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Abstract

Sketch recognitionsystemsare currently being devel-

opedfor mary domains but canbetime consumingo

build if they areto handlethe intricaciesof eachdo-

main. This paperpresentghe rst translatorthat takes
symbolic shapedescriptions(written in the LADDER

sketch language)and automatically transformsthem
into shaperecognizersgediting recognizersand shape
exhibitors for usein conjunctionwith a domaininde-
pendensketchrecognitionsystemThis transformation
allows usto build a singledomainindependentecog-
nition systemthat can be customizedfor multiple do-

mains.We have testedour framework by writing sev-

eral domain descriptionsand automaticallycreateda

domainspeci ¢ sketchrecognitionsystemfor eachdo-

main.

Intr oduction

As pen-basednput devices have becomemore common,
sketch recognitionsystemsare being developedfor mary
domainssuchas mechanicakngineering/Alvarado2000),
UML classdiagrams(Hammond& Davis 2002),webpage
design(Lin et al. 2000), architecture(Gross,Zimring, &
Do 1994), GUI design (Caetanoet al. 2002a; Lecolinet
1998),virtual reality (Do 2001),stick gures (Mahong &
Fromherz2002), courseof actiondiagrams(Pittmanet al.
1996),andmary others.Thesesystemsallow usergo sketch
a design,which is amorenaturallyinteractionthana tradi-
tional mouseand palettetool (Hseet al. 1999).But sketch
recognitionsystemscanbe quite time consumingo build if
they areto handletheintricaciesof eachdomain.

We proposethat ratherthanbuild a separataecognition
systemfor eachdomain,we insteadbuild a singledomain
independentecognitionsystemthat can be customizedor
eachdomain.To build asketchrecognitionsysterfor anewv
domain,the developerwould needonly write a domainde-
scription, describinghow shapesare drawn, displayedand
edited.This descriptionwould thenbe transformedor use
in the domainindependensystem Theinspirationfor such
aframework stemsfrom work in speechrecognition,which
has beenusing this approachwith somesuccesgZue &
Glass2000).
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In our work, we transforma grammarinto a domainrec-
ognizerof hand-dravn shapesThis is analogougo work
doneon compiler compilers,in particularvisual language
compilercompilers(Costagliolaet al. 1995).A visual lan-
guagecompiler compiler allows a userto specify a gram-
marfor avisuallanguagethencompilesit into arecognizer
which canindicatewhethera arrangemenbf iconsis syn-
tacticallyvalid. The main differencebetweerthis work and
oursis that 1) ourshandleshand-dravn imagesand?2) their
primitivesarethe iconic shapesn the domainwhereasour
primitivesaregeometric.

In this papemwe presenthe rst translatothattakessym-
bolic descriptionof how shapesaredravn, displayed.and
editedin a domainand automaticallytransformstheminto
shapeaecognizerseditingrecognizersandshapesxhibitors
for usein a domainindependensketchrecognitionsystem.
To succeedn our goal,we have createdl) LADDER(Ham-
mond & Davis 2003),a symbolic languagefor describing
how shapesare drawn, displayed,and editedin a domain,
2) a translatorasdescribedabore, and 3) a simpledomain
independentecognitionsystemthat usesthe newly trans-
lated componentdo recognizedisplay and allow editing
of thedomainshapesTheimplementatiorof this translator
anddomainindependensketchrecognitionsystemsenesto
shav boththat sucha framework is feasibleandthat LAD-
DERis anacceptabléanguagdor describingdomaininfor-
mation.

The domainindependentecognitionsystemand trans-
former describedhere were designedto test whetherwe
could in fact transform symbolic descriptionsof a do-
main into active recognizersusableby a domainindepen-
dentrecognitionsystem.Other work in our groupis pur-
suing a more ambitious approachto both building a do-
mainindependentecognitionsystemandstudyingthe pro-
cessof transformingdescriptionsinto recognizersNever-
thelessthework reportecheredoesllustratethe plausibility
of transformingdescriptionsnto recognizers.

We have chosera symbolicsketchinglanguagebasedon
how shapedook ratherthan on featuressuchas drawing
speedsizeof theboundingbox, etc.,(asin systemdik e (Ru-
bine1991;Long 2001)).We did this to ensurethat symbols
would be recognizedf they looked the same,evenif they
werent drawn in the sameway (e.g.,with a differentnum-
ber of strokes), allowing usersto draw the shapesas they



would naturally A high-level symboliclanguagebasedon
shapeoffersthe addedadvantagen beingeasierto readand
understandfacilitating identi cation and correctionof er
rors in the descriptionsuchas automaticallycheckingif a
shapeis impossibly constrainedwhich would be dif cult

in a low-level languagessuchas (Jacob,Deligiannidis, &

Morrison 1999)). Shapede nitions primarily concernhow
shapedook, but may include otherinformation helpful to
therecognitionprocesssuchasstroke orderor stroke direc-
tion.

Becausdlifferentdomainshave differentwaysof display-
ing and editing the shapesn their domain,sketchrecogni-
tion systemseedto know how to editanddisplaytheshapes
recognizedThis motivatedus to createa languagethat al-
lows developersto describeediting and display aswell as
how theshapedook andaredrawn.

Shapedescriptionlanguageshave beencreatedfor use
in architecturediagramparsing,aswell aswithin the eld
of sketch recognitionitself. However, current shapede-
scriptionlanguagesack waysfor describingediting (Stiny
& Gips 1972; Futrelle & Nikolakis 1995; Bimber, Encar
nacao,& Stork 2000; Mahong & Frommerz2002; Cae-
tano et al. 2002b; Gross& Do 1996), display (Futrelle
& Nikolakis 1995; Bimber, Encarnacao& Stork 2000;
Mahong & Frommer2002;Caetancetal. 2002b;Gross&
Do 1996),0r non-graphicainformation,suchasstroke order
or direction(Stiny & Gips1972;Futrelle& Nikolakis1995;
Bimber, Encarnacao Stork2000).

Framework Overview

Ourgoalis to make developmenbf asketchrecognitionsys-
temeasieby enablingdomainexperts(ratherthanprogram-
mers)to describeheshapeso berecognizedFigurel gives
anoverview of theframawork for ouroverallresearcleffort:
1) a sketchdescriptionlanguage. ADDER, 2) a translator
that corvertsa domaindescriptioninto componentgor use
in conjunctionwith a domainindependensketch recogni-
tion systemand3) adomainindependensketchrecognition
systemthatusesthe newly generatedomponentso recog-
nize,edit,anddisplayshapesn thedomain.Thedomainde-
scriptionis transformednto shaperecognizersexhibitors,
and editorswhich are usedin conjunctionwith a domain
independentecognitionsystemto createa domainspeci ¢
recognitionsystem.

To createthe domainspeci ¢ recognitionsystemthe de-
veloperwritesa LADDER domaindescriptionconsistingof
multiple shapede nitions. The left box of Figure 1 gives
an exampleof an Arrow shapede nition. The components
and the constraintsde ne what the shapelooks like and
aretransformednto shaperecognizersThedisplaysection
speci eshow the shapes to be displayedwhenrecognized
andis transformednto shapeexhibitors. Theeditingsection
speci esthe editing behaiors thatcanbe performedon the
reC(l)gnized;hapeandaretransformednto editingrecogniz-
ers.

1The aliasessectionrenamescomponentsr sub-components
for easeof referencdater.

LADDER suppliesa numberof prede nedshapescon-
straints,displaymethodsandediting behaiors. Thesepre-
de ned elementsare hand-codednto the domainindepen-
dentsystemallowing it to recognizedisplay andeditthese
prede nedshapesRecognitionis carriedout asa seriesof
bottomup opportunisticdatadriven triggersin responseo
penstroles.

The third box of Figure 1 showns the domainindepen-
dentsketchrecognitionsystemwhich containshand-coded
shapeaecognizerseditingrecognizersandshapesxhibitors
for the primitive shapegline, ellipse,curve, arc,andpoint).
This systemalsode nes eachof the constraintsThetrans-
lator createsadditionalshapeaecognizergwhichin turncall
on the constraintfunctions),editing recognizersandshape
exhibitors. As eachstroke is drawn, the systemdetermines
whetherthe stroke is aneditingtriggerfor arny shapelf not,
it is takento be partof the drawing, andis recognizedasa
collectionof primitive shapesThe resultingprimitivesare
addedo thedatabaseandtherecognitionmoduleexamines
thedatabaséo attemptto combinethe primitivesinto more
abstracshapesSpecializednethodsnemgeoverlappingand
connectindinesto accounfor primitivessuchaslinesbeing
drawn usingmorethanonestroke. Thedisplaymodulethen
displaystheresultasde ned by thedomaindescription.

The domainindependentecognitionsystem,including
thesetof primitive shapesconstraintsdisplayroutines,and
editing gesturehandlersandthe links betweenthem, pro-
videsa substantiafoundationfor thedomainspeci c recog-
nition systemhelpingto greatlysimplify thetranslatiorpro-
cess.

Transformation

Thetranslationprocesgarsedhedescriptionandgenerates
codespecifyinghow to recognizeshapesndeditingtriggers
aswell ashow to displaytheshape®ncethey arerecognized
andwhat actionto performoncean editing trigger occurs.
We describehetranslationprocessn detailfor eachpartof
theshapede nition.

Generating ShapeRecognizers

The job of the shapeparseris to transforma shapede ni-
tion into rulesthat recognizethat shape.The shapede ni-
tion speci esthecomponentshatmale uptheshapeaswell
as the constraintson thesecomponentsincluding ary re-
quirementsaboutstroke orderor direction? We usethe Jess
(Friedman-Hill2001)rule enginefor recognition.

Jessis a forward-chainingpattern/actiorrule enginefor
Java. In our system Jessfactsrepresentecognizeddravn
shapesEachstroke is sggmentedinto a point, line, curve,

2LADDER allows the userto specify both hard and soft con-
straints.Hard constraintanustbe satis ed for the shapeto berec-
ognized,but soft constraintamay not be. Soft constraintscanaid
recognitionby specifyingrelationshipshat usually occur For in-
stancejn theleft box of Figurel, we could have speci ed (draw-
ordershaftheadlhead2)to specifythatthe the shaftof the arrav
is commonlydravn beforethe head,but the arrav shouldstill be
recognizedvenif thisis notsatis ed. Our currentimplementation
doesnotyet supportsoft constraints.



Sketch
Recognition
System

Input Stroke

Domain Description Translation

Shape Definition of Arrow

(define shape Arrow
(comment "An arrow with an open head.")

* Primitive Shapes
* Primitive Constraints

Recognition

Editing
‘——b * Primitive Actions

* Primitive Triggers

(components
(Line shaft)
(Line head1)
(Line head?2))

(constraints shape )
(coincident shaft.p1 head1.pl) recognizers
(coincident shaft.p1 head2.p1) — =
(equalLength head1 head?) A

generating

* Domain Shapes

a<90 head1.p1 y
-'shaft.pz 4 shaft.pl
a<90 head.p1

* Primitive Behaviors
* Domain Behaviors

headl.p2

head2.p2

(acuteMeet headl shaft)
(acuteMeet shaft head?2))
(aliases
(Point head shaft.p2)
(Point tail shaft.pl) )
(editing
((trigger (holdDrag head))
(action (rubber-band this tail head)) | =
((trigger (holdDrag tail))
(action (rubber-band this head tail))
((trigger (holdDrag this))
(action (move this)))
(display
(original-strokes shaft)
(cleaned-strokes headl head2)> -

generating
editing
recognizers

I generating
shape
exhibitors

(color red))

- db-----»

Drawn Shapes
Database

Display
* Primitive Exhibitors
* Domain Exhibitors

original stroke Estraight line
straight line

v

Output Screen

Figurel: Framavork Overview shaving LADDER DomainDescription,TranslatoyandDomainIndependenSketchRecog-

nition System.

arc, ellipse, spiral, or somecombinationusing techniques
from (Sezgin2001),andthe primitive shapesare addedto
the Jesdactdatabaseror instancejf aline is drawn, afact
is addedof the form (Line 342 23 24 25 10.6) ,
where342indicategheline'sID, 23,24,and25aretheIDs
of theendpointsandmidpoint,and10.6indicateshelength
of theline. ® An additionaffact,(Subshapes Line 342
342) ,is alsosentto indicatethe primitive shapeshatmake
up thedrawn shape.

Our domainshaperecognizersare implementedas Jess
rules.In the transformatiorprocessve createa rule whose
patternspeci esthe component®f the shapeandthe con-

Becausave do not wantto placeary unspeci eddrawing or-
der constraintseachline, arc, and curve is actually addedtwice
to the Jessrule basedsystemto take into accountthe factthatthe
endpointanaybeassignedn eitherdirection.

straintsthat must hold betweenthe components. An ex-
ampleof the rule generatedor the arron givenin the left
boxin Figurelis shavnin Figure2. Thetranslationprocess
is straightforvard becauseof the foundationof primitives
built into the domainindependensystem.The rule engine
searchedor all possiblesubsetf factsfor the collection
speci edin its premiseln the caseof Figurel, therule en-
gine searchedor threelines to make up the shaft, head1,
andhead2Therule enginethentestswhethertheconstraints
holdfor eachsubsetThen,for eachcollectionof threelines
labelledshaft,headlandhead2the Jessenginewill check
that headl.pland shaft.plare coincident.EachLADDER
constraintis de ned asa Jessunctionto simplify transfor

“The patternalso speci esthat all componentse distinct, to
preventtherule enginefrom returningthreecopiesof thesamdine
whentryingto nd anarrow.



(defrule ArrowCheck
get three lines
?f0 $<$- (Subshapes Line ?shaft \$?shaft_list)
?fl $<$- (Subshapes Line ?headl \$?headl_list)
?f2 $<$- (Subshapes Line ?head2 \$?head2_list)
make sure lines are unique
(test  (uniquefields \$?shaft_list
(test  (uniquefields \$?shaft_list \$?head2_list))
(test  (uniquefields \$?head1_list \$?head2_list))
get accessible components of each line
(Line ?shaft ?shaft_ pl  ?shaft_p2  ?shaft_midpoint
(Line ?headl ?headl_pl ?headl_p2 <?headl_midpoint
(Line ?head2 ?head2_pl ?head2_p2 ?head2_midpoint
;; test  constraints
(test  (coincident

\$?head1_list))

?shaft_length)
?head1_length)
?head2_length)

?headl_pl ?shaft_p1))

(test  (coincident ?head2_pl ?shaft_p1))

(test  (equalLength ?headl ?head2))

(test (acuteMeet ?headl ?shaft))

(test  (acuteMeet  7?shaft ?head2))

;;deleted code: get line with endpoints swapped

=> ;; FOUNDARROWACTION TO BE PERFORMED)
;. set aliases
(bind ?head 7?shaft_p1)
(bind ?tail  ?shaft_p2)
;7 add arrow to sketch recognition system to be displayed properly
(bind  ?nextnum (addshape Arrow ?shaft ?headl ?head2 ?head ?tail))
;7 add arrow to Jess fact database
(assert  (Arrow ?nextnum  ?shaft ?headl ?head2 ?head ?tail))
(assert  (Subshapes Arrow ?nextnum (union\$  \$?shaft_list
\$?head1_list \$?head?2_list)))
(assert  (DomainShape Arrow ?nextnum (time)))
;; remove Lines from Jess fact database for efficiency
(retract ?f0) (assert (CompleteSubshapes Line ?shaft \$?shaft_list))
(retract ?fl) (assert (CompleteSubshapes Line ?headl \$?headl_list))
(retract ?f2) (assert  (CompleteSubshapes Line ?head2 \$?head2_list))
;;deleted code: retract line with endpoints  swapped

)

Figure 2: Automatically Generatedlessrule for the arrow
de nition in theleft box of Figurel.

mationof a shapede nition into aJesgule.

If ashapés recognizedi.e.,therule patternis satis ed),
theruleactionis red. In thetransformatiorprocessherule
actionis speci edto dothreethings:1) addthenew shapeo
thedatabasef recognizedhapesoit canbedisplayedcor-
rectly andedited;2) addthe new factto therule basedsys-
tem so more complicatedshapesanbe formedfrom it; 3)
remove recognizeccomponentérom the databaseThis last
stepimprovesef ciency at the expenseof possiblymissing
someshapénterpretations.

Jesghencon rms thatthis newly createdshapedoesnot
shareary subcomponentwith any otherdomainshapelf it
doesthenonly oneof thedomainshapewill remain,either
the shapecontainingmore primitive component§Ockhams
razor),or (in thecaseof atie) theshapehatwasdravn rst.

While the arrov example usedthroughoutthis paperis
composedf a x ed numberof componentg3 lines), our
architecturecanalsosupportshapesomposef avariable
numberof componentssuchas a polyline or polygon. A
shapewith avariablenumberof componentss transformed
into two Jesgules,the rst recognizeshebasecaseandthe
secondulehandlegherecursvecaseFor example thebase
caserule of a polyline recognizesa polyline consistingof
two lines,while therecursve caserulerecognizes polyline
consistingof anexisting polyline andanadditionalline.

Generating Editing Recognizers

The shapede nition includesinformationon how a shape
canbe edited.Thearrow de nition from Figure 1 speci es

threeeditingbehaiors: draggingthe head draggingthetail,
anddraggingtheentirearron. Eacheditingbehavior consists
of atriggerandan action.Eachof the threede ned editing
commandsretriggeredwhentheusemlacesandholdstheir
penon the head,tail, or shaft,andthenbeginsto dragthe
pen.Theactionsfor theseeditingcommandspecifythatthe
objectshouldfollow the peneitherin arubberbandfashion
for the heador tail of the arrown or by translatingthe entire
shape.

The drawing panelwatchesfor all of the possibleedit-
ing triggersprede nedin LADDER. When one occursit
calls the appropriatemethodto checkif an editing beha-
ior shouldoccur Eachof the editing actions(suchastrans-
late, rotate,scale,rubberband,or delete)is prede nedfor
all shapes.

During the translationprocesswe transformall of the
editing speci cationsof the shapede nitions into oneJava
class After atrigger rst occurs(suchasclick or holdDrag),
the Java classexaminesall of the viewableshapeswith that
triggerde ned to seeif an editing behaior hasbegun. For
instance,holdDragis de ned as the pen initially resting
on the screenfor .4 secondsandthendraggingacrossthe
screenAfter holdDragis detectedthe systemlooksto see
if the penis locatedover the head,tail, or shaftof an ar
row. If not,thesystentreatsthestroke asa draving gesture.
If thereis a shapeunderneathhe stylusthat hasthattrig-
ger speci ed, the editing action occurs.In our example, if
the headof an arrow is underneattthe pen,the arrow will
rubberbandwith theheadfollowing the pathof the penand
thetail remaining x ed.®

Generating ShapeExhibitors

The shapede nition includesinformationon how a shape
shouldbe displayedonceit is recognized A shapeor its
componentsnay be displayedin ary color in four differ-
entways:1) theoriginal strokesof the shape2) thecleaned
up versionof theshapeswherethebest- t primitivesof the
original strokesaredisplayed3) theideal shapewhich dis-
playsthe primitive componentf the shapewith the con-
straintssolvecP, or 4) anothercustomshapewhich speci-
es which shapegline, circle, rectanglegtc.)to drawvn and
where.Thearraw de nition from Figurel speci esthatthe
arrov shouldbe displayedin the color red, that headland
head2houldbedravn usingcleaned-stro&s(a straightline
in this case),andthat the shaftshouldbe dravn usingthe

original strokes.

LADDER hasa numberof prede neddisplay methods,
includingcolor, original-stroles,andcleaned-stro&s,which
are hand-codednto the domain independentrecognition
systemfor use with all shapes.The domainindependent
recognitionsystemalsode nes how to handlehierarchical
displayof shapeand providesgeneralizednethodsfor al-

SRubbetbanding allows usersto simultaneouslyrotate and
scaleandobject,assuming x edrotationpointis de ned. Thisac-
tion hasprovedusefulfor editingarravs andotherlinking shapes.

5We currentlysolve only a subsebf the constraintsandareat-
temptingto develop andintegratea more sophisticatedyeometric
constraintsolver.



teringthe displayof a shapejncludingtranslate scale,and
rotate.

During the transformatiorprocessve createa shapeex-
hibitor (a Jasa classto display the shape)for eachshape.
This shapeexhibitor speci eshow the shapes to bedravn
(original, cleanedjdeal, or custom).If theideal strokesare
to be drawn, the translatorcreatesa methodthat displays
the ideal strokes by attemptingto solve the constraintsof
theshapg(e.g.,ensuringthatpointsarecoincidentif thede-
scriptionindicatesso) andthenredraws the shapewith the
constraintssolved. Lik ewise,if a customdisplayis de ned,
the translatorcreatesa methodthat displaysthe speci ed
shapes.

The shapeexhibitor controlsthe displayingof the newly
createdshapeand ensuresthat the componentge.g., the
original strokes)arenot drawn, but only the abstractshape
(e.g.,arraw) itself. Theshapexhibitor keepgrackof thelo-
cationof the accessibleomponentandaliasesof a shape,
which 1) can be usedby the editing moduleto determine
if anediting gestureis occurring,and?2) ensureghatwhen
a shapeis moved or editedits componentsare moved or
deletedwith it. The shapeexhibitor also keepsa original
copy of eachof the accessibleeomponentsand aliasesfor
usewhenscalingan objectto ensurghatwe don't loseary
precisionafterseseralscalings.

Testing

To testour approachwe have built andtransformediomain
descriptiondor a variety of domainsincluding UML class
diagrams,o w charts, nite statemachinesasimpli ed ver-
sion of courseof actiondiagrams,and a simple subsetof
2-dimensionaimechanicalengineeringdiagrams.Figure 3
shavsthevariety of shapesecognizedo date.

Figure4, a o wchartof thedomainindependentecogni-
tion systemdescribedn this paper was createdusing the
0 wchart domain sketch recognitionsystem.The domain
description speci ed that Actions, Decisions, Start/Ends
shouldbe displayedin blue andthe Links in red, both us-

ing cleaned-strogs.’

RelatedWork in our group
(Sezgin2003)is working on a translationmechanisnthat

canimprove recognitionef ciency usingHMM techniques.

(Alvarado2003)is developinga moresophisticatediomain
independentecognitionsystemusingBayesiametworksto
more effectively dealwith the large amountof uncertainty
presenin messyhand-dravn sketches(Veselwa2003)has
developeda systento generate symbolicshapede nition
from a singledravn example.

Conclusions
Futur e Work

We would like to improve our translatorand domaininde-
pendentrecognitionsystemto include the handlingof soft

"Text is also a primitive shape.Text can be enteredusing a
keyboardor a handwritingrecognizerGUI provided in Microsoft
TabletXP. Thetext appearsatthelasttypedplace.

constraintsand continueto testit on additional domains.
While we are attemptingto make LADDER asintuitive as
possible shapede nitions canbedif cult to describetextu-
ally, and we would like to integratework from (Veselwa
2003) to automaticallygeneratedshapedescriptionsfrom
a drawvn example.However, even automaticallygenerated
shapesvill needio bechecledandmodi ed. Thuswewould
like to createa GUI to dehug a domaindescription provid-
ing interfacego testwhetherthe shapds underconstrained
(by automaticallygeneratingralid exampleshapespr over-
constrainedby allowing theuserto draw severaltestexam-

ples).

Contributions

We suggestan innovative frameawork for sketch recogni-
tion that usesa single, customizabledomainindependent
recognitionsystemfor usewith mary domains.This paper
presentghe rst translatorwhich takes symbolic descrip-
tions of how shapesare drawvn, displayed,and editedin a
domainand automaticallytransformstheminto shaperec-
ognizers,editing recognizersand shapeexhibitors for use
in a domainindependensketchrecognitionsystem.To ac-
complishthis,we createdl) LADDER, asymboliclanguage
for describinghow shapesaredrawn, displayed.andedited
in adomain,2) thetranslatordescribechbove,and3) a sim-
ple domain independentecognition systemthat usesthe
newly translateccomponentgo recognizedisplay andal-
low editing of the domainshapesThe implementationof
this translatorand domainindependentketch recognition
systemsenesto show boththatsuchaframework is feasible
andthatLADDER is anacceptablédanguagefor describing
domaininformation.
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