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ABSTRACT

Theuseof skeletalstrokesis a new vectorgraphicsrealizationof
the brushand stroke metaphorusing arbitrary picturesas 'ink'. It
is basedon an idealized 2D deformationmodel defined by an
arbitrary path. Its expressivenesss a general brush stroke
replacemenand efficiency for interactiveusemakeit suitableas
a basic drawing primitive in drawing programs as well as
windowing andpagedescriptionsystemsThis paperpresentour
drawingandanimationsystem, SkeletalDraw', basedon skeletal
strokes.The effectivenes®f the systemin stylish picture creation
is illustratedwith variouspicturesmadewith it. Decisionsmade
in the handling of sub-strokesin a higher order stroke and
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strokes makes it particularly attractive in terms of storagesside
transmissiorefficiency. Its efficientimplementsion is favourable

for incorporationinto windowing sygems and page description

languages.

We shall demonstratethe various techniqueswith our
drawing and animation system, Skeletal Draw, which uses
skeletalstrokesas the basic primitives. An animationsequence
hasalso beenmadeto show the effectivenessof creating 242D
animation using pseudo-3D models.

2 STROKES, SKELETONS AND ENVELOPES
The constantthicknessstrokeis still the basicdrawing primitive

recursive strokes are discussed. The general anchoring mechanipmvided by most commercially available vector baseddrawing

in the skeletal stroke framework allows any arbitrary picture
deformationto be abstractednto a single stroke.lIts extensionto
piecewisecontinuousanchoringandthe anchoringof shearangle
and stroke width are explained. We demonstratedhow this
mechanismallows us to build up powerful pseudo-3Dmodels
which are particularly useful in the productionof 2%D cartoon
drawingsandanimation.Animation sequencebavebeenmadeto
illustrate the ideas, including a vector graphics based motion
blurring technique.

CR Categories and Subject Descriptors: 1.3.2 [Computer
Graphics]: Picture/ImageGeneration- Display algorithms;1.3.6
[ComputerGraphics]:Methodologyand Techniques- Interaction
techniques.

Additional Keywords: Non-photorealistic rendering, stylish
strokes skeletalstrokesvectorgraphics deformation psuedo-3D
model, animation, fractals.

1 INTRODUCTION

We areproposingskeletalstrokesasa new vectorbaseddrawing
primitive for generalstrokingand picture specifcation. With the
skeletalstrokesframework,usersare freed from the dependence
on the scannerto input expresive brush strokes for further
processing;they can create these strokes interactively on the
computer. Compared with previously proposed expressioges,
the skeletalstroke framework has more generalapplications.It
has, for example, an anchoring mechanismwhich could be
appliedto 2%D animation.The high level abstractionof skeletal

packages[34,39]To createpictureslike figures2, 3,17 and 19

with thesepackagesisuallyinvolvesscanningn an original copy

(which has already been createdon paper) or tracing out its

outlines manually or automatically. Indeed, many impressive
illustrations that fill thepagesof manualsof manymarket-leading
packagesrethereto demonstratéhe package'sutomatictracing

or photo-réouching capabilities.

2.1 What is a Stroke?

Useful asthey are for simple designs,constantthicknessstrokes
cannotbe comparedo more generalstrokesfor convenienceand
expressivenesdVhile it is possibleto traceout the outlinesof a
brushtrail everytime (figure 1), this painstakingdrawingmethod
no doubtis a hindranceto the aspiringartist. It is also doubtful
whetherpicturesof reasonableomplexity can be managedf all

the strokesare tracedout this way [0 considermodifying a few
strokesin Figure 3 if the strokesare polygons.In fact, onewould

not regardsucha drawing methodas 'drawingwith strokes'If a
pictureis drawnwith strokesthe effectsof eachstrokeshouldbe
apparengftera singleapplicationof the brush.In this sensethe
constanthicknessstrokeprovidedby mostdrawingprogramsand
the bitmap brush (whetherantialiasedor not) availablein paint
programsare both corsideredto be computerstrokes.We shall
discuss the defiencies of each shortly.

Figure 1: Tracing out a
stylish brush trail with
'primitive’  strokes. The
letter 'S' in this illustration
is drawn with one single
skeletal stroke application.



2.2 Skeleton verses Envelope

Many drawing/2Dwarpingpackagesllow the userto specifythe
deformationof a picture by reshapingan envdope aroundthe
undeformed picture. This technique has been advocated for
applications in 2D animation in as earlythe 70's[15]andis still
widely used in the latest systems[32]. A coordinate system
transformationbasedon envelopedeformationis quite different
from a skeletoasedone.Theformeris muchmorewell defined
asthe coordinateswithin an envelopecanusually be interpdated
bi-parametrically from the boundiraurvesdefiningthe envelope.

(a) (b)
3 EXISTING BRUSH AND STROKE MODELS

3.1 Raster Based Strokes

Many powerfulandexpressivestrokeshavebeenproposedefore
in SIGGRAPH and other literature. Smith[46] and Whitted[50]
proposedhe useof antialiasedZ-buffer imagesto createstrokes
with a 3D appearance.Bleseret. al.[10] useda lookup table of
bitmapsindexedby the pressureandtilt readingof a 5D digitizer
stylus.They effedively recreateda digital charcoalstick. Another
systemmodels graphite pencils in a similar way[49]. Greene's
drawing prism[24] even allows the capturing of the path of
virtually anythingwhich is beingdraggedover the prism surface.
However,strokescreatedby thesesystemssuffer from the same
problemasthoseprovidedby paint programs:after being drawn,
they are difficult to edit, especially if they ardiafiased.

To controlthe whole coordinatesystemwith one single skeleton,
however,a properdeformationmodel mustbe definedto handle
the singularitiesarising from extremebendingcasesUnder this
definition, the 'skeletontechniquestescribedn [15] should not
be considered as a skeleton deformation.
Envelopebasedtechniquesnay be suitablefor manipulating
afew pictures.Whenit comesto controllingindividual strokesin
a complicateddrawing, however,it becomesas cumbersomeas
the useof lines to traceout brushtrails. One could seewhy the
place of general brush strokes are not so easily replaceable.

Figure 2: A stylish
figure after Tomio
Mohri[35]. (a) With
a constantthickness
stroke. (b) With 5
types of skeletal
strokes.

Other physical models exist. Strassmann[47nodelledthe
ink-laying processesf bristle brushon paper.Guo and Kunii[25]
extendedthemto include ink-diffusion throughthe paperfabric
mesh. Their results are attractive despite the relatively slow
computationspeed(1l to 2 minutes per stroke in Strassmann's
prototype system). To achieve ultimate authenticity, Pang
et.al.[38] even attached real bristle brushes to plostedslefined
the strokes by the paths and pen up/down control parameters.

Thesestrokesdid reproduceon the digital computer,to a
certainextent,the effectsmadeby a brushor pen.Unfortunately,
the dexterity demandeaf the artistin the handlingof the brush
or penis alsotransferredo the userat the computer,oftenin an
unnatural way. The control parameters(speed of movement,
pressuretilt) of the individual strokesare either dependenton
both a powerfulnput deviceanda skilful user,or they haveto be



specified explicitly. If digital strokesare no less difficult to
control than real ones, mhakessenseo do the drawingson paper
andlet the computerdo the retouchingand other post-processing
jobs on the scanned-inversion. A further problem is that
simulation often takes too long for interactive use on small
machines.

Figure 3: A
picture drawn
using nine
different types
of skeletal
strokes after
the Lithograph
The Scream
by Edvard
Munch (1863-
1944).

3.2 Vector Based Strokes
As for vector graphicsbasedsystems,apart from those which
dependon constantthicknessstrokes,there are othersfollowing
Knuth'sline of usinganalyticalpathsdefined by the trajectoryof
some geometricalshapes[21,30,31]The skeleton basedstroke
primitives in Berkel's SIAS system[8]lowedthe local width of a
strokealongthe pathto vary arbitrarily. They might be suitable
for specificapplicationdike digital typography.Thesestrokesare
however too restrictive in form as a gereral brush stroke
replacement.

In commercial drawing programs,the option to vary the
strokewidth is alreadya feature,yet the controlling of it is still

In thefollowing sectionswe shallfirst give a brief summary
of the key featuresof skeletalstrokesand our drawing program,
‘SkeletalDraw'. Thenits use as a generaldrawing tool and its
applications in comics and animation making will be explained.

4 SKELETAL STROKES

The use of skeletal strokes[27,28]is a new realization of the
brushand strokemetaphorIt doesnot use physicalmodels(e.g.
bristles of brushesor propertiesof paper) nor use repeated
patternsas the basic drawing unit. Instead,an arbitrary picture
andits deformationare abstractednto a skeld¢al stroketo draw
with. This structuredapproachturns out to be far more general
thanthosebasedon physicalmocels. It is a rich framework for
general picture deformation yet the only control parameter
requiredis the brush path itself. The deformationof individual
partsof a picture can be independentlycontrolled. Higher order
strokescanbe usedto build up complexpictures,while recursive
strokescan be madeto generateand manipulatefractals. Some
effects that can be achieved include marks made by a limiggéa
or a flat nib penthe effectsof wood cut andwater-basednhk with
blotting effects (figure 4). With the use of the higher order
anchoring mechanism, it is capable of givamgllusion of objects
rotating. This is invaluablein the creationand manipulationof
pseudo-3D models.

Figure 4: An assortment of effects with skeletal strokes. (a) Coristekiess
skeletal stroke, (b) strokes with bending and twistingwétgrbasednk with
a blotting effect, (d) 2 applicationsof a stylish stroke, (e) more than an
ordinary flat-nib pen, (f) wood-cut, (g) 3 applications of a stylish stroke.

4.1 Review on Skeletal Stroke Deformation
The skeletalstroke deformationhas beendiscussedn detail in
[28], here we will only briefly go throughthe main points but
leave out the mathematical details and derivations.

The skeletal stroke deformation is based on localized
parametric coordinate system transformationalong the stroke
application path. A skeletal stroke is defined by specifying a

far from satisfactory. For systems without a pressure sensitive digaferencebackboneand a reference thicknesson any arbitrary

itizer, the strokewidth is often determinedby the drawing speed
alone or with other controls[39]. Again, theserather unnatural
meansof making expressivestrokesare difficult to useandtime
consuming.

3.3 Outcome or the Process?

The monitor screenis not a pieceof paperandthe digitizer not a
pen. Although the brush and stroke metaphoris helpful for
understandinghe digital drawing processjt may not be wise to
strive to model it completely. Since we are usually more
interestedn the final appearancef the strokethanthe physical
actionof dragginga brushacrosspaper,we might aswell try to
modelthe desiredlook of the strokein the first place.Of course
one could then guethatthe masteringof the brushis in itself an
art, in which caseone should really go back to the use of the
physical brush.

picture. The purposeof defining the referencebackboneand
thicknessis for parameterizingthe coordinate system of the
original picture. On applyingthe strokealonga path, the original
pictureis redrawnon the deformedcoordinatesystemddined by
the path, the width of the stroke application,and some other
optional parameters like shear angle and twist.

Figure 5: A stroke

applied onto theame

path with 3 different

types of joints.

Stroke Definition

(b) Bevel joint (c) Round joil

Naively using the instantaneousiormals along the application
path as the deformedlocal y axeswould causethe flesh (the
pictureabstractedn a stroke)to wrinkle or fold backontoitself.



To eliminate these undesirableeffects, we have proposeda
deformation model basedon an idealized material with non-
localized deformation on axial compression. The lateral
deformationis handledby spatially constrainingthe materialto
the local centreof curvature.ln the casesof extremebending,
which is commonfor thick polyline strokes, we introduceda
macroscopicentreof curvature(MCC) which is the intersection
point of twoanglebisectorsat two adjacenjoints. The coordinate
spacewould convergetowards the MCC as in the case for
continuousstroke paths.The joint zone coordinatesystemsfor
mitre, bevel and round joints are also derived.

If we use an undistorted skeletal stroke as a texture
coordinatespace[11],sampledimagescan be deformedwith a
skeletal stroke application using standard texture mapping

techniques. Since the rétzn between the original (defined by the

referencebackbone) and the distorted (specifiedin the stroke
application) coordinate systemswell defined,properfiltering of
the texture map can be performed.

Normally, the flesh would freely stretchand shrink with the
length of the application path. This might not be desirablefor
specialfeaturesin a stroke,like serifsor otherstroke-endorms.
We havethereforedefinedan anchoringmechanisnwhich allows
the aspectratio of part of the flesh (i.e. a subsetof verticesor
control points in the original picture) to be retained. This is
actually achievedby parameterizingthe coordinatesto a new
coordinatesystemwith a shifted origin known as the anchor
origin. The final coordinates(both x andy) on applicationare
controlled by the width of the stroke applicationalone, hencea
part of the flesh anchoredo a single anchororigin would retain
its aspectratio and would not stretch or shrink with the
applicationpathlengthbut would movewith the final position of
the anchor origin. If we anchor different parts of the flesh to
different anchor origins, they would shift to different absolute

positions.
Figure 6:
Anchoring
different parts
Al@Az to different
anchor
Stroke definition Application to paths of different lengt ©OM9INS.

The effect of anchoring to different anchor origins can be
interesting.In figure 6, the figure's pupils (and half of eacheye)
andtherestof its face are both anchoredout to different endsof
the stroke.The former is anchoredo the point Al; the latter to
A2. If we changethe strokelengthwhile fixing the strokewidth,
the eyes will bulgevith the endof the strokewhile therestof the
face stays with the beginning of the stroke.

If the anchororiginsthemselvesreanchoredo otheranchor
origins, the deformationresultwould be evenmore dramatic. In

fact, we have proved that fath order anchoring, the final x and y

coordinatesare actuallynth degreeparametricequationswith the

coefficients being the respective x and y coordinates of the variol}

anchor origins and the parameter beingdh@&ngesn aspectatio
from the origin aspectratio on definition[28]. Thereforewe could
convenientlyencodeany subtle deformationsto a single stroke
definition.

The elegancedf the generalanchoringmechanisniies in its
consistency with thantuitive zerothorderanchoringandarbitrary
deformation. The extensionto piecewise continuous general

anchoringandthe useof this mechanisnto constructpseudo-3D
models shall be described in a subsequent section.

(BB

Figure7: A strokeresemblinga head.2nd orderanchoringhasbeenusedto
controlthe deformationof the headto give anillusion of rotation. The anchor
origins are determined automatically by the system.

5 SKELETAL DRAW: A SKELETAL STROKE

BASED DRAWING SYSTEM
Skeletal Draw is an implementation of ousien of a professional
drawing system(Figure 21). The currentsystemis implemented
on a 486 PC under MS-Windows™, and is derived from a
previous Unix™ version on X.

The systemconsistsof lessthan 15000 lines of C++ code.
Basicdrawingtools like the free-handbrush,the polygonalpen,
rubber rectanglesand so on are all available; their uses are
basicallyidentical to thosein most other drawing systems.The
major difference ishatthe strokesaredirectionalandmuchmore
expressive than the usual constant thickness strokes.

5.1 Drawing with Skeletal Strokes

Drawingwith skeletalstrokesis similar to drawingwith constant
thicknessstrokeson othersystemsTo selecta stroketo be used
for a particularpath, thereis a repertoireof predefinedor user-
defined strokesto choosefrom in the menu.However,choosing
from the menuis inconvenientgespeciallywhen artistsare likely
to use a variety of strokesinterchangeably.To ensure quick
switching betweenstrokes,we thereforeallow the binding of 40
different strokes to theumerickeys(togethemwith a combination
of the Shift andControl modifier keys). The systemcanof course
take advantageof more powerful input deviceslike the pressure
sensitive stylus. Skilful artists may want to modify the stroke
attributes and to switch between strokes based on the pen
pressureandspeedlt is howeverworth pointing out that all the
illustrationsshownin this paperwere createdwith just a modest
2-button stylus.

Besides varying the application pattsteokeapplicationcan
be modified by specifyingthe strokewidth and shearangle.This
is done by interactively pulling out a rubber liinem anyoneend
of the stroke(Figure 21) or by specifyingexplicit numericvalues.
The length otheline indicatesthe strokewidth andthe anglethe
line makeswith the path'snormalwould give the strokethe same
amount of shearing.The direction of application can also be
reversedoy hitting a key. The colour andfill patternof a stroke
can also be changedwithout touchingthe objectsin the original
definition. Figures20 and 22 are drawn using the sameset of
strokes used in Figur2zand3. After modifying anappliedstroke,
Qe systemwill immediately redraw on the screenthe stroke
resulting from the new application.

As is the casewith PostScript[2],the stroking process(the
application of a skeletal strokdonga path)is separatedrom the
filling processAn areaencloseddy a skeletalstrokepathcanbe
filled in the sameway aspolygonserclosedby constanthickness
strokes are.

5.2 Defining New Strokes
Defining a newstrokeis easy.The usersimply dragsout a stroke
definition box in the middle of which is an L-shaped line



(Figure8). The horizontal part and the vertical part of the
L-shapedine representsghe stroke'sreferencebackboneandthe
referencethicknessrespectively.The L-shapedline providesa
scalefor the new stroke,and eventhing within the box would be
includedaspartof the stroke.If the orientationof the new design
is not alignedwith the referencebackbonethe usercan always
trandorm the box (rotate, translate,scale or even put it in

perspetive) sothatthe L-shapedine is alignedwith the picture
before committing the definition. The inverse of the alignment
transformation of the box will be used to trandorm the
coordinatef the verticesor control points of the picture before
parametric coordinates of the new stroke are recorded.

g (a) g (b) éc) @
Figure 8: A strokeis definedfrom a picture of a fish (drawn with skeletal

strokes). The stroke is appliéal) on a curvedpath, (b) on a polyline path,(c)
using the ribbon style.

5.3 Higher Order Strokes

A stroke can be definedto consistof other skeletal strokes,in
which casethe stroke defined would be a higher order stroke.
Actually, a strokecan evenbe definedin termsof itself by first
laying out the applicationsof a specialstrokenamed'self'. Since
the appearancef the stroke 'self is insignificant, it is normally
definedasa constanthicknessrectangulaistroke. It needsto be
therefor the userto specify the relation betweenthe recursive
applications and the entire stroke itself.

Deferred Application or Not

In the definition of a higher order stroke,we are facedwith the

questionof whetherto treatthe appearancef the sub-strokesas
geometricattributeswhich deform with the main stroke or just

cosmeticattributesakin to pseudo-pesizein the final coordinate
space[12].The answerto this determineswhetherwe apply the

sub-strokeshefore defining the main stroke (sub-strokesbeing

merelygeometricobjectsof the main stroke)or whetherwe apply

them after applying the main stroke (i.e. sub-strokesare applied
onto newly deformedapplicationpaths).The formeroptionwould

not involve applicationof the sub-strokesto potentially curlier

pathsand are referredto as the flattened definition Flattened
definition is easyto handle and is more efficient. It would,

however fail to take advantageof an importantfeatureprovided
by the skeletal stroke framework: the anchoring mechanism.
Furthermore, it cannot be used wétlf recurringstrokes sinceit

is not possibleto determinethe 'self' stroke'sappearanceeforeit

has beerapplied.In this case eitherthe deferredapplication (the

secondoption) or the MeasuredRenderingAlgorithm[4,5,6] must
be adopted.

In our system, both options are available with deferred
applicationas the default. With the caseof deferredapplication,
we still haveto decidewhatto do with the resultingwidth of the
sub-strokesUnder this mode, the resulting widths at different
partsof a sub-strokewould differ in relation to the position and
orientation of the main stroke. Evéor strokesundergoing affine
transformations,the determinationof the 'correct' width is a
problem. For sub-strokessubjectedto highly irregular skeletal
transformé#on, this becomesvery difficult. Possibleapproaches
adoptedby us areto eitherreducethe width of sub-strokego an
invariant or to scaleit in proportionto the width the resulting

main stroke.In general,the resultsbasedon the latter (which is
the adoptedoption) are found to be satigactory. In caseswhere
they are not, we can always go back to a flattened definition.

Rz,

Stroke Definition

Deferred application Flattened definition
Figure 9: The stroke definition on the left is madeup of a squareand 8

applicationsof a strokeresemblinga brush. Different resultswith deferred
application (middle) and flattened definition (right) are shown.

Rendering a Recursive Stroke

Rendering a recursive stroke explicitly by determining the
resultantgeometryis in generalimpossible. Since a recusive
strokeis equivalentto an IFS (lterated Function System)code
(with a condensatiosetif objectsotherthanitself are presentin
the definition)[3,4,5,6], the attractoris often a fractal with a
fractal dimensionlessthan 2. We thereforehaveto resortto one
of the approximationmethodsfor renderingthesefractals. The
EscapeTime Algorithm[4] would result in a clean and sharp
image while the MeasuredRendering Algorithm[4,5,6] would
give a quick but roughimageof the attractor.Here, the decision
on which algorithm and level of accuracyto useis left to the
discretionof the user. Somesamplerecursivestrokesare shown
in Figure9. Oneinterestingpoint thatis worth a small remarkif
the EscapeTime Algorithm is used:after recurringto a certain
stage somethingmustbe drawnout by the system.In our sygem,
this somethingcan be specifiedby the userto be any arbitrary
skeletalstroke. This techniqueis particularly handyfor drawing
plants and scatteredobjects. Furthermore,we could waive the
contractive requirement of the transfations(the sub-strokesin
our case)as we are using the IFS to draw picturesbut not to

encode pictures.
self
self
selff self self
Stroke definitio

Stroke definition Terminal stroke

@

Figure10: Recursivestroke.(a) A purerecursivestrokedefinedin termsof 3
instancesof itself. On application,it gives a Sierpinskitriangle. The stroke
canbe deformedjust like any otherstroke.(b) A recursivestrokedefinedin
terms of 2 instancesof itself and 2 polygons. The stroke application has
recurredio 5 level deepanda terminalstrokeof a flower is drawnat the last
level. (The flower has been anchored to retain its aspect ratio).

5.4 Anchoring the Flesh
Zerothorderanchoringis the more often usedanchoringmode. It
preserves the aspect ratio of a chosen part of a pictthatafter



application that part would not stretchstrink with the lengthof
the applicationpath.To pefform a zerothorderanchoringis easy.
In the stroke defiition box, one just needs tsethe Anchor Tool
to circle the part of the flesh to be anchoredand to specify an
anchororigin, the position (within the box) to wherethat part of
the flesh is to be anchored All the verticesand control points
inside the circled region would then be anchoredto the anchor
origin accordingly.

For higherorderanchoring,it is not at all easyto figure out
where to put the higher order anchor origins to achieve a
particulareffect. Insteadof leavingthe userto do this by trial and
error, our solutionto this is specificationby examples.The user
suppliesan arbitrary numberof instancesof the picture, eachof
which correspondsgo a different factor of the aspectratio of the
original picture. The sysem canthen calculatethe corresponding
anchor origins.

Anchoring Sub-Stroke Width and Shear Angle

If the given picture instancescontain sub-strokesand the width

and shearangle of the sub-strokesare not identical in different
instances,then we must also find a way to describe these
variations.The solution we have adoptedis to recordthe width

and shear angle afstrokein the form of anadditionalpoint. The
angleof the line joining this specialshear-widthpoint to the end
of the strokeandthe tangentof the endwould be the shearangle

The amountof informationthat needsto be storedfor a skeletal
strokeis small. For a stroke definition it is merely the original
picture plus the original aspectratio of the stroke (the ratio of
length of reference backbone teferencethickness)lf the points
are anchoredthe list would include the order of anchoringand
the corresponding &hor origins.

For a strokeapplication,only the applicationpath, its width
(and other optional parameters)and its referenceto a stroke
definition isrecordedIf the definition of a strokeis modified,the
appearancef all the stroke applicationsreferringto that stroke
would reflect the changes immatgly on redraw.

6 General Drawing Applications

We anticipatethat skeletalstrokeswould have considerablém-

pact on many drawing applications:in fashion design where
stylish bold strokes are often used;in interior design where
pseudo-3D strokes representingniture andarchitecturabbjects
canbelaid out with ease;in dynamicclip-artswhich candeform
dramaticallybeyondthe limits of stretching,shrinking, shearing,
twisting and bending. If implementedin windowing system
kernelsor pagedescriptionlanguagedike PostScriptthe skeletal
strokedeformationalgorithmwould extendthe systemgo permit
expressive strokes to be specifindnoreor lessthe sameway as
the constanthicknessstrokescurrentlyare,think aboutwindows
with bordersin stylish strokes.In the caseof PostScriptjt would

and the length of this line the stroke width. This is identical to oube something like:

useof a rubberline to interactively specify the width and the
shearangle. This specialpoint is then anchoredin exactly the
same way as other points.

Piecewise Continuous Anchoring

If N instancesare given, it is theoretically possibleto use N-1

anchororiginsto definea deformationthat would resultin the N

given forms at the correspondingaspectratio factors.Justasin

curve fitting, we would not fit an¢1)th degregoolynomialto a set
of n pointsbecausef the over-crookednessf the resultantcurve
and the lack of localized control over the curve. Instead of

determining the multi-level anchor origins which are the
coefficientsof the two continuougparametricequationswe could

also employ piecewisecontinuousanchoring.In this case,the
anchor origins (coefficients of the piecewise continuous
parametric equations) can be easily determined from the
neighbourhoogictureinstancesin the SkeletalDraw system,a

Catmull-Rom spline interpolation scheme is employed.

Figure 11: Two
stylish cartoon
figures drawn
with skeletal
strokes.

C
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5.5 Information Recorded in a Stroke

/ nane set stroke % sel ect a skeletal stroke
newpat h .. noveto

..lineto ..curveto % path construction

5 setstrokew dth % optional controls

stroke % stroke application

Figure 12: Mimicking Chinese brush painting.

7 Comics and Animation

Oneinterestingapplicationof skeletalstrokesthat we havebeen
exploring is its use in comics and stylish 2%2D animation
production.Snoopyandthe charactersn 'The Yellow Submarine'
are characterdalling underthis cateyory[18]. Comicsis a how a
highly respectedsub-culturein many countries especially in

Japan.Works by famouscomics artists like TezukaOsamu[37]
have everbeenstudiedand given literary praise.Pragmatically,
comics publishingis also a mega-dollarbusiness.Even though



demandfor quality comicsis high, the productionof comicsis
still mainly a hand craft. Day in ardhy out, teamsof oveworked
assistants are painstakingly filling in the buildings and
pedestriangn the backgroundand drawing in special dramatic
effectsto meetdeadlines.Computershave not yet beenable to
offer substantiahelp becausef the lack of efficient supportfor
stylish strokes, which are essentialfor creating variety and
atmospherecreating, and henceimportant to the successof a
comics work.

Skeletal strokes with the use of the general anchoring
mechanisntould providethe comicsartistwith a library of faces,
limbs andfeatureswhich are pseudo-rotatabléFigure 7). Colour
gradationandshadingchangef the modelscanalsobe encoded
into the strokesusing gradationlines or points[14]. This library
could be created by the artist at the charactsigdeprocessWith
it the artist could quickly lay out the charactersin various
posturesandpositions.Wildly differentlooksthatare not readily
availablefrom the library canbe introducedby editing the looks
of applied strokes. Without sacrificing the flexibility of hand
drawing,this approachnot only speedsup the productionprocess

usually the preferredway. We have therefore implementeda
simple methodto efficiently gererate speedlines basedon the
traditional approach for blurring cartoon objects.

The traditional techniqueused by famous animatorslike
ShamusCulhaneis to do nothing to the leading edge of the
movingobjectbut blur the trailing edgewith a trail (which is the
same colour as the object) along the direction of motion[18].
Basedon this approach,our systemgereratesspeedlines as
follows. The moving object is a polygon enclosedpossibly by
skeletalstrokes(the polygonsinside a skeletalstrokeare handled
in the sameway). First we have to determinewhich points
outlining the polygonmakeup the trailing edgeof the object.For
eachevenly spacedoutlining point then, this questionis asked:
does a point a very small distance away from it atbeglirection
of the velocity lie inside or outside of the polygon? If it lieside,
the outlining point is on the leadingedge,and nothing would be
doneto it. For pointsonthetrailing edge,eachwould be attached
with a thin triangle the colour of the polygon. The baseof the
triangle would coincidewith the outlining point; the apexwould
lie at a distanceproportionalto the speedalong the velocity

dramatcally, but also helps to make sure characters have a considirection.

tent form. The time consumingtask of drawing buildings and
other objectsn the backgroundcanalsobe spedup with alibrary
of pseudo-3D architectural strokes ancursive plant strokes.

Figure 13: Two figures in bold strokes.

7.1 Speed Lines for Motion Blurring

In both comicsand animation,fast actionis often representedby
speedines, which suggesthe distancean objector characterhas
travelled acrossthe camerabefore its shutteris closed again.
Motion blurring is particularlyimportantin animationbecauset
reducestemporal aliasing effects. Its method of generationin
vector basedcartoonhas not been, however,a well addressed
problem.

One possible way is to employ temporal antialiasng
techniques like stochastic sampling across the time di-
mension[19,20pr the recentlyproposednore efficient technique
of Spatio-temporal Filtering[45]. These methods involve
considerableomputationalcostwhich would not be practicalfor
interactiveuse unlesson high-endmachines.2%2D image based
techniquesavealsobeenproposed[33jvhich are more efficient.
Howeverall thesetechniquegequirethe resultantpictureto bea
rasterimage and thereforemight not always be appropriatefor
usein aninteractivevector-basedirawing system.In traditional
comics, the use of crisp lines and strokesto indicate motion is

The spacingof the speedines now varieswith the curvaure
of the trailing edge,or, to be precise,the sine of the angle 6
betweenthe velocity direction and the tangentof the polygon at
the baseof the speedline. This variationin spacingis annoying
especiallyat curvedtrailing edges.To achieveuniform spacing
between theesultantspeedines, we haveto correctthe stepsize
of the speed line base point along the polygpthe factorsin(®).
We only draw the next speed line when gliteumulatedorrected
spacing is greater than the specified spacing (Figure 14).

@) Figure 14:
Evenly spaced speed line Adjustlr_lg the
base points speed line
spacing.
» Direction of Motion
6

(b)
Angle adjusted speed lines
base points spacing

Figure 15: A keyframe drawing for the animation sequence;,The Cat in
Skeletal Strokes The speedlines in this still picture are generatedby
manually moving the umbrellaand the hat. The onesin the animationare
derived automatically from object movements.

To introducemore variety to speedlines, which is particu-
larly importantfor static pictures,the spacingand length of the
speedlines are given a certainrandomnesgFigure 15). In fact,
thereis no reasonwhy speedlines cannotbe shapesother than



triangles.Why not arbitrary skeletalstrokesalong curved speed
lines? So this is what we have done.ghee an objectdrawnwith

SkeletalDraw a motionblur, the useronly needsto transformthe
object to a new configuratidipositionandorientation).Usingthe
specifiedstrokeand speedine spacing,the systemwould create
the speed lines from the newenfigurationto the old one.If afew

intermmediate configurations are marked before generatingthe
speedlines, their paths would then be Catmull-Rom splines
interpolating the various configurations.

7.2 Controlling a Pseudo-3D Stroke

We have demonstratechow to createan illusion of rotation by
makinguseof the generalanchoringmechanismTo performthat
deformation,only one control parameterthe aspectratio of the
stroke, has beenused.We could in theory control any kind of
deformationof a picture with the aspectratio alone.If different
featuresin a pictureareto changein different ways, however,it
would be more corenient to have independent controls.
cube:2.0

cube cube:1.5

(€Y

cubeface 4

O e

Figure 16: Hierarchicaldefinition allowing independentontrol of different
parts.(a) The definition of the stroke'cube’,2nd orderanchoredy providing

3instances at 1, 1.5 and 2 times its origasgectatio(i.e.the left mostone).
(b) The definition of the sub-stroke'cubefaceusedin the definition of the

stroke 'cube'.Notice that the eyesin the ‘cubefacestroke are also anchored
skeletalstrokes.The right eye hasbeenclosedby lengtheningthe application
path.(c) Demonstratinghow the 'eye'closeson varying its strokelength. (d)

Application of the stroke ‘cube'at different path lengths. Notice that the
closing of the right eye takes effect at any 'angle’ of the cube stroke.

We shall explain how to introduce extra independenton-
trols with an example Figure 16 showsa strokeof a cubewhich
hasa face on one of its sides.We canindependentlycontrol the
rotationof the cubeandthe blinking of the eyesof the face. This
is doneby defining the cubeasa main strokewith the faceasits
sub-stroke. As was mentioned in Section 5.5, each stroke
applicationis recordedwith referenceto the strokedefinition (or
stroke definitions if sub-strokesexist). This meansthat any
changesn the definition of the stroke'cubefacetvould propagate
to that of the stroke'cube'andthe changesvould be reflectedin
its resulting stroke applicationsow usinggeneralanchoringwe
can define the eyem the stroke'cubefaceto blink by varyingthe
stroke application length of the ‘eye' stroke. Hence by
manipulatingthe lengthsof the definitions of the strokes'cube’
and 'eye’, we can control the cube rotation and eye blinking
actionsindependently This featureis particularly attractive for
animating stylish cartoon characterswhich have no actual 3D
realization.

This hierarchicalway to define skeletalstrokesmeansit is
possibleto build up powerful 2%2D models with an arbitrary
number of independentcontrol parameters.Actually, these
controls can be raisedfrom the stroke definition level: we can

easily set up an external control systemby which users can
manipulatedifferent featureswith pop-upsliders, dials or other
graphical user interfaces. We shall not go into details here.

“4in Skdetal Straes’

Figure 17: A picture after a CACM front cover[1].

7.3 Animation with Skeletal Draw

Animation takesfull advantageof the picture and deformation
abstractioncapability provided by skeletalstrokes.The Skeletal
Draw program has also been built with facilities to generate
animationsequencesTraditional key-frametechniqueis usedby

Skeletal Draw. To create the key-frames, the user directly

manipulatesthe charaters in the scene.The systemthen cal-

culatesthe in-betweensby interpolating Catmull-Rom splines.
After the keyframeshave beenlaid out, the programcan do a

quick playback using fewer in-betweensand substituting any

skeletalstrokeswith rectangular(possibly deformed)ones.This

quick preview is mainly to let the userto have a feel for the

timing and smoothnes®f the motion. The in-betweenscan be

recordedin the sameformatsasthe key-framesfor inspectionor

further refinement. Because we are interpolating only the

skeletonsand they are usually of very simple forms, ensuringa

properinterpolationof themis trivial. Furthermorethe shapeof

the flesh are totally controlledby the skeletonshno interpolation
of the individual points on the flesh is performed.Thereforethe

ambiguity of the shapeblending problem[41,42]on the flesh

would not arise at all.

The use of generalanchoringis not limited to character
creation.Since an arbitrary deformationcan be recordedin one
single stroke,a skeletalstrokecanbe viewed asan encapsulated
unit of motion. These 'canned' motions can be applied
convenientlyat any time in a sequenceByYy redefining the sub-
strokes, these motions can be used to animate other objects.

Stylized and complex drawings like those by Maurice
Sendak[43]and Dr. Seuss[44]are known to be difficult to
animate.It took Oscarwinning animatorGeneDeitch five years
of experimentingbefore he found a way to transfer Maurice
Sendak'sdrawing techniquesto the screen[18].With skeletal
strokes'compactabstractioncomplicatedhatchingor stipplescan
be condensednto simple units with which to further build up
characters.

We havecreateda 1 minuteanimationsequenceTheCat in
Skeletal Strokes basedon Dr. Seuss'The Cat in the Hat[44]
charactemsingthe SkeletalDraw program.Two man dayswere
usedto createthe sequencewhich could havebeenevenshorter



hadthe bugswhich appearedhenbeenfixed earlier. Taking into
consideration that our system was muma 486 PC, this efficiency
comparesvenmorefavourablythanthe Inkwell system[32].The
mosttime consumingpartin the courseof productionis actually
in the generation of antialiased frames.

7

Figure18: A rasterizedramefrom TheCatin SkeletalStrokes The length

morphing control lines on sampledimages,we could build up
photorealistic pseudo-3Dmodels of images instead of vector
basedpictures.With the hierarchicalcortrol overvariouspartsof
the strokes,we could startto make Michael Jackson'syesblink

and his head turn indgendently instead of our cartoon character's.

File Edit Compose Stoke Patierns Line-Styles Iypefaces View Options Help
N
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and direction of the speed lines changes automatically with object movementss ¢

Figure 19: A picture
after Javier Mariscal's
Spain, the New Rising
Star(1990). A few
strokes have been
specially defined for
this picture, e.g. the
olive-green wiggly
deco on the roof top
and the hotel in the
backdrop.

Figure 20:
After the
colour-
lithograph
Loge with
Golden

Mask (Detail)
by Henri

de Toulouse-
Lautrec
(1864-1901).

7.4 Incorporating Other Techniques

Metamorphosi®r Morphingtechniques[8,53havereceivedgreat
attentionlately due to their capability to generatedramatic but
convincing deformationsto photographicimageswith relatively
simple calculations.By defining skeletal strokesto consist of

TEXT S,
b
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Figure21: Thewidth andshearangleof the yellow 'sausagestroke (detail of
the picture in Figure 19) is being modified.

A5

A £

Figure22: Whereon Earth is SIGGRAPH94After a 'Cobi' posterby Javier
Mariscal. Notice the fractal strokes at the lower part of the picture.

There are also publishedtechniqueswhich are useful for
high level specificationof animation sequencesFor example,
skeleton based 3D animation techniquesbased on physical
deformationsof complex3D models[16,23] While thesemay be
usefulfor realistic deformationsthey are not quite applicableto
stylish figures, which do not even havea 3D realizableform.
Furthermore physical simulationis often unnecessaryn stylish
animation, which is the field we have been focusing on.

Techniquedike gait control[22], constraintbasedmethods
[7,29,36,40,51,52hnd dynamicssimulation[13,46]are certainly
important for creating highly realistic and complex physically
basedmotions.Incorporationof thesemethodsinto our systemis
worth exploring in future.

9 CONCLUSION

We havepresentedn this paperthe skeletalstrokesframework
for generaldrawing and animation. The framework has been
demonstratedwith the skeletal stroke based drawing system,
SkeletalDraw. The decisionsinvolved in its implementationand



the resultantinteractionstyle havebeenpresentedin fact all the
picturesandillustrationsin this paperare drawn by the authors
with the systemwithout the help of a scannerFigures2, 3,12,
19-22in particular,demonstratéhat skeletalstrokescanbe used
to createrich and complex drawingsfrom scratch.In the past,
these can only be practically drawn with paint programs.

We have also introduced the combined usage of the
hierarchical higher level stroke definition and the general
anchoring mechanismto create pseudo-3D models with an

arbitrary number of indepegrdt controls over different features of

the model. The significance of these aspectsin sample
applications like comics and 2%:D animation has also been
discussed.
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