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Abstract

Wepresentaninteractivesystemfor creatingpen-and-ink-styleline
drawings from greyscaleimagesin which the strokes of the ren-
deredillustrationfollow thefeaturesof theoriginalimage.Theuser,
via new interactiontechniquesfor editingadirection�eld, speci�es
anorientationfor eachregionof theimage;thecomputerdrawsori-
entedstrokes,basedonauser-speci�edsetof examplestrokes,that
achieve thesametoneasthe imagevia a new algorithmthatcom-
paresanadaptively-blurredversionof thecurrentillustrationto the
targettoneimage.By aligningthedirection�eld with surfaceorien-
tationsof theobjectsin theimage,theusercancreatetexturesthat
appearattachedto thoseobjectsinsteadof merelyconveying their
darkness.Theresultis a morecompellingpen-and-inkillustration
thanwaspreviously possiblefrom 2D referenceimagery.

CR Categoriesand SubjectDescriptors: I.3.3 [ComputerGraph-
ics]: Picture/ImageGeneration— Displayalgorithms.I.4.3 [Image
Processing]Enhancement— Filtering

Additional Key Words: Controlled-densityhatching,direction
�eld, image-basedrendering,non-photorealisticrendering,scale-
dependentrendering,stroke textures.

1 Intr oduction

Illustrationsoffer many advantagesover photorealism,including
their ability to abstractaway detail, clarify shapes,and focus at-
tention. In recentyears,a numberof systemshave beenbuilt to
produceillustrations in a pen-and-inkstyle. Thesesystemscan
be classi�ed into two broadcategories,dependingon their input:
geometry-basedsystems[1, 2, 7, 12, 16, 17, 18], which take 3D
scenedescriptionsas input; and image-basedsystems[10, 13],
which producetheir illustrationsdirectly from greyscaleimages.
The main advantageof geometry-basedsystemsis that—because
they havefull accessto the3Dgeometryandviewing information—
they canproduceillustrationswhosestrokes not only convey the
tone and texture of the surfacesin the scene,but—by placing
strokesalongthenaturalcontoursof surfaces—they canalsocon-
vey the3D formsof thesurfaces.Existingimage-basedsystems,on
theotherhand,have no knowledgeof theunderlyinggeometryor
viewing transformationsbehindtheimagesthey arerendering,and
until now have beenableto convey 3D informationonly by having
a userdraw individual strokes or specifydirectionsfor orienting
particularcollectionsof strokesacrosstheimage.
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Figure 1 The threecomponentsof a layer are from left to right
tone,direction,anda stroke exampleset.An illustration (far right)
is renderedbasedupononeor moresuchlayers.

Figure 2 A treewith curvedstrokesfor leavesandstraightstrokes
for branchesandtrunk.

In this paper, we introducethenotionof “orientabletextures”and
show how they canbe usedto readily convey 3D information in
animage-basedsystemfor pen-and-inkillustration.In our interac-
tive system,a usercreatesan illustration from a referenceimage
by specifyingthreecomponents:a greyscaletarget image thatde-
�nes the desiredtoneat every point in the illustration,a direction
�eld that de�nes the desiredorientationof texture at every point,
anda stroke exampleset, or setof strokes,to �ll in the toneareas
(see�gures 1 and 2). Given thesethreecomponentsand a scale
for the�nal illustration,thesystemcreatesanorientabletexture—
generatedprocedurally—thatconveys the tone,texture,andforms
of thesurfacesin thescene.An illustrationis composedof oneor
moresuchlayersof orientabletextures,allowing an illustration to
berenderedwith several,potentiallyoverlapping,typesof strokes.

The ability to generatecomparableillustrations with an image-
basedsystemratherthan a geometry-basedsystemoffers several
advantages.First,usinganimage-basedsystemgreatlyreducesthe
tasksof geometricmodelingandof specifyingsurfacere�ectance
properties,allowing muchmorecomplicatedmodels(suchasfurry
creaturesand humanfaces)to be illustrated.Second,an image-
basedsystemprovidesthe�e xibility of usingany typeof physical
photograph,computer-generatedimage,or arbitraryscalar, vector,
or tensor�eld asinput,allowingvisualizationof datathatisnotnec-
essarilyevenphysicalin nature.Finally, image-basedsystemsoffer
moredirect usercontrol: the ability to muchmoreeasilymodify
tone,texture,or stroke orientationwith aninteractive digital-paint-
styleinterface.

Although this paper is, to our knowledge, the �rst to use ori-
entabletexturesfor image-basedpen-and-inkillustration(in which
thestrokesmustconvey not only orientation,but textureandtone),
theideaof orientingstrokesfor illustrationdatesbackat leastasfar



astheseminalpapersby SaitoandTakahashi[11] andHaeberli[6]
in SIGGRAPH90.WinkenbachandSalesin[17] andMeier[9] also
make useof orientedstrokesfor geometry-basedillustration.

Supportingorientabletexturesfor image-basedpen-and-inkillus-
tration requiressolutionsto several new subproblems,which we
discussin this paper. Theseproblemsinclude:creatinginteractive
techniquesthatfacilitatethespeci�cationof thekind of piecewise-
continuousvector�elds requiredfor illustration;renderingstrokes
andstroke texturesaccordingto a vector �eld in sucha way that
they alsoproducethepropertextureandtone;andef�ciently esti-
matingtoneasnew orientedstrokesareprogressively applied.

Thenext sectiondescribestheuserinterfacefor specifyingthecom-
ponentsof anillustration.Section3 discussestherenderingof illus-
trationswith orientedtextures.Section4 presentsour results.

2 The interactivesystem

We provide aneditor, similar to a conventionalpaintprogram,that
allows theuserto interactively alterthetoneanddirectioncompo-
nentsof a layer.1 Theusercanview andeditarbitraryportionsof a
componentat varying levels of zoom,superimposemultiple com-
ponents,andpaintdirectionsdirectlyontopof thetargetimage.For
anexampleof thehigh-level controlaffordedby our system,refer
to �gure 3.

Editing tone.Our toneeditoris similar to existingpaintprograms.
It supportslightening,darkening,andother image-processingop-
erations,aswell aspainting.The usercanloada referenceimage
anddesignateit asa“cloning source.” Selectedportionsof this ref-
erencemay thenbe paintedinto a given layer's tonecomponent.
Tonemayalsobe transferredbetweenlayersby painting.A nega-
tive cloning brushallows the userto freely andcreatively reverse
tonalrelationshipsin a referenceimage.

Editing direction.Sincewe representa direction�eld asa grid of
directionvalues,muchlike an imageof pixels, the direction-�eld
editoris similar to thetoneeditor.2

Theuser“paints” directionsontheimagewith acollectionof tools,
a few of whichwedescribehere.Thebasictool is thecomb, which
changesthe 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
brushwith a3 � 3 �lter .3 Therearealsovariousregion-�lling tools.
Onetool letstheuser�ll aregionwith aconstantdirection.Another
providesinterpolated�ll : theuserdrawstwo curves,afterwhichthe
region betweenthemis �lled with directionsthat are tangentsof
linearinterpolantsof thecurves.A third providessource�ll , which
orientsdirectionsaway from aselectedpoint.

Thecurrentstateof thedirection�eld is shown in two ways:�rst,
a grid of line segmentindicatorscoverstheimageandeverywhere
pointsin thedirectionof the�eld; second,a color-codeddirection
imageis superimposedon thetoneimage

Applying the stroke exampleset.A stroke is a mark to be placed
on thepage.Eachstroke is oriented, in thesensethat it canbero-
tatedto any angleto follow the direction�eld whereit is placed.
The stroke exampleset is a collectionof strokes,all drawn with
respectto the vertical orientation,that serve asprototypesfor the
strokesin the�nal image.Eachsuchstrokeis representedasacubic

1The stroke exampleset is createdin a separateprogramand can be
loadedby name.

2We representdirectionsas valuesfrom 0 to 255, with 0 down, 128
up,andvaluesincreasingcounter-clockwise.Theresolutionof thedirection
grid is thesameasthatof thetoneimage.

3We ®lter directions by ®rst converting them into unit vectors,
then performing a weighted sum of those vectors with the weights
(1,2,1;2,4,2;1,2,1), andthenconverting the resultingvectorbackinto a
direction.
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Figure3 Thestepsin specifyingthedirection®eld for apaintbrush
illustration. Shown in inset at various stagesduring the develop-
mentof the illustration are,on the left, the userinterface,andon
theright, thecorrespondingrenderedillustration.By default, thedi-
rection®eld is orienteddownward.In (a) we seetheeffect of anin-
terpolated®ll betweentwo lineson eithersideof thebrushbristles.
Panel (b) shows the stateof the direction®eld and illustration af-
ter someirregularitieswereintroducedto thebristlesby ninecoarse
strokes of the directioncombalongthe lengthof the bristles,and
thirty ®nestrokesat thebristletips.Panel(c) shows thestateof the
brushhandleafter interpolating®lls betweenfour curvesdrawn to
re¯ectits surfaceorientation.In (d), thelastsectionof thedirection
®eld coveringthemetalferrulehasbeende®nedwith threeinterpo-
lating®lls. Panel(e) shows thecompletedbrushillustration.

B-splinewith knot sequence(0,0,0,1,2, ����� , n � 1,n, n, n), mak-
ing it endpoint-interpolating.Thusa stroke exampleset for “par-
allel hatching”would containmany nearlyvertical line segments,
asshown in thethird panelof �gure 1, while for the leavesin �g-
ure2,thestrokesarewavy tosuggesttheedgesof massesof foliage.
Whenastroke is drawn at apoint in theillustration,it is rotatedso
thattheverticalvectorin thestroketexturealignswith thedirection
vectorat thatpoint; it is furtherwarpedsothat this relationis true
all alongthestroke (seeSection3.1).

The repeateduseof strokesfrom the exampleset to achieve tone
with a speci�ed orientation is a kind of proceduralstroke tex-
ture. Non-proceduralstroke textures were usedby Salisbury et
al. [13, 14]. In this previouswork, thetexturestiled theplane,and
the stroke selectedfor drawing at a point was the one that hap-
penedto passthroughthatpoint.By contrast,in thisnew systemthe
placementof strokeson the�nal illustrationis independentof their
relative positionin the texture.Spacingbetweenstrokesis instead
maintainedindirectlyby therenderingsystem(seeSection3). Dy-
namicplacementof strokesis an importantfeature,for if we have



Figure 4 Magnifying a low-resolutiondirection®eld using (left)
a standardsymmetricresamplingkernel, and (right) the modi®ed
kernelusedby Salisbury etal. [14]. Thesamesharptonecomponent
wasusedfor bothillustrations.

a direction�eld thatdiverges(say, for drawing thewaterspraying
outwardsfrom a fountain)anda stroke textureof parallelstraight-
line strokesthatwe wish to have follow thediverging �eld, a sim-
ple plane-tilingwill not follow the �eld, andan embeddingof the
stroke texturethatdoesfollow the�eld will bestretchedat thedi-
vergentend,necessarilycausingthestrokesto becomemoresparse.
By contrast,our new methodwill insertadditionalstrokesas the
�eld widens,thusmaintainingthedensity. In tradefor this,we lose
thetexture-widecoherencethatwasavailablein ourpreviouswork.

3 Rendering

Oncetheuserhasspeci�ed thethreecomponentsof a layer(tone,
direction,andtexture)ourpen-and-inkrenderercombinesall of the
componentsof eachlayer to generatethe penstrokesof the �nal
illustration.Theuserneedonly beconcernedwith theoverallhigh-
level aspectsof the illustration suchastoneandstroke direction;
thesystemdoesthetediouswork of placingall thestrokes.Besides
providing easycontrol over essentialelementsof an illustration,
this separationof componentsuntil renderingallows usto produce
illustrationsat any sizeby �rst rescalingthecomponentsandthen
rendering,asdescribedby Salisbury et al. [14]. Figure4 demon-
stratesmagni�cation of the direction �eld that respectsedgedis-
continuities.

The renderingprocessis driven by a notion of “importance.” We
de�ne theimportanceof apointasthefractionof its intendeddark-
nessthat hasnot yet beenaccumulatedat that point. By drawing
in order of importance,we make all areasapproachtheir target
darknessat thesamerate.Renderingthereforeconsists,roughly, of
looking for the locationwith greatestimportance,placinga stroke
there,updatinganimagethatrecordstheimportance,andrepeating,
until the importanceeverywhereis below a terminationthreshold.
Eachstepof theprocesshassubtleties,whicharediscussedbelow.

Matching the illustration to the target. We aim to placestrokes
in theillustrationsothatthetoneof theillustration“matches”that
of the tone image.Matching is necessarilyapproximate,because
the illustration is purely black andwhite, whereasthe toneimage
is greyscale.To facilitatethis approximatematching,we think of
eachstrokeasaddingdarknessto aregionof theillustration.More-
over, sincestrokesin darkareaswill becloselyspacedandthosein
light areaswill besparse,thesizeof eachregionmustbeinversely
proportionalto the darkness.Oneway of spreadingthe darkness
of a stroke over a region is to blur the imageof the stroke when
consideringthe effect of its darkness.To measurethe progressof
our illustration towardsthe target image,we thereforecomparea
blurredversionof the illustration with the tone image,wherethe
blurringconsistsof applyingaveraging�lters of variablesizeacross
theillustration,with thesizeincreasingwith thetargetlightnessin a
region.Thediameterof theblurring�lter is thesameastheaverage
inter-strokedistancerequiredto achieve thetargetlightness.

We recordour successat matchingthe illustration to the toneim-
ageby maintaininga differenceimage, updatedaftereachstroke is
drawn, whosevalueateachpixel is thedifferencebetweenthetone
imageanda blurredversionof theillustration.Theimportanceim-
age is derived from thedifferenceimage;its valueat eachpoint is

Figure 5 Stackedbooks(afterillustrationby FrankLohan[8].)

thecurrentdifferencedividedby theinitial valueof thedifference.4

Drawing strokesin the right place.Oneof thebasicrulesof pen-
and-ink illustration is that strokes shouldbe placedevenly: close
togetherin darkareas,widely spacedin light areas[8]. In thecom-
putationof the differenceimage,the importance-imagevaluesat
pointswithin somedistanceof astrokeareloweredwhenthestroke
is drawn, with pointsnearthestroke beingloweredmost;thesize
of the region affectedis determinedby the target tone (seeSec-
tion 3.2).Thisalgorithmtendsto maintainstroke separation.

To helpdeterminewhereto draw thenext stroke, i.e., the location
with greatestimportance,wemaintainaquadtreeontheimportance
image,updatedlocally whenever astroke is drawn.

Decidingwhento stop.We do not actuallytry to drive the impor-
tanceimageto zero:evenour �ltered versionof thestrokescannot
hopeto matchthevaluesin thetoneimageexactly. Instead,we try
to drive theimportanceimageto within a narrow tolerancearound
zero.5 Whenthemaximumvaluein theimportanceimageis below
a terminationthreshold,therendererdeclaresthe illustrationcom-
pleteandstopsdrawing strokes.

3.1 Drawing a Stroke

Thelowest-level activity is theactualdrawing of a stroke, in itself
a complex task.Oncethe algorithmknows whereto placeit, the
stroke mustbeoriented,bent,anddrawn. It mustalsobeclippedif
extendingit further would make the illustration too dark.We dis-
cusstheseprocessesin turn.

Orienting and bending.To start, the algorithmrandomlyselects
a prototypestroke from the stroke exampleset.We would like to
mapthis stroke into thedirection�eld sothat,at every point along
its length, the stroke's new anglerelative to the direction�eld is
thesameastheprototypestroke's anglewith respectto thevertical
direction.Sincethismappedstroke is not easyto �nd, we approxi-
mateit by mappingthecontrolhull of theprototypestroke into the
direction�eld in anangle-preservingway, asdescribedbelow. This
processproducesa mappedstroke that is closeto our idealstroke
andis easyto compute,althoughit is thecontrol hull of thestroke
thatpassesthroughthetargetpoint ratherthanthestroke itself. The
errorsthusintroducedaresmallaslong asthecontrolhull �ts the
strokecloselyandthedirection�eld doesnotchangetoo fast.

To mapthecontrolhull into thedirection�eld, we �rst pin a ran-
domcontrolpoint Pi of thestroke ontothetargetlocationX in the

4If the initial differenceis zero(i.e., if thetarget toneis white), the im-
portanceis setto zero.

5Thestoragevalues0 to 255correspondto importancevaluesof � 0.14
to 1.0.This rangeis a compromisebetweenproviding enoughresolutionin
the positive valuesto distinguishdifferencesin importance,andallowing
negative valuessothatslightly overdarkenedareascanbeaccommodated.



Figure6 A visualizationof four quantitiesfrom asymmetrictensor
®eld. The integral curvesof the principle-direction®eld areshown
by strokes;thedensityof the strokesin eachdirectionis relatedto
themagnitudeof theprinciplevalueassociatedwith thatdirection.

illustration.To �nd thelocationof Pi+1, we needto mapthepoints
along the segmentPiPi+1 to locations �

i(s) in the illustration, for
0 � s � 1. To de�ne �

i , let � i denotetheanglebetweenthevector
vi = Pi+1 � Pi andthevertical;for eachs, wewanttheanglebetween
the tangent���

i (s) andthedirection�eld at �

i(s), calledd( �

i(s)), to
be � i aswell. In addition,we want the arclengthof �

i(s) between
s = 0 ands = 1 to bethelengthof vi . In summary, wewant

�

i(0) = X

angle( �

�

i (s), d( �

i(s))) = � i
�

�

�

i (s)
�

=
�

vi
�

We solve this setof differentialequationsnumerically, usingEuler
integration,and record �

i(1) as the placeto mapPi+1. We repeat
this processto placetheremainingpointsof thehull. Becauseour
strokeshave many control points,this approacheffectively warps
thestrokesothatateverypoint its angleto thedirection�eld in the
illustration is very similar to its angleto the vertical in the stroke
exampleset.

Clipping. Pen-and-inkartists have various rules for clipping
strokes.Onewidely-acceptedconventionis thatstrokesdonotcross
object boundariesor boundariesbetweensemanticallydifferent
portionsof objects,suchastheedgesof hardshadows [15]. Wead-
hereto this conventionby clipping strokeswhenthey reachplaces
wherethe direction �eld turns rapidly.6 Strokes are also clipped
whencontinuingto draw themwould over-darken someregion of
theimage.If a stroke is suf�ciently shortandhasbeenclippedfor
this latter reason,it is removed altogether—pen-and-inkartistsdo
not generallyuseshort strokes to �ll in every little bit of a dark
area—andtheimportancevaluethereis setto “below threshold”so
thatno furtherstrokeswill bedraw into thatarea.

After thestrokeis followedasfaraspossiblein eachdirectionfrom
thepinnedlocation,it is addedto theillustration,andthedifference
andimportanceimagesareupdated.

3.2 Updating the differ enceimage

To quickly updatethedifferenceimagewith eachaddedstroke,we
sacri�ce accuracy for ef�ciency throughtwo approximationsthat
seemto work well in practice.

The �rst approximationis that insteadof blurring the currentil-
lustrationafter addingeachstroke andsubtractingthe resultfrom
the tone image,we subtracta blurredversionof the stroke from

6Someautomatedassistancein detectingobject boundarieswould be
valuable.Wealsointendto let theuserdraw into anªoutlineimage,º which
wouldbeusedfor bothdrawing outlinesandtruncatinghatchingstrokes.

Figure 7 Hair andface(afteruntitledphotographby RalphGibson[3].)

the differenceimage.This assumptionamountsto presumingthat
theblurredversionof multiplestrokeswill bethesameasthesum
of blurredversionsof the individual strokes,which is �ne when
strokesdo not overlap;whenthey do, we lighten the blurredver-
sionof thestrokeasdescribedbelow.

Thesecondapproximationis in our computationof the�ltered im-
ageof a stroke. Insteadof renderingthe stroke 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
desiredtonevaluebetween0.0 (white) and1.0 (black), and then
clampedto the range1–10mm. We useGupta-Sproullantialiased
line drawing [4], but we supply the algorithm with a modi�ed
“darknesslook-up table,” whosewidth is asspeci�ed above, and
whoseheight is twice the reciprocalof the width.7 If the strokes
aredrawn with even spacingw, a nearly-constantblurredtoneof
averagevaluet results.In our Gupta-Sproullcomputation,we treat
neitherthe endpointsnor major-axis-directionchangesas excep-
tional cases.In practice,thesesimpli�cations seemto have hadno
discernibleeffect.

Overlapping strokesand darknessadjustment.For light areasin
the �nal illustration,strokesrarely overlap,whereasin dark areas
they will often overlap.If eachstroke in a dark region is counted
as contributing as much darknessas a comparablestroke in a
light area,thedark-areastrokeswill beovercounted:pointswhere
strokescrosswill countashaving beendarkenedtwiceor more.We
thereforecomputea lighteningfactor, which is a functionof tone
andthestroke exampleset.Theselighteningfactorsarecomputed
in a preprocessingstep:we draw many strokes into a buffer and
recordthebuffer's darknessaftereachstroke. Whenwe �nish, we
will know that, for instance,in an areaof 50%grey, only 90% of
the pixels drawn endup beingvisible; the restoverlapwith other
black pixels. In that case,when�lling a region with a target tone
of 50%grey, we would reducethe darknessof the �ltered strokes
to 90%beforeaddingthemto theblurredimage,assumingthaton
averageonly 90%of their areadoesnot overlapwith otherstrokes
in thatregion andwill thereforeactuallycontributedarknessto the
illustration.

This approximationis not only fasterthandrawing-then-blurring,
it alsoallows usto rendera new stroke directly into thedifference
imagewithout using a separatebuffer. The lightening factor de-
scribedabove is incorporatedinto the “darknesslook-uptable” so
thateachstroke is drawn by lookingat theunderlyingtargettones.
Thesetonesdeterminewhichportionof thedarknesslook-uptable

7For width w, heighth anddistancefrom stroke centerx, the look-up
valueis (0.884/h)e�

2.3(x� w)2 , whichis simplyabumpfunctionthattapersto
nearlyzero.



(a) (b) (c)

Figure8 A teapotat threedifferentscales(afterillustrationby Arthur Guptill [5].)

to use,andthevaluesfoundtherearedirectly incorporatedinto the
differenceimage.

3.3 Output enhancements

The strokes to be drawn are depositedin a PostScript�le, along
with aninterpreterthatconvertsB-splinesinto drawablePostScript
Béziersegments.Wecanalsoaddtwo “stroke character”enhance-
mentsto theB-splinesbeforeprinting(seethestrokedetailinsetof
Figure9).

The �rst enhancementis to renderstrokes with variablewidth.8
Eachstroke hasthreewidths associatedwith it—one at eachend
andonein the middle.Thesewidthsareadjustableon a per-layer
basisfrom the editing interface,and impart subtleexpressive ef-
fects.Taperingthe endsof strokes is ideal for renderinghair, but
inappropriatefor renderinghardshadows, for example.

The secondenhancementis the addition of small “wiggles” to
strokes more than 5mm long, to simulatea hand-drawn appear-
ance.This effect is achieved by �rst resamplingthe control hull
(exceptfor theendpoints,whichwecopy), placingpointswith ran-
domspacingof about4mm � 1mm.Wethenrandomlyperturbeach
interiorcontrolpointslightly alongtheanglebisectorof its two ad-
jacentsides,andperturbthetwo endcontrolpointsbothalongand
orthogonalto thecontrolhull segmentsthat they terminate.In the
currentsystem,theperturbationsareuniformly distributedbetween

� 0.15mmand0.15mm.

4 Results

Thepen-and-inkillustrationsystemwaswrittenin two linkedparts:
theuserinterfacewaswrittenin C++,andtherenderingenginewas
writtenin Modula-3.Theinterfacerunsat interactivespeed,andthe
pen-and-inkrenderertakesa few minutesto rendertheillustrations
presentedhere(seeTable1).

Wehaveproducedseveralillustrationsto testthecapabilitiesof our
system.Figures5 and 8 are attemptsto closely follow examples
of realpen-and-inkdrawings from illustration texts. Figure8 also
shows that our systemcanrescaleillustrationswhile maintaining
thecharacterof their texture.

8The adjustmentsthat are made are ignored in the computationof
darknessÐthey areto 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 Teapotcloseup 65 13617 200
9 Raccoon 62 55893 960

Table 1 Illustrationstatisticsandrenderingtimingsmeasuredon a
SiliconGraphicsworkstationwith a180MHzR5000processor.

Figure6 shows a way of visualizingmeasuredor computedvector
�elds using our system.It was createdby bypassingthe interac-
tive stageof the systemandfeedingdirectionsandtonesdirectly
into the renderer. Figures7 and9 show our ability to rendernon-
smooth,dif�cult-to-model surfacessuchashairandfur. Ourstroke
lengthsareapproximately1–10cmin the original PostScriptren-
dering.Thisscaleis similar to thatatwhichpen-and-inkartiststyp-
ically work. Theseartistsoftenreducetheir work for �nal presen-
tationto achieve a �ner, moredelicatefeel.Wehavedonethesame
with our illustrations;thereductionsarereportedin Table1.

5 Futur ework

Ourcurrentsystemsuggeststwo principleareasfor futureresearch.

Interactive illustrations.Currentlytheuserinteractswith thecom-
ponentsof theunderlyingrepresentationof theillustration.It would
be nice for the userto have the option of interactinginsteadwith
the pen-and-inkillustration itself. Modi�cations to the illustration
would be immediatelyre�ected by correspondingchangesin the
toneor direction.While previous interactive systems[13] have al-
lowedtheuserto directlymanipulatetheillustration,they donot—
asdoesour system—allow the userto specifyabstracthigh-level
attributesof the illustration, and thusare not requiredto make a
largenumberof changesastheresultof a simpleuseraction.With
our system,changingthedirectionsunderneaththecursorcaneas-
ily requireremoving andreapplyinghundredsof strokes.Much of
theincrementalupdatemechanismneededfor suchbehavior is al-
readysupportedby our system,but we currentlywould requirea
considerableincreasein renderingspeedto make suchaninterface
responsive enoughto beusable.



Figure9 Raccoonwith detail insetshowing stroke character.

Coherenttextures.Many pen-and-inkdrawings make useof tex-
turessuchas bricks or shinglesor fabricsthat requirestrokes to
appearin locally coherentpatterns.Many artistsalsodraw small
groupsof parallelhatchestogetherin coherentclusterswhen�ll-
ing in large areasof tone.We would like to supportthesekinds
of coherenttexturesin our illustrations.Thebiggestdif�culty is in
dealingwith diverging direction�elds, sinceit is not obvioushow
to maintainlocal coherenceandscalewhile following sucha �eld
without tearingthetextureat somepoint.
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