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ABSTRACT

We describeanew sketchinginterfacein which shaperecog-
nition andmorphingaretightly coupled.Raw input strokes
arecontinuouslymorphednto ideal geometricshapeseven
beforethe penis lifted. By meansof smoothand contin-
ual shapdransformationshe useris apprisedf recognition
progressandthe appearancef the nal shapeyet always
retainsa sensef controlovertheprocessAt eachtimet the
systemuseshetrajectorytracedoutthusfar by the pencou-
pledwith thecurrentappearancef thetime-varyingshapeo

classifythesketchasoneof severalpre-de nedbasicshapes.

Therecognitionoperationis performedusingshape-speci ¢
ts basedon least-squaresr relaxation,which are contin-
uously updatedas the userdravs. We describethe time-
dependentransformatiorof the sketch, beginning with the
raw pentrajectory usingafamily of rst-order ordinarydif-
ferentialequationghatdependntime andthecurrentshape
of thesketch.Usingthis formalism,we describeseveralpos-
siblebehaiorsthatresultby varyingtherelative signi cance
of new andold portionsof a stroke, changinghe“viscosity”
of themorph,andenforcingdifferentendconditions.A pre-
liminary userstudysuggestshatthe new interfaceis partic-
ularly effective for rapidly constructingdiagramsconsisting
of simpleshapes.
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INTRODUCTION

The overwhelmingmajority of computerinterfacesin use
today employ a pointing device suchas a pen or mouse
solely for selectionand/orfor dragging;free-handnput, if

usedat all, is generallylimited to someform of painting
or mark-up,wherethe someavhat arbitrary geometryof the
strokes is presered verbatim. The most commonexcep-
tion to this rule is hand-printegymbolicinformation,which

is acceptedhy someinterfacesin the form of standardty-

pography{17, 12|, andby othersin the form of abbreviated
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“grafti” [9]. Otherexceptionsinclude the useof gesture-
basedediting [10] andimageretrieval [3] commandsand
techniquesuchasthe “ARCBALL” methodof controlling
3D viewing parameterg11], all of which operateon un-
constrainednotionsmadewith a traditionalmouseor other
pointingdevice. Of courseanotheimportantclassof excep-
tions arethe interfacesthat acceptandinterpret“sketches”
madeby theuser

Ever sincelvan Sutherlands seminal*SKETCHPAD” sys-
temwasdemonstrateth theearly60's [15], sketch-or pen-
basednteractiorhasbeerrecognizedsaconciseandhighly
effective meansof constructinggeometricshapesandspec-
ifying constraints.Recentapplicationsof theseideasin the
areaof computeraideddesignincludethe “SketchlT” sys-
tem of Stahwich [13], the “SKETCH” systemof Zeleznik
etal. [18], the projective sketchsystemof Tolbaet al. [16],
andthe“Teddy” systenof Igarashietal. [8] We submitthat
therearetwo fundamentateasonsvhy sketchinginterfaces
have notbecomenorecommonplacel) it is dif cult toreli-
ably interpretfree-handnput, and2) the exact semanticof
unconstrainegjesturalcommandsre generallynot as self-
evidentasbuttonsandmenus.A resultof the rst dif culty
is thata gesturemay be misinterpretedmakingit necessary
to provide mechanismsor errorcorrection[12]. A resultof
the seconddif culty is that the usermay be unclearabout
which gesturesare meaningfulor how they areinterpreted,
evenafterthefact.

In this paperwe presenta new paradigmfor sketchingand
describeourinitial explorationsusingasimpleprototypesys-
tem. The motivation behindthis work is to lessertheinher
entdif culties discusse@dbove by imbuing a sketchinginter
facewith immediateand usefulfeedback.Our approachs
to tightly couplegesturerecognitionwith rapid morphingto
provide a new andsubjectvely differentform of feedback;
here,the feedbackis provided as each penstroke is drawn,
so thatimmediateadjustmentsan be madeif the resultis
not what was intended. This type of feedbackalso allows
sketchedo be sloppierandlesscompletein someinstances,
sincea sketchhassenedits purposeassoonasit hasbeen
recognizedor whatit is. This frequentlyrequireslessac-
curag thananticipateda fact rarely disclosedby a typical



Figure 1: As a gure is drawn, the least-squags
matd shownby the dashedine is continuouslyup-
dated.Wth uid sketching enabledthesketch begins
to morphtoward the mostlikely gur e before thepen
is evenlifted, asshownon the bottom.

recognitionalgorithm.

The idea of coupling recognitionwith instantaneou$eed-
backis not new in itself. For example,in Rubines “eager
recognition”system[10], an actionis triggeredas soonas
a gestureis uniquelyidenti ed. Whena rectanglegesture
is recognizeda rectangles drawn in place. Furtherpointer
movementdragsone of the rectanglecorners. A shapecan
thusbedravnandmodi ed with asinglestroke. While eager
recognitiorhelpsto reducehetime spentin tool selectionjt
hasno provisionfor correctingrecognitionerrors. Dynamic
feedbackis alsoexhibited by MortenserandBarretts inter-
active image sggmentationtool known as “intelligent scis-
sors: In this systemthe strongesboundarybetweeranan-
chor point and the currentpointer positionis dynamically
updatedasthe usermaovesthe cuttingtool. In contrasto our
system,neitherof theseapproacheicorporatesnorphing
to maintainvisualcontinuity.

AN EQUATION FOR FLUID SKETCHING

In this sectionwe formulate a family of ordinary differ-
ential equations(ODESs) that determinehow a userdrawn
shapechangeswith time asa resultof continuousrecogni-
tion andmorphing;thisformalismcompletelyandsuccinctly
expresseshenotionof uid sketching.We referto the para-
metricODE asthe uid sketchingequation

Letp 2 IR? denotethe two-dimensionatoordinate®f the
penattimet. Withoutlossof generalitywe mayassumehat
theinitial point of a userdrawn stroke is assignedhe time
t = 0, andthatthepenis lifted attimet = T. At sometime
aftera pointis dravn, attime s > t, the point p; beginsto
migratetowardits correspondingositionon anideal curve.
By anidealcurve,we meanthegeometricallypreciseversion
of thecunethatthe useris apparenthattemptingo draw.

Figure 2: Pointspo, px, Py, andp, arereacedalong
thetrajectoryof thepentip attimesO < x < y < z,
respectively The functiongs(t) givesthe path of a
particular input point if s is held constant,and the
current state of the morphingcurve whent is held
constant.

Letgs : IR! IR? denotethe time-parameterizettajectory
of eachpoint drawvn by the user; thatis, gs(t) is the new

position of the point ps at time t, which is de ned for all

0 s Tands t. Bydenition, gs(s) = ps for all

0 s T. We furtherrequirethatgs() be a continu-
ouscurve, so thereare no instantaneougimps, althoughit

neednt be smooth. Thus, the graphof gs( ), with s x ed,
is the trajectoryof the single point ps over time, while the
graphof gs(t), for0 s t and x edt, is the shapeof the
entiremorphingcurve attime t. The function g thuscom-
pletelyspeci estheappearancef thecurveasit morphsover
time, asshavn in Figure2. While therearein nitely mary

functionsq thatmayreasonablype associateavith the same
hand-dravn shape we shall constructa governingequation
for g that capturesits generalpropertiesand corveniently
characterizegs behaior in termsof simplerfunctions,each
with anintuitive meaning.This singleequationwill accom-
modatea wide rangeof qualitatvely differentmorphingbe-
haviors.

To formulatea governing equationfor g we rst introduce
somenotation.LetP : IR! P(IR IR?) denotethegrapht

of the users pentrajectoryasa functionof time, andlet Q :

IR! P(R IR?) denotethe graphof the morphingcurve
asa function of time, whereP (S) denoteghe power setof

S. In termsof the functionsp andg, we mayde ne graphs
P andQ as

P(t) f(s;ps)jO0 s tg IR IR?
Q(t) f(s;6(t)jO s tg IR IR%:

Oneor both of thesegraphsmay in uence the trajectories

1Heretheword graphmeansa setof orderedpairsassociatingachpoint
in the domainof a functionwith its image,not a collectionof verticesand
edgeghatonestudiesin graphtheory



followed by eachof the points along the morphingcurve.
It is this feedbackof g in uencing its own subsequenime
evolution thatleadsto modelingq asa differentialequation.
Speci cally, we may expressthe function gs asthe solution
to theequation

flas(t); [ P(); QML t s); 1)

which is a one-parametefamily of time-dependentrst-
order ordinary differential equationswheregs is the time
derivative of g5, ands is afreeparameterHeref determines
theinstantaneoumotionof eachpointasa functionof three
arguments:the currentpositionof the givenpoint gs(t), the
resultof thematdingfunction appliedto boththeoriginal
stroke andthecurrentshapeof thecurve,andthe“age” of the
given point, which is the lengthof time sinceit wasdrawn.
As we shallsee thereis greatlatitudein selectingthe func-
tionsf and , yetEquation(1) clearlyidenti es thefactors
that are permittedto in uence the motion of eachpoint on
thecurve. Equation(1) is the uid sketchingequation.

a(t) =

The function  in Equation (1) incorporatesthe task of
recognition;at eachtime t, its role is to identify the corre-
spondingideal curve, which may involve a variety of time-
dependentveighting functionsthat deemsomeportions of
the curve more importantthanothers. For example,newly
drawn portionsof the curve maycarrygreateiin uence than
olderportions. The functionf , on the otherhand,incorpo-
ratesthe task of locating the point on the ideal curve that
correspondso ary given point; the resultinginstantaneous
motioncomputedby f mayalsobein uenced by additional
time-dependentveighting functions; for example, a point
may gain inertia over time and eventually becomeimmov-
able.

In this formulationof the evolution equationsthetime evo-

lution of g canbein uenced by two distinct factors. First,

andmostimportantly it is in uenced by the continualevo-

lution of the userdrawn curve p, asthe motion of the pen
lengthenghe curve. Thisactionaddsnew pointsto themor

phing curve (asis evident by the de nition of Q) andmay
also changethe decisionmadeby the recognizer;this lat-

ter eventgenerallyresultsin continualsmall adjustmentso

the parameterslescribinghe recognizedbject,but canpo-

tentially changehetargetobjectaswell, suddenlychanging
the directionin which eachpoint on the morphingcurve is

moving. Second,the matchingfunction may be basedon

theevolving curweitself, whichampli es thefeedbackthus,
bothrecognitionandnearest-pointomputationsnay bein-

uenced by theglobally evolving shapes.

RECOGNITION OF SHAPES

An essentiatlementbof the proposedalgorithmis thereca-
nition stagewhichattemptgo classifytheuserdravn stroke
asafragmentof aknown geometricgure. In our prototype
system,these gures are currently limited to circles, axis-
alignedboxes,andline segmentsall of which aredravn as

singlestrokes.Eachshapemustbeequippedvith ameansof
estimatingthe parameter®sf the best t to eachuserdravn
stroke, and an absolutemeasureof how goodthis bestap-
proximationis. The systemusestheseestimatego contin-
uouslyselectthe mostlikely shapeandthe optimal param-
eters(e.g.centerandradiusof a circle) that attainsthe best
match. To make the estimate®f quality of t directly com-
parableacrosddifferentshapesye consistentlyemploy the
samemetric to computethe distancefrom a given stroke to
ary given shape. This metric is the sum of the squaref
the distancedrom eachsampledpoint on the curve to the
closest-matchinghape.

Finding the bestmatchwithin a family of shapesannotbe
handledby a single approachhowever. Even circles and
squaregequirevery differentstratgies. In the caseof cir-
cles,it isrelatively straightforvardto expresgheproblemus-
ing linear leastsquares Givenpoints(X1; Y1), (X2;Y2);: 1,

(Xn; yn) alongauserdrawn stroke,weformtheover-constrained

systemof equations
2 3 2
2X1 2y17 1 2 +y1
2X2 2y2 1 +y
f 2 3 .z4c25_§ ST
20 2yn 1 x2+yn

and computea least-squaresolution by solving the corre-
spondingnormal equations[14]. Thatis, if Equation(2)
is denotedby Ax = b, the leastsquaressolution is ob-
tainedby solvingthe systemATAx = ATb. Weightedleast
squarescan be performedusing a diagonalweighting ma-
trix W, with the weight of samplei appearingas the ith
diagonalentry In this casethe normal equationsbecome
ATWTWAx = ATW™Wh. In eithercase the best- t circle
is thencenteredatthe point(c;; ¢;) with radius

q_——
r= cg+ Cc+ ca 3)

Finding the least-squareg for a box is moreinvolved, as
a box doesnot admit a simple algebraicexpressionfor its
distancefrom a point. However, we can nd the optimal
box by meanof relaxation beginningfrom thesmallesbox
containingthe entirestroke. At eachiterationwe updatethe
shapeby applying“spring” forceson thefacesof theboxre-
sultingfrom the discretesamplepointsalongtheuserdravn
stroke. Eachpoint exertsa springforce, pulling the nearest
faceor vertex of the box towardit. Using gradientdescent,
we canrapidly corvergeto a con gurationin which the net
force on all facesis nearly zero, which correspondso the
optimalbox. By dampingthe springforces,the optimal box
canbefoundwith veryfew iterations;generallylessthan20.
This computations actuallylessdemandinghanthe corre-
spondingcomputationfor circles,andhasthe advantageof
beinginherentlyincremental Thatis, asthe stroke changes,
we canmaintainthe optimal box by applyingonly a small
numberof relaxationsteps.



Figure 3: Several pointspull on the facesof the box,
atthe neaestpoint, with springforces.

Thetwo examplesthatwe describehere— circlesandboxes
—arerepresentatie of two fundamentallydifferentclasse®f

objects. Circlesand otheralgebraiccurves (e.g.lines and
higherorder polynomials)all admit straightforvard least-
squaresapproximations. Boxes and more generaln-gons,
ontheotherhand,requireiteratve methodghatcanaccom-
modatenon-smoottapproximationsTheseawo differentap-
proacheganbemixedwithoutdif culty , sincethequality of

t is assesseih thesameway in eachcase afterthe optimal
shapdrom eachclassis found.

IMPLEMENTATION

In this sectionwe describevery straightforvard de nitions
forthefunctionsf and in Equation(1), anddescribeéhere-
sulting numericalsolution. By far the simpleststrateyy is to
de ne [ S;;S;] to betheunweightedeast-squares to ei-
therthepoint-setS; orthepoint-setS,, withoutregardto the
timesassociateavith the points;thatis, by ignoringthetime
coordinate®f thegraphsS; andS;. In theformercasethe
ideal shapeis always selectedwith respectto exactly what
the userhasdrawn. In the latter case theideal shapeis al-
waysselectedvith respecto whatis currentlyvisible onthe
screen;thatis, the morphingcurve. Neitherof thesepure
stratgiesis completelysatishctory however. In theformer
caselineswhich areno longervisible neverthelessontinue
to exert anin uence over the evolving curve. In the latter
caset maybedif cult to correctarecognitionerror;thatis,
anambiguousketchmaybeginto morphtowardanincorrect
shapewhichincreaseshelik elihoodthatit will continueto
berecognizedstheincorrectshape.

A compromisghatwe have foundto be quite effective is to
basethe matchingentirely on the userdrawn strokes, but to
weighttherecentportion of a stroke moreheavily. This ap-
proachgraduallydiminisheghe effectsof the hiddenstrokes
while placingmoreemphasi®ntheportionof thestroke that
haschangedhe least,sinceit hashada shortertime to un-
demgo atransformation All of the gures in this paperhave
beengeneratedisingthis strateyy.

Recallthatthe role of the functionf is to determinethe di-
rectionin which a point on the morphingcurve shouldmi-
grate,aswell asthe speedof its motion. For eachpoint on
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Figure 5: Theinstantaneousnotion of pointsg; to-
ward the points (g ; S), the closestpoint on shape
S, which is geneally also changingwith time The
pathfollowedbyead g is thesolutionofanordinary
differential equationde nedbythefunctionf .

the curve, the functionf mustbasethis computatioron the
currentoptimalshapeasdeterminedy the function,and
thetimethathaselapsedincethepointwasdravn. Thesim-
pleststrateyy for f is to simply move in the directionof the
closespointontheidealshapewhichwedenoteby (q; S),
basingthespeednthedistancdo thispointandaparameter
thatwe call theviscosity In particular we set

fgsity= 43 d (4)

where O istheviscosity SeeFigure5. A valueof =0
is interpretedo meaninstantaneousnappingo theshapes,
while = 1 meanghattheuserdrawn strokesareretained
verbatim.

Notethattheviscosity needntbeconstanalongthecurve;
ateachpointit maybeafunctionof its aget or position.In-
deed by making afunctionof thetime sinceit wasdrawvn,
we canenforcea very usefulboundarycondition. For exam-
ple, by de ning

1

(ty= o+ m;

5)
theviscosityis in nite atthe positionof the pen,but rapidly
convergesto the constant ¢. This ensureghatthe mostre-
cently drawn portion of the strolke is alwaysin contactwith
thepen.

According to Equation(4), eachpoint of the curve Q(t)
moves toward the nearestpoint on the ideal shapewith a
speedhatis proportionalo its distancérom S. Thiscreates
an impressionof a gradualcornvergenceto the nal shape,
ratherthansnappingo theshapeWe have adoptedhis strat-
egy in generatingall the gures in this paper In the middle
row of Figure4, we haveset = 20, andin the bottomrow
we haveset = 5. Figure6 illustratesa similar scenariojn
whichauserdravsaveryroughbox. By thetime the sketch
is done,it hasalreadymorphednto a nearlyperfectbox.
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Figure 4: Toprow: aroughlycircular patternis drawnbytheuser Thisdatawascaptuedasa userinteractedwith our
prototypesystem.Middle row: with uid sketching enabled the very sametrajectorycontinuouslymorphstoward the
least-squaescircle. Bottomrow: whentheviscosityis deceasedthe morphingreacesthecurrentoptimalshapemore

quickly.

Althoughtheevolving curve Q(t) is de ned mathematically
asthe solutionof a rathermessyordinarydifferentialequa-
tion, its numericalsolutionis completelyelementary Since
the evolving shapeof the curve is merelyintendedto create
atransienimpressionjt neednt be computedo high accu-
ragy. Consequentlythe solutionof the ODE canbe carried
outusingtrivial forward Eulerstepsthatis, by moving each
pointby its time derivative at eachtime step.Sinceall points
ultimately corverge at the ideal shape the only inaccurayg
thatis sufferedby usingsuchacrudeapproximatioris in the
preciseshapeof the trajectoryfollowed by eachpoint, and
in thelocationreachedn the tamgetshape.Sincerelatively
largeerrorsin bothof theseaspect®f thecomputatiorcanbe
toleratedwithoutvisibly affectingtheoutcomemoresophis-
ticatedODE solvers,suchasimplicit or multi-stepmethods,
do notcurrentlyappeato bewarrantedn thisapplication.

Apartfrom the numericsof recognitionthe mostsigni cant
complicationthat arisesin implementing uid sketchingis
that the morphingmust operateconcurrently in a separate
threadof execution. This is essential,as the morph may
not be completeby the time the user stopsdrawing. In-
deed,mary independenthreadsof executionmay concev-
ablybeneededimultaneouslyo accommodateary shapes
that continueto morphasthe userproceedgo drav yet an-

other Unfortunately multi-threadings notyet a ubiquitous
featureof userinterfacetool kits[4]. Neverthelesshemulti-

threadingequiredor thisapplicationcanbeadequatelgim-
ulatedby periodically insertingmorphingupdatesinto the
eventqueue.

SUBJECTIVE EVALUATION

To begin assessinghe utility of uid sketchingwe con-
ductedaninformal evaluationwith elevensubjectsall com-
putersciencestudentsvho werevery familiar with corven-
tional drawing programssuchasAdobelllustratorand Mi-
crosoftPaverpoint. Eachsubjectwasasled to reproducea
previously-dravn collectionof shapesisingour uid sketch-
ing prototypeanda similar-looking interfacewith atool bar
of shapesnda click-and-dragstyle of interaction.We shall
referto the latter interfaceas “conventional: The subjects
were given unlimited time to familiarize themseles with
both interfaces,and were asked to completea surey after
performingthe assignedask.

The resultsof this study suggestthat the uid sketching
paradigmis easyto pick up, andcanquickly begin to com-
petewith more corventionalmethods. However, the study
alsoindicatedsomeof theshortcoming®f uid sketchingas
it is currentlyimplemented.




Figure 6: Top row: the usersketdesa roughbox. Bottomrow: with uid sketdhing enabledtheidenticaluserdrawn
stroke continuouslymorphstoward theleast-squagsboxasit is beingdrawn.

Whenasled which interfacefelt morenatural, ve subjects
were neutral, two slightly favored the corventionalinter-

face,andfour slightly favored uid sketching. Whenaslked

whichinterfacethey preferredfor creatingaccuratelyplaced
shapesmost subjectsslightly favored the conventionalin-

terface. However, when asled aboutapproximatelyplac-

ing shapesgight subjectfavored uid sketching,with ve

of them favoring it strongly Finally, when asked which

they preferredfor rapidly creatingnen approximatedraw-

ings,nineof thesubjectdavored uid sketchingwith ve of

themfavoringit strongly Thus,in situationsvhereaccurag

of placements lessimportant,the majority of usersin this

studypreferred uid sketching,citing the factthatrepeated
tool selectiorwasunnecessapandthatit wassimply more
fun to use. As a further auspicioussign, without prompt-

ing all eleventestsubjectelectedo continueexperimenting
with the uid sketchinginterfaceaftercompletingthe ques-
tionnaire.

Thestudyalsorevealedthemajorshortcomingf uid sketch-
ing. Onesubjectfoundthatthe systendid notreadilyrecog-
nizehisrectanglesMore signi cantly, nearlyall thesubjects
statedthattheremustbe a meansf editingtheresultafterit
is drawn; while this capabilitycanberealizedwithin apurely
uid sketchinginterface,it hasnotyetbeenimplemented.

DISCUSSION

Thiswork constitutesaninitial explorationof uid sketches,
which tightly couplesrecognitionand morphingto createa
continuousandimmediateform of feedback.Therationale
for uid sketcheds twofold: rst, feedbackon the recogni-
tionof the gure is givenimmediatelyandsecondseeinghe
true geometryof the shapecanaid in drawing it. For exam-
ple,theapproximatelyarallelsidesof abox quickly become
exactly parallel,makingthe nal sizeandshapeof the box

evidentandallowing for immediatecorrectionif desired As

afurtheraid, it is alsopossibleto immediatelyshaw theideal

shapecorrespondingdo the hand-dravn stroke, asshavn in

Figurel. Thus,onecanimmediatelyseethe extentof a cir-

cle afterdrawing only asmallportionof it. Thisis currently
anoptionin our system.

Theideaof uid sketchingcanbetakento differentextremes.
For example, morphing can be made effectively instanta-
neouswheretheuserdravn stroke immediatelysnapgo the
idealshape At theotherextreme theidealshapds dravn as
an overlay, but the original userdravn stroke remainsun-
altered. The secondextreme provides feedbackaboutthe
recognitionprocessput doesnot changewhat the userhas
drawvn. Retainingthe original input may be important,par
ticularly in the early stagef a designprocesg5, 16, 8]. In
the context of architecturaldravings, sloppinesanay con-
notelack of commitmentor known inaccuracieg7]. While




we agreethatbothinstantmorphingandsuppressechorph-
ing arelikelyto nd applicationwe have obsenedthatmid-
dle groundofferedby our currentsystemhaswide appeal.

Onescenaridhatis uniqueto uid sketchingis thatin which

thecharacteof theuserdrawvn sketchchangesnid-waythrough

a stroke, asdepictedin Figure7. Here,the userbeginsto
drav what looks like a slantedline, but then proceedgo
drawv anarc, and nally a sharpedgeindicatinga box. In
this casethe systemchangests interpretationtwice asthe
userdraws;it rst re-morphgheline into a circulararc,and
thentheentirecurveinto aportionof abox. Suchascenario
may occurasa resultof sloppineson the part of the user
in which casethefeedbaclcanbeinstrumentaln correcting
the error, or the usermay have simply changechermind, in
which casethe already-dravn portion of the gure is seam-
lesslyupdated asthoughthe intentionhad beenclearfrom
thestart.

Evenin its currentlimited form, the idea of uid sketch-
ing may nd applicationto free-handon-line construction
of simplediagramssuchas nite statemachinesandVenn
diagramswhich have simpleandcompletesemanticg1, 6].
Suchdiagramgely uponvery simplegeometricaklements,
andareoftenfar superiorto moreabstracmathematicaho-
tation.

While the uid sketchingapproachs feasiblefor simplege-
ometricshapesit is unlikely thatit canbe appliedso suc-
cessfullyin the context of characterecognitionandmorph-
ing [2]. For uid sketchingto work, recognitionmustoccur
almostinstantaneouslyHowever, characterecognitionof-
tenrequiresmorecontext andmoresubtledistinctionswhich
unfortunatelyprecludesecognitionin mid-strole [12].

FUTURE WORK

Our currentsystemwasdevelopedasa proof-of-conceptA
full scaledrawing applicationwill requirea largerrepertoire
of shapesPolynomialcurvesandgeneralpolygonalshapes
are high priorities. Expandingthe repertoireof shapedn-
volvesmorethansimply addingadditionalclasse®f shapes
to therecognizerhowever. The caseof anellipseillustrates
the additionalcomplicationsicely. If generakllipseswere
added,it would thenbecomealmostimpossibleto produce
a perfectcircle, sincethe extra degreesof freedomof an
ellipsewill almostalways leadto a better t. How, then,
can one specify a perfectcircle by meansof an imprecise
sketch? Thereare at leasttwo distinct stratgjies that one
might pursuehere.First, theinitial recognitioncanbe based
onwell-separatetlasicshapeswhicharethendistortedafter
thefact. Thatis, therecognizemight only look for perfect
circles, or perhapsellipsesof someminimum eccentricity
Oncethe shapeis drawn, it could be distortedusing more
corventionalpick-and-dragnethods.Anotherpossibility is
to draw highly-constrainedpecialcasesn adistinctmanner
For example anexactcircle mightbespeci edby tracingthe
entireshapewice.

Ultimately, it will benecessaryo accommodatenulti-stroke
shapessuchasarrows. This will requiresomeway of de-
termining whethera collection of strokes belongtogether
whichis similarto the problemof groupingstrokesthatrep-
resentasinglehand-writtercharactef12].

Althoughit would be easyto incorporateediting operations
into our systemusing corventionaltools, we would like to
exploreimplementingthemin a mannetthatis moreconsis-
tentwith the spirit of uid sketching.Onepossibilitywould
to to useoverwriting to in uence theleast-squares$ of ex-
isting shapes.

We look forwardto performinguserstudieso determinghe
strengthsandweaknessesf uid sketchingmoreprecisely
Thesestudieswill also help us to selectamongthe mary
possiblestratggiesembodiedy the uid sketchingequation.
Moreover, optimalmorphingratesandrecognizeiparameter
settings(e.g.leastsquaresveights)will likely be user and
task-speci c,which will only becomeapparentfter exten-
siveuse.
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