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Abstract

We presentininteractve systenfor creatingpen-and-ink-styléine
drawings from greyscaleimagesin which the stroles of the ren-
deredillustrationfollow thefeatureof theoriginalimage Theuser
via new interactiontechniquesgor editingadirection eld, speci es
anorientatiorfor eachregion of theimage thecomputedraws ori-
entedstrokes,basedn auserspeci edsetof examplestrokes,that
achieve the sametoneastheimagevia a new algorithmthatcom-
paresanadaptvely-blurredversionof the currentillustrationto the
targettoneimage By aligningthedirection eld with surfaceorien-
tationsof the objectsin theimage,the usercancreatetexturesthat
appeanttachedo thoseobjectsinsteadof merelycorveying their
darknessTheresultis a morecompellingpen-and-inkillustration
thanwaspreviously possiblefrom 2D referencemagery

CR Categoriesand SubjectDescriptors: 1.3.3[ComputerGraph-
ics]: Picture/Imagéseneration— Displayalgorithms.l.4.3[Image
ProcessingEnhancement— Filtering

Additional Key Words: Controlled-densityhatching, direction
eld, image-basedendering,non-photorealisticendering,scale-
dependentendering stroke textures.

1 Intr oduction

lllustrations offer mary adwantagesover photorealismjncluding
their ability to abstractaway detalil, clarify shapesand focus at-
tention. In recentyears,a numberof systemshave beenbuilt to
produceillustrationsin a pen-and-inkstyle. Thesesystemscan
be classi ed into two broad cateyories,dependingon their input:
geometry-basedystemgl, 2, 7, 12, 16, 17, 18], which take 3D
scenedescriptionsas input; and image-basedsystemg10, 13],
which producetheir illustrationsdirectly from greyscaleimages.
The main adwantageof geometry-basedystemss that—because
they havefull access$o the3D geometryandviewing information—
they can produceillustrationswhosestrokes not only corvey the
tone and texture of the surfacesin the scene,but—by placing
strolkesalongthe naturalcontoursof surfaces—thg canalsocon-
vey the3D formsof thesurfaces Existingimage-basedystemsopn
the otherhand,have no knowledgeof the underlyinggeometryor
viewing transformation®ehindtheimageshey arerenderingand
until now have beenableto convey 3D informationonly by having
a userdraw individual strokes or specify directionsfor orienting
particularcollectionsof strokesacrosgheimage.

University of WashingtonBox 352350 Seattle WA 98195-2350
salishur mtwong salesin @cs.vashington.edu
NSFSTCfor ComputeiGraphicsandScienti®cVisualization,

Brown University Site, POBox 1910,Providence Rl 02912

jfh@cs.brevn.edu

David H. Salesin

Il

Figure 1 The threecomponentof a layer are from left to right
tone,direction,anda stroke exampleset. An illustration (far right)
is rendereasedipononeor moresuchlayers.
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Figure 2 A treewith curved strokesfor leavesandstraightstrokes
for branchesndtrunk.

In this paper we introducethe notion of “orientabletextures”and
shav how they canbe usedto readily corvey 3D informationin
animage-basedystenmfor pen-and-inkllustration.In our interac-
tive system,a usercreatesan illustration from a referenceémage
by specifyingthreecomponentsa greyscaletarget image thatde-
nes the desiredtoneat every pointin theillustration, a direction
eld thatde nes the desiredorientationof texture at every point,
anda stroke exampleset or setof strokes,to Il in thetoneareas
(see gures 1 and 2). Given thesethreecomponentsand a scale
for the nal illustration,the systemcreatesan orientabletexture—
generategbrocedurally—thatonveys the tone,texture,andforms
of the surfacesin the scene An illustrationis composedf oneor
moresuchlayersof orientabletextures,allowing anillustrationto
berenderedvith several,potentiallyoverlapping typesof strokes.

The ability to generatecomparableillustrations with an image-
basedsystemratherthan a geometry-basedystemoffers several
adwantagesFirst, usinganimage-basedystengreatlyreduceghe
tasksof geometricmodelingand of specifyingsurfacere ectance
propertiesallowing muchmorecomplicatednodels(suchasfurry
creaturesand humanfaces)to be illustrated. Second,an image-
basedsystemprovidesthe e xibility of usinganytype of physical
photographgcomputergeneratedmage,or arbitraryscalay vector
ortensoreld asinput,allowing visualizationof datathatis notnec-
essarilyevenphysicalin nature Finally, image-basedystemsffer
more direct usercontrol: the ability to much more easily modify
tone,texture,or stroke orientationwith aninteractve digital-paint-
styleinterface.

Although this paperis, to our knowledge, the rst to use ori-
entabletexturesfor image-basegen-and-inkllustration(in which
the strokesmustconvey notonly orientation but texture andtone),
theideaof orientingstrokesfor illustrationdatesbackatleastasfar



astheseminalpapersy Saitoand Takahashj11] andHaeberli[6]
in SIGGRAPH90.WinkenbachandSalesir{17] andMeier[9] also
male useof orientedstrokesfor geometry-baseilustration.

Supportingorientabletexturesfor image-basegen-and-inkillus-
tration requiressolutionsto several new subproblemswhich we
discussn this paper Theseproblemsinclude: creatinginteractve
techniqueghatfacilitatethe speci cationof thekind of piecavise-
continuousvector elds requiredfor illustration;renderingstroles
andstroke texturesaccordingto a vector eld in sucha way that
they alsoproducethe propertexture andtone;andef ciently esti-
matingtoneasnew orientedstrokesareprogressiely applied.

Thenext sectiondescribesheuserinterfacefor specifyingthecom-
ponentof anillustration.Section3 discussetherenderingof illus-
trationswith orientedtextures.Sectiord present®urresults.

2 Theinteractive system

We provide aneditor, similarto a conventionalpaintprogram that
allows the userto interactively alterthe toneanddirectioncompo-
nentsof alayer! Theusercanview andeditarbitraryportionsof a
componentt varying levels of zoom,superimposenultiple com-
ponentsandpaintdirectionsdirectlyontop of thetargetimage For
an exampleof the high-level control affordedby our system refer
to gure 3.

Editing tone.Ourtoneeditoris similar to existing paintprograms.
It supportdightening,darkening,and otherimage-processingp-
erations aswell aspainting. The usercanload a referencemage
anddesignatét asa“cloning source€. Selectegortionsof thisref-
erencemay then be paintedinto a given layer's tone component.
Tonemay alsobe transferrecbetweernlayersby painting.A nega-
tive cloning brushallows the userto freely and creatvely reverse
tonalrelationshipsn areferencémage.

Editing direction. Sincewe represent direction eld asa grid of
directionvalues,muchlike animageof pixels, the direction- eld

editoris similarto thetoneeditor?

Theuser‘paints” directionson theimagewith a collectionof tools,
afew of whichwe describehere.Thebasictool is thecomb which
changeghe directionsof pixels beneaththe cursorto matchthe
directionof motion of the cursor If a userwishesto smoothout
discontinuitiesin the direction eld, thereis a blendingtool that
smoothsa region of directionsby convolving eachpoint underthe
brushwitha3 3 lter .2 Therearealsovariousregion- lling tools.
Onetoolletstheuser Il aregionwith aconstantirection.Another
providesinterpolated|ll : theuserdravstwo curves,afterwhichthe
region betweenthemis lled with directionsthat are tangentsof
linearinterpolantsof thecurves.A third providessouce Il , which
orientsdirectionsaway from a selectecpoint.

The currentstateof the direction eld is shawvn in two ways: rst,
agrid of line sgmentindicatorscoverstheimageandeverywhere
pointsin thedirectionof the eld; seconda colorcodeddirection
imageis superimposedn thetoneimage

Applying the stroke exampleset. A stroke is a markto be placed
onthe page.Eachstrole is oriented in the sensehatit canbero-
tatedto ary angleto follow the direction eld whereit is placed.
The stroke examplesetis a collection of strokes, all dravn with
respecto the vertical orientation,that sere as prototypesfor the
strokesin the nal image Eachsuchstroleis representedsacubic

1The stroke examplesetis createdin a separatgprogramand can be
loadedby name.

2\We representirectionsas valuesfrom 0 to 255, with 0 down, 128
up,andvaluesincreasingounterclockwise.Theresolutionof thedirection
grid is thesameasthatof thetoneimage.

3We ®lter directions by ®rst corverting them into unit vectors,
then performing a weighted sum of those vectors with the weights
(1,2,1;2,4,2;1,2,1), andthencorverting the resultingvectorbackinto a
direction.
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Figure 3 Thestepsn specifyingthedirection®eld for apaintbrush
illustration. Shavn in inset at various stagesduring the develop-
mentof the illustration are, on the left, the userinterface,and on
theright, the correspondingenderedllustration.By default, the di-
rection®eld is orienteddowvnward. In (a) we seethe effect of anin-
terpolated®ll betweeriwo lineson eithersideof the brushbristles.
Panel (b) shavs the stateof the direction®eld andillustration af-
ter someirregularitieswereintroducedo thebristlesby ninecoarse
strokes of the directioncomb alongthe length of the bristles,and
thirty ®ne strokesat the bristletips. Panel(c) shavs the stateof the
brushhandleafterinterpolating®lls betweenfour curvesdravn to
re ectits surfaceorientation.In (d), thelastsectionof the direction
®eld coveringthe metalferrule hasbeende®nedwith threeinterpo-
lating ®lls. Panel(e) shavs thecompletedbrushillustration.

B-splinewith knot sequenc€0,0,0,1,2, ,n 1,n,n,n), mak-
ing it endpoint-interpolatingThus a stroke examplesetfor “par-
allel hatching”would containmary nearlyvertical line segments,
asshawn in thethird panelof gure 1, while for theleavesin g-
ure2,thestrokesarewavy to suggestheedgeof massesf foliage.
Whenastroke is dravn ata pointin theillustration, it is rotatedso
thattheverticalvectorin thestrole texturealignswith thedirection
vectorat thatpoint; it is furtherwarpedsothatthis relationis true
all alongthe strole (seeSection3.1).

The repeateduseof strokesfrom the examplesetto achieve tone
with a speci ed orientationis a kind of proceduralstrole tex-

ture. Non-proceduralstroke textures were usedby Salishury et
al. [13, 14]. In this previouswork, the texturestiled the plane,and
the strole selectedfor draving at a point was the one that hap-
penedo pasgshroughthatpoint. By contrastjn this new systenthe
placemenbf strokesonthe nal illustrationis independenof their
relative positionin the texture. Spacingbetweenstrokesis instead
maintainedndirectly by therenderingsystem(seeSection3). Dy-

namicplacementf strokesis animportantfeature for if we have



Figure 4 Magnifying a low-resolutiondirection ®eld using (left)

a standardsymmetricresamplingkernel, and (right) the modi®ed
kernelusedby Salistury etal. [14]. Thesamesharptonecomponent
wasusedfor bothillustrations.

adirection eld thatdiverges(say for drawing the waterspraying
outwardsfrom a fountain)anda stroke texture of parallelstraight-
line strokesthatwe wish to have follow the diverging eld, asim-
ple plane-tilingwill notfollow the eld, andanembeddingf the
strole texture thatdoesfollow the eld will be stretchedatthe di-
vergentend,necessarilgausinghestrokesto becomemoresparse.
By contrast,our nev methodwill insertadditionalstrokes asthe
eld widens thusmaintainingthedensity In tradefor this, we lose
thetexture-widecoherencéhatwasavailablein our previouswork.

3 Rendering

Oncethe userhasspeci ed thethreecomponentsf a layer (tone,
direction,andtexture)our pen-and-inkenderecombinesll of the
component®f eachlayer to generatehe pen strokes of the nal
illustration. Theuserneedonly be concernedvith the overall high-
level aspectof theillustration suchastone and stroke direction;
thesystenmdoesthetediouswork of placingall thestrokes.Besides
providing easycontrol over essentiakelementsof an illustration,
this separatiorof componentsintil renderingallows usto produce
illustrationsat ary sizeby rst rescalingthe componentandthen
rendering,asdescribedoy Salishury et al. [14]. Figure4 demon-
stratesmagni cation of the direction eld thatrespectsedgedis-
continuities.

The renderingprocesss driven by a notion of “importance’. We
de ne theimportanceof apointasthefractionof its intendeddark-
nessthat hasnot yet beenaccumulatedht that point. By drawing
in order of importance,we male all areasapproachtheir target
darknesatthe samerate.Renderinghereforeconsistsroughly of
looking for the locationwith greatestmportanceplacinga stroke
thereupdatinganimagethatrecordgheimportanceandrepeating,
until the importanceaverywhereis belov a terminationthreshold.
Eachstepof the processassubtletieswhich arediscussedbelow.

Matching the illustration to the target. We aim to placestroles
in theillustrationsothatthetoneof theillustration“matches”that
of the toneimage.Matchingis necessarilyapproximatepecause
theillustrationis purely black andwhite, whereaghe toneimage
is greyscale.To facilitate this approximatematching,we think of
eachstroke asaddingdarknesso aregion of theillustration.More-
over, sincestrokesin darkareawill becloselyspacedcindthosein
light areaswill be sparsethe sizeof eachregion mustbeinversely
proportionalto the darknessOne way of spreadingthe darkness
of a stroke over a region is to blur the imageof the strole when
consideringthe effect of its darknessTo measurehe progressof
our illustration towardsthe tamgetimage,we thereforecomparea
blurredversionof theillustration with the toneimage,wherethe
blurringconsistof applyingaveraginglters of variablesizeacross
theillustration,with thesizeincreasingwvith thetargetlightnessn a
region. Thediameteof theblurring Iter isthesameastheaverage
inter-stroke distancaequiredto achieve thetargetlightness.

We recordour successat matchingtheillustration to the toneim-
ageby maintaininga differenceimage, updatedaftereachstrolke is
dravn, whosevalueat eachpixel is thedifferencebetweerthetone
imageanda blurredversionof theillustration. Theimportanceim-
age is derived from the differenceimage;its valueat eachpointis

Figure5 Stacledbooks(afterillustrationby FrankLohan[8].)

thecurrentdifferencedividedby theinitial valueof thedifference®

Drawing strokesin the right place.Oneof the basicrulesof pen-
and-inkillustrationis that strokes shouldbe placedevenly: close
togetheiin darkareaswidely spacedn light areaqd8]. In thecom-
putationof the differenceimage,the importance-imagealuesat
pointswithin somedistanceof astrole areloweredwhenthestroke
is drawvn, with pointsnearthe strole beingloweredmost;the size
of the region affectedis determinedby the target tone (seeSec-
tion 3.2). This algorithmtendsto maintainstroke separation.

To help determinewhereto drav the next strole, i.e., thelocation
with greatesimportanceye maintainaquadtre@ntheimportance
image,updatedocally wheneer a stroke is drawvn.

Decidingwhento stop.We do not actuallytry to drive theimpor

tanceimageto zero:evenour ltered versionof the strokescannot
hopeto matchthe valuesin thetoneimageexactly. Insteadwe try

to drive theimportancamageto within a narrav tolerancearound
zero® Whenthemaximumvaluein theimportancemageis belov

aterminationthreshold the renderedeclaresheillustrationcom-
pleteandstopsdrawing stroles.

3.1 Drawing a Stroke

Thelowest-level actvity is theactualdraving of a strole, in itself
a comple task.Oncethe algorithmknows whereto placeit, the
stroke mustbe oriented bent,anddrawn. It mustalsobe clippedif
extendingit furtherwould male theillustrationtoo dark. We dis-
cusstheseprocessem turn.

Orienting and bending. To start, the algorithm randomly selects
a prototypestroke from the stroke exampleset.We would like to
mapthis stroke into thedirection eld sothat,atevery pointalong
its length, the stroke's new anglerelative to the direction eld is
the sameasthe prototypestroke's anglewith respecto thevertical
direction.Sincethis mappedstroke is noteasyto nd, we approxi-
mateit by mappingthe controlhull of the prototypestrole into the
direction eld in anangle-preservingiay, asdescribedelow. This
procesgproducesa mappedstroke thatis closeto our ideal stroke
andis easyto computealthoughit is the control hull of the stroke
thatpasseshroughthetametpointratherthanthestrole itself. The
errorsthusintroducedaresmallaslong asthe controlhull ts the
strole closelyandthedirection eld doesnotchangegoofast.

To mapthe control hull into the direction eld, we rst pin aran-
domcontrol point P; of the stroke ontothetargetlocationX in the

4If theinitial differenceis zero(i.e., if thetamgettoneis white), theim-
portances setto zero.

5Thestoragevalues0 to 255 correspondo importancevaluesof  0.14
to 1.0. This rangeis a compromisébetweerproviding enoughresolutionin
the positive valuesto distinguishdifferencesin importanceand allowing
neggative valuessothatslightly overdarlenedareasanbeaccommodated.



Figure6 A visualizationof four quantitiesfrom asymmetrictensor
®eld. Theintegral curvesof the principle-direction®eld are shavn
by stroles;the densityof the strolesin eachdirectionis relatedto
themagnitudeof the principle valueassociatesvith thatdirection.

illustration.To nd thelocationof P;.1, we needto mapthe points
alongthe segmentP;Pi.1 to locations i(s) in the illustration, for
0 s 1.Todene j,let ; denotetheanglebetweerthevector
vi = P11 Pj andthevertical;for eachs, wewanttheanglebetween
thetangent ;(s) andthedirection eld at i(s), calledd( i(9)), to
be i aswell. In addition,we wantthe arclengthof i(s) between
s=0ands = 1to bethelengthof vi. In summarywe want

i(O) =X
anglg (s), d( i(s)))
i(9

We solwe this setof differentialequationsiumerically usingEuler

integration,andrecord (1) asthe placeto map P;:1. We repeat
this procesdo placethe remainingpointsof the hull. Becauseour

strokes have mary control points, this approacheffectively warps
thestroke sothatatevery pointits angleto thedirection eld in the

illustrationis very similar to its angleto the vertical in the stroke

exampleset.

Vi

Clipping. Pen-and-inkartists have various rules for clipping

strokes.Onewidely-acceptedorventionis thatstrokesdonotcross
object boundariesor boundariesbetweensemanticallydifferent
portionsof objects suchasthe edgef hardshadevs [15]. We ad-
hereto this conventionby clipping strokeswhenthey reachplaces
wherethe direction eld turns rapidly® Strokes are also clipped
whencontinuingto drav themwould over-darken someregion of

theimage.If astroke is sufciently shortandhasbeenclippedfor

this latterreasonijt is removed altogether—pen-and-inkartistsdo

not generallyuseshortstrokesto Il in every little bit of a dark
area—andheimportancevaluethereis setto “below threshold”so
thatno furtherstrokeswill bedraw into thatarea.

After thestroleis followedasfaraspossiblen eachdirectionfrom
thepinnediocation,it is addedo theillustration,andthedifference
andimportancdmagesareupdated.

3.2 Updating the differ enceimage

To quickly updatethe differenceimagewith eachaddedstroke, we
sacri ce accurag for efciency throughtwo approximationghat
seemto work well in practice.

The rst approximationis thatinsteadof blurring the currentil-
lustrationafter addingeachstrole and subtractingthe resultfrom
the tone image,we subtracta blurred versionof the stroke from

6Someautomatedassistancén detectingobject boundariesvould be
valuable We alsointendto let the userdraw into an®outlineimage? which
would beusedfor bothdrawing outlinesandtruncatinghatchingstrolkes.

Figure 7 Hair andface(afteruntitied photograptby RalphGibson[3].)

the differenceimage.This assumptioramountsto presumingthat
theblurredversionof multiple stroleswill bethe sameasthe sum
of blurredversionsof the individual strokes, which is ne when
strokesdo not overlap;whenthey do, we lightenthe blurredver
sionof the strole asdescribedelaw.

Thesecondapproximationis in our computatiorof the Itered im-
ageof a stroke. Insteadof renderingthe strole itself, we render
its control hull as a wide blurry line. The width w is computed
as2h t mm, whereh is the stroke thickness(in mm) andt is the
desiredtone value between0.0 (white) and 1.0 (black), andthen
clampedto therangel-10mm. We useGupta-Sproulbntialiased
line drawing [4], but we supply the algorithm with a modi ed
“darknesslook-up table; whosewidth is as speci ed above, and

whoseheightis twice the reciprocalof the width.” If the stroles
aredravn with even spacingw, a nearly-constanblurredtone of
averagevaluet results.In our Gupta-Sproultomputationyve treat
neitherthe endpointsnor majoraxis-directionchangesas excep-
tional caseslIn practice thesesimpli cations seemto have hadno
discernibleeffect.

Owerlapping strokes and darknessadjustment.For light areasin

the nal illustration, strokesrarely overlap,whereasn dark areas
they will oftenoverlap.If eachstroke in a dark region is counted
as contrituting as much darknessas a comparablestroke in a
light area the dark-areastrolkeswill be overcountedpointswhere
strokescrosswill countashaving beendarkenedtwice or more.We

thereforecomputea lighteningfactor, which is a function of tone
andthe stroke exampleset. Theselighteningfactorsarecomputed
in a preprocessingtep:we drav mary strolesinto a buffer and
recordthe buffer's darknessftereachstroke. Whenwe nish, we

will know that, for instancejn anareaof 50% grey, only 90% of

the pixels dravn endup beingvisible; the restoverlapwith other
black pixels. In thatcase,when lling a region with a targettone
of 50% grey, we would reducethe darknesf the ltered stroles
to 90% beforeaddingthemto the blurredimage,assuminghaton

averageonly 90% of their areadoesnot overlapwith otherstroles
in thatregion andwill thereforeactuallycontritute darknesgo the
illustration.

This approximationis not only fasterthandrawing-then-blurring,
it alsoallows usto rendera new stroke directly into the difference
image without using a separatebuffer. The lightening factor de-
scribedabove is incorporatednto the “darknesdook-uptable” so
thateachstroke is dravn by looking at the underlyingtargettones.
Thesetonesdeterminavhich portionof the darknesdook-uptable

“For width w, heighth and distancefrom strolke centerx, the look-up

valueis (0.884h)e 23K "")Z,which is simply abumpfunctionthattaperso
nearlyzero.
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Figure 8 A teapotatthreedifferentscaleqafterillustrationby Arthur Guptill [5].)

to use,andthevaluesfoundtherearedirectly incorporatednto the
differencemage.

3.3 Output enhancements

The strokesto be dravn are depositedn a PostScriptle, along
with aninterpretetthatcorvertsB-splinesinto dravablePostScript
Béziersggments We canalsoaddtwo “stroke character'enhance-
mentsto the B-splinesbeforeprinting (seethe strole detailinsetof
Figure9).

The rst enhancemenis to renderstroles with variable width 2
Eachstrole hasthreewidths associateavith it—one at eachend
andonein the middle. Thesewidths are adjustableon a perlayer
basisfrom the editing interface,and impart subtle expressie ef-
fects. Taperingthe endsof strolesis ideal for renderinghair, but
inappropriatdor renderinghardshadws, for example.

The secondenhancemenis the addition of small “wiggles” to

strokes more than 5mm long, to simulatea hand-dravn appear
ance.This effect is achieved by rst resamplingthe control hull

(exceptfor theendpointswhichwe copy), placingpointswith ran-
domspacingof aboutdmm 1mm.Wethenrandomlyperturbeach
interior controlpointslightly alongtheanglebisectorof its two ad-
jacentsides,andperturbthetwo endcontrolpointsbothalongand
orthogonalo the control hull sggmentsthatthey terminate.In the
currentsystemtheperturbationsreuniformly distributedbetween

0.15mmand0.15mm.

4 Results

Thepen-and-inkllustrationsystemwaswrittenin two linkedparts:
theuserinterfacewaswrittenin C++, andtherenderingenginewas
writtenin Modula-3.Theinterfacerunsatinteractve speedandthe
pen-and-inkenderetakesafew minutesto rendertheillustrations
presentedhere(seeTablel).

We have producedsereralillustrationsto testthe capabilitiesof our
system.Figures5 and 8 are attemptsto closely follow examples
of real pen-and-inkdravings from illustrationtexts. Figure 8 also
shaws that our systemcan rescaleillustrationswhile maintaining
the charactenf their texture.

8The adjustmentsthat are made are ignored in the computationof
darknessbtheareto bethoughtof asmerelyembellishments.

Fig Content % Reduction # Strokes Time (sec)
5 Books 58 16722 258
6 Vectors 35 665 25
7 Hair/Face 79 37618 788
8a Teapotsmall 65 2924 50
8b Teapot 65 8361 77
8c Teapoftcloseup 65 13617 200
9 Raccoon 62 55893 960

Table 1 lllustration statisticsandrenderingtimings measurean a
Silicon Graphicsworkstationwith a 180MHz R5000processor

Figure6 shavs away of visualizingmeasurear computedvector
elds usingour system.It was createdby bypassinghe interac-
tive stageof the systemand feedingdirectionsandtonesdirectly

into the rendererFigures7 and9 shav our ability to rendernon-

smooth dif cult-to-model surfacessuchashair andfur. Our stroke

lengthsare approximatelyl—10cmin the original PostScriptren-

dering.This scaleis similarto thatatwhich pen-and-inlartiststyp-

ically work. Theseartistsoftenreducetheir work for nal presen-
tationto achieve a ner, moredelicatefeel. We have donethesame
with ourillustrations;thereductionsarereportedn Tablel.

5 Futurework

Ourcurrentsystemsuggestswo principleareador futureresearch.

Interactiveillustrations. Currentlythe userinteractswith thecom-
ponentof theunderlyingrepresentatioof theillustration.It would

be nice for the userto have the option of interactinginsteadwith

the pen-and-inkillustrationitself. Modi cations to the illustration
would be immediatelyre ected by correspondinghangesn the
toneor direction.While previousinteractive systemg13] have al-

lowedtheuserto directly manipulateheillustration,they do not—
asdoesour system—allav the userto specify abstracthigh-level

attributesof the illustration, and thus are not requiredto male a
large numberof changesstheresultof a simpleuseraction.With

our systemgchangingthe directionsunderneatthe cursorcaneas-
ily requireremoving andreapplyinghundredf strokes.Much of

theincrementalipdatemechanisnmeededor suchbehaior is al-

readysupporteddy our system,but we currentlywould requirea
considerabléncreasen renderingspeedo malke suchaninterface
responsie enoughto beusable.



Figure9 Raccoorwith detailinsetshawing stroke character

Coherenttextures.Many pen-and-inkdravings male useof tex-
turessuchas bricks or shinglesor fabricsthat requirestrokes to
appeairin locally coherentpatternsMary artistsalsodrav small
groupsof parallelhatchegogetherin coherentclusterswhen |I-

ing in large areasof tone. We would like to supportthesekinds
of coherentexturesin ourillustrations.The biggestdif culty isin
dealingwith diverging direction elds, sinceit is not obvious how
to maintainlocal coherencendscalewhile following sucha eld
withouttearingthetextureat somepoint.

Acknowledgments

This work was supportecby an Alfred P. SloanResearch-ellow-
ship (BR-3495),an NSF PresidentiaFaculty Fellov award (CCR-
9553199)an ONR Younglnvestigatoraward (NO0014-95-1-0728)
andAugmentatioraward (NO0014-90-J-P000023ndanindustrial
gift from Microsoft.

References

[1] DebraDooley andMichael Cohen. Automaticillustration of 3D ge-
ometricmodels:Lines. In ComputerGraphics(1990Symposiunon
Interactive3D Graphics) pp. 77+82,March 1990.

[2] GershonElber Line art renderingvia a coverageof isoparametric
cunes. IEEE Transaction®n Misualizationand ComputerGraphics
1(3):231+239Septembel 995.

[3] RalphGibson.Tropism:photagyraphs Aperture,New York, 1987.

[4] S.GuptaandR. F. Sproull. Filtering edgesfor gray-scaledisplays.
ComputerGraphics (SIGGRAPH81 Proceedings)15(3):1+5,Au-
gust1981.

[5] ArthurL. Guptill. Renderingn PenandInk. Watson-GuptillPublica-
tions,New York, 1976.

[6] Paul Haeberli. Paint by numbers:Abstractimage representations.

ComputerGraphics 24(4):207+214August1990.

(7]

(8]
El

[20]
[11]
[12]

[13]

[14]

[15]

[16]

[17]

(18]

JohnLansdeovn and Simon Scho®eld. Expressie rendering:A re-
view of nonphotorealistitechniques.|EEE ComputerGraphicsand
Applications 15(3):29+37May 1995.

FrankLohan. Penand Ink Techniques ContemporaryBooks,Inc.,
Chicago,1978.

Barbaral. Meier. Painterly renderingfor animation. In Holly Rush-
meier editor SIGGRAPHI6 ConfeenceProceedingspp. 477+484.
AddisonWeslg/, August1996.

YachinPnueliand Alfred M. Bruckstein. DigiDUrerD a digital en-
graving system.TheVisual Computer 10(5):277+2921994.

TakafumiSaitoandTokiichiro Takahashi Comprehensibleendering
of 3-D shapesComputeiGraphics 24(4):197+206August1990.

Takafumi Saito and Tokiichiro Takahashi. NC machiningwith G-
buffer method.ComputerGraphics 25(4):207+216July 1991.

Michael P. Salislury, SeanE. AndersonRonenBarzel,andDavid H.
Salesin.Interactve pen-and-inkilustration. In Andrewv Glassnered-
itor, Proceedingof SIGGRAPH94, pp. 101+108.ACM PressJuly
1994,

Mike Salislury, Corin Anderson,Dani Lischinski, and David H.
Salesin. Scale-dependemeproductionof pen-and-inkillustrations.
In Holly Rushmeiereditor SIGGRAPHI6 ConfeenceProceedings
pp.461+468 AddisonWesle, August1996.

GarySimmonsTheTednical Pen Watson-GuptilPublicationsNew
York, 1992.

ThomasStrothotte BernhardPreim, AndreasRaab,JuttaSchumann,
and David R. Forsg.. How to renderframesandin uencepeople.

ComputerGraphicsForum, 13(3):455+4661994. Eurographics94

Conferencessue.

GeopgesWinkenbachandDavid H. Salesin Computergenerategen-
and-inkillustration. In Andrew Glassnereditor, Proceeding®f SIG-
GRAPH'94, pp.91+100.ACM Press,July 1994.

GeogesWinkenbachandDavid H. Salesin.Renderingree-formsur
facesn penandink. In Holly Rushmeigreditor SIGGRAPH6 Con-
ferenceProceedingspp. 469+476 AddisonWeslg/, August1996.



