bice_normalperturb);

vec3u = cross(hce_normaly);

mat3plane= mat3(u,v, face_normal);

mat3plane_iv = mat3(u.x,v.x, face_normal.x,
u.y, v.y, face_normal.y
u.z,v.z,face_normal.z);

mat3ortho_proj= mat3(1.00.0,0.0,
0.0,1.0,0.0,0.0,0.0,0.0);

perturb= plane_ori* ortho_proj* plane* perturb;
normalize(perturb);

vec3mod_v=vec3(gl_\értex) + k * (perturb* 0.1) +
(face_normat 0.01);

gl_Position= gl_Model\MiewProjectionMatrix*
vec4(mod_y1.0);

gl_FrontColor= gl_Color;
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