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Abstract

This paperpresentsa novel interactive appmoad for addingdepthinformationinto hand-dawn cartoonimages
andanimationsIn comparisorto previousdepthassignmentecniquesour solutionrequiresminimal usereffort
andenablescreationof consistenpop-upsin a matterof secondslnspired by perceptualstudieswe formulatea
customtailored optimizationframevork that tries to mimicthe way that a humanreconstructslepthinformation
froma singleimage. Its key advantae is that it completelyavoidsinputsrequiring knowledg of absolutedepth
andinsteadusesa se of spaisedepth(in)equalitiesthat are much easierto specify Sincetheseconstaintsleadto
a solutionbasedon quadiatic programmingthatis timeconsumingo evaluateweproposea simpleapproximative
algorithmyielding similar resultswith mud lower computationabverhead We demonstateits usefulnesé the
context of a cartoon animation production pipeline including applicationssud as enhancement,egistration,
composition3D modellingand stereoscopidisplay

Catagories and SubjectDescriptors(accordingto ACM CCS) ComputerGraphics[l.3.4]: GraphicsUtilities—
Graphicseditors,ImageProcessingand ComputerVision [1.4.8]: SceneAnalysis—Depthcues ImageProcess-
ing and ComputerVision [I.4.6]: Segmentation—Pigl classi cation, ComputerApplications [J.5]: Arts and

Humanities—Finarts

1. Intr oduction

Recwering depthfrom a singleimageis a challengewhich
hasremainedan openproblemafter decadef acte re-
search.In this paperwe focus on a speci ¢ variant of the
problemwheretheinputimageis ahand-maddine draving.
As opposedo previousattemptgo provide complete3D re-
constructioneitherby imposing variousgeometricassump-
tions [LS96 VMO02, LFG0§ or using sketch-basednter-
facesto createthe 3D modelincrementally[ IMT99, KHO6,
NISA07,JC08 GIZ09], we seeka simple2.5D pop-upcon-
sistentwith the obserer's perceptionof depthin the scene.
Suchrepresentatiois crucial for maintainingcorrectvisi-
bility andconnectity of individual partsduringinteractive
shapemanipulation [IMHO5, WXXCO08], deformableim-
ageregistration]SDC094 or fragmentcomposition SBv0]
(seeFigureltop). It canalsobeusedin thecontext of image
enhancemento generate3D-like shadingeffects [Joh03,
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improve perceptionof depth[LCDO€], or producestereo-
scopicimageswhich have becomeancreasinglypopulardue
to emeping 3D displaytechnologiegseeFigurel bottom).

Althoughin generait is almostimpossibleto obtaincon-
sistent2.5D pop-upautomaticallywe shav that by usinga
few userprovided hints the taskbecomesvery simple. Our
novel approachis motivatedby perceptuabtudiesthathave
triedto understanthow ahumanreconstructslepthinforma-
tion from a singleimage[KvDK96, Koe9§. Thesestudies
shawv thatin contrastto machineshumanshave no internal
representationf the sceneandratherrely on a setof local
judgementgrom which they reconstrucglobalobsenation.
More speci cally they have foundthathumangypically fail
to specify absolutedepthvaluesbut are much more accu-
ratein telling whethersomepart of the objectis in front of
anotherandvice versa.This obsenationleadsusto the for-
mulation of an optimization problemthat tries to emulate
the humandepthreconstructiorprocesslts key advantage
is thatit completelyavoids speci cation of absolutedepth
valuesandinsteadusesdepth(in)equalitiesvhich bettercor-
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Figure 1: Applications— depthmapsgeneited usingour systencan be utilized to maintaincorrectvisibility in (a) as-rigid-
as-possibleshapemanipulation(b) deformabldmage registration, and(c) fragmentcompositionThey canalsohelpto (d) en-
hanceperceptionof depth, (e) interpolate normalswith respectto depth discontinuities,and produce(f) 3D-like shading

(g) stereoscopidmages,or (h) simple3D models.

respondo theusersintuition. Usingthis framewvork we im-
plementaninteractve userinterfacethatsigni cantly lowers
themanualeffort neededo createsimplecartoonpop-ups.

Therestof thepapetis organizedasfollows.We rst sum-
marize previous work in recovering depthfrom singleim-
agesand analyzethe main dravbackswith respectto our
cartoon-orientedscenario.Then we proceedto a descrip-
tion of our novel approachshav someresultsand discuss
implementationissuesand limitations. Finally we demon-
stratevariousapplicationsn the context the cartoonanima-
tion productionpipelineandconcludewith possibleavenues
for futurework.

2. Relatedwork

Classicalapproacheso depthfrom a single image exploit
various photographicdepth cuessuch as shading[Hor90,
WSTS08, texture [SB95 For0l], depth-of- eld [NN94,
AWO07], or haze[Fat0§ HST09. Therearealsotechniques
thattreatthe problemasastatisticainferenceandusesuper
visedlearning[HEHO05 SSNO09 or alarge databasef man-
ually annotatedmages[RT09] to provide a sampleof prior
knowledge.However, dueto their statistich naturethey re-
quire the input datato be very similar to that provided in
examplesor databaseandif notthey typically produceonly
very coarseapproximations.

When depthcuesor statisticalinferencedo not provide
sufcient resultsone can let the userpaint with depthdi-
rectly aswith color [Wil90, Kan9§. Although several sim-
ple geometricconstraint§HIAA97] or customtailorededit-

ing tools[OCDDO01] canspeed-ugheprocessit is still very
tediousandtime consuming.

The problem becomesslightly simpler when the input
imageis a line drawing with visible contoursthat delin-
eateobject boundariesWhen the depictedobject consists
of several planar surfacesand when some basic geomet-
ric constraintsare satis ed, a complete3D model can be
generatedautomatically[LS96 VMO02, LFG0g. However,
such constraintsare typically not satis ed in the caseof
cartoonimageswhere the aim is to provide highly styl-
ized depiction.A commonassumptiorhereis that the ob-
ject hasa blobby surfacethereforeit is possibleto useits
contoursas an input to some sketch-based3D modelling
tool [IMT99, KHO6, NISAQ7,JC08 GIZ09] to createa sim-
ple blobbyobjectthatcanbefurtherusedin variousapplica-
tions [PFWFOQOCNO4. However, suchawork ow is not
suitablefor our 2.5D scenariowherethe aim is to provide
depthvaluesconsistentvith theinternalstructureof thecar
toonimage.

Ourtechniquas mostcloselyrelatedto thework of Zhang
etal. [ZDPSSO0}, who proposea systemthatallows recon-
struction of free-form surfacesfrom several userspeci ed
hints which form alinearly constraind quadraticoptimiza-
tion problem.Althoughthe methodis very successfulthere
are several dravbacksthat make the depthassignmentlif-

cult in our cartoonpop-upsceario: (1) they requirethe
userto delineatedepth discontinuitiesmanually (2) it is
necessaryo specify absolutedeph valuesfor regions sep-
aratedby discontinuities,and (3) the systemdoesnot pro-
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Figure 2: Depthfromspaiseinequalities— inputimage (left) with two userspeci eddepthinequalities(greenarrows),output
depthmapobtainedby solvingquadmatic program (right), and approximativesolutionallowing interactive feedba& (middle
yellow box): (a) multi-label sggmentation,(b) topolagical sorting (c) intermediatedepthmap, (d) boundaryconditionsfor

Laplaceequation.

vide interactve feedbaclsincethe optimizationis extremely
time consumingeven whensophisticatedolverswith hier-

archical preconditioningare used.Assaand Wolf [AWO07]

later extendedZhangs approachby addingautomaticpre-
segmentationand depth inequalitiessimilar to that usedin

oursystemHowever, theirsystenis still notinteractive. The
whole pipeline takes several hoursper singleimage They
rst generateconstraintsautomaticallyusing variousdepth
cuesextractedfrom an input photographand then solve a
complex optimizationproblemto obtainthe nal depthmap.

RecentlyVenturaetal. [VDHO9] presentedninteractve
sketch-basethterfacefor photopop-upthatalsobearssome
resemblanceo oursystemThey rst pre-sgmenttheimage
and then use distanceon a groundplaneto assigncoarse
depthsto eachlayer. After thatthey manipulatedetailsby
painting depthgradientsandintegratethemto producethe
nal depthmap.

Our approachcan also be viewed as an extension of
colorization[LLWO4] or multi-label segmentationGra0§g
where,insteadof colorsor labels,the aim is to propagte
depthvalues Theaddedvalueof oursystemis thatwe donot
requirethe userto specify exact depthvaluesas boundary
conditionsbut insteadusedepth(in)equalitieswhich make
theprocessnoreintuitive.

3. Our approach

In this sectionwe presenbur novel approacho cartoonpop-
up basecdbn a setof sparselepth(in)equalitiesWe rst for-

mulateanoptimizationproblemandshav how to solveit us-
ing quadraticporogrammingthenwe proceedo anapproxi-
mative solutionthatallows interactive feedbackand, nally ,

we demonstraténow to extendit to handledrawing styles
with thick contoursandcartoonanimations.

3.1. Problem formulation

Let us assumethatwe have an imagel for which the user
hasalreadyspeci ed desireddepthequalitiesf p;qg 2 U=
andinequalities p;qg 2 U> (seeFigure2 left), wherep; q2
| arepixels or a setof pixels (scribbles).In the following

¢ 2010TheAuthor(s)
Journakompilation ¢ 2010TheEurographic#ssociatiorandBlackwell PublishingLtd.

sectionwe assumehat p andq arepixelsbut it is trivial to
extendtheapproacho work alsowith scribbles.

Now the taskis similar to colorizationor sggmentation.
We want to assigndepthsto all pixels so that the user
speci ed constraintsare satis ed and discontinuitiesare
preferredat locationswherethe intensity gradientof | is
high (seeFigure2 right). This canbe formulatedasan opti-
mizationproblemwheretheaimisto nd aminimumof the
following enegy function:

4 & wpg(dp dg)® )
p2l 92N ,

minimize:

subjectto: dp dg=0 8fp;gg2 U=
dp dg e 8fpaqg2 Us

wheredp denoteghe depthvalueassignedo a pixel p, Np
is a 4-connectedeighborhoof p, ande is somepositive
numbergreaterthanzero(e.g.e= 1). Theweightwpg is set
asin [Gra08:

1
Wpq/ exp g('p 9% ;

wherel p is the imageintensityat pixel p, ands is a mean
contrastof edgesA closerinspectionof (1) revealsthatour
problemcanberewritten asa quadraticprogram:

minimize: %dTLd )

subjectto: dp dq=0 8fp;gg2 U=
dp dq e 8fpgg2 Us

wherelL is a large sparsematrix of sizejl j2 representing
the so called Laplace-Beltrambperator{Gra0§. This pro-
gramcanbesolveddirectly using,for instanceanactie set
method[GMSW84, however, in practicethe computation
cantake tensof secondsvenfor very smallimages.To al-
low instantfeedbackwe proposean approximaive solution
thatyields similar resultswith signi cantly lower computa-
tional overhead.
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Figure 3: Depthexpansion- syntheticexample(left): (a) input depthmapwith contouss, (b) medialaxis obtainedusingtwo
distancetransformscomputedrom activeregion (red) and all otherregions(blue), (c) propagation of contourthicknessrom
medial axis to all contour pixels, (d) depthexpansionbasedon local thicknessestimate (e) lling small gaps,(f) expanded
depthmap.Practical example(right): several minor artifacts are depictedn selectedczoom-ins.

3.2. Interacti ve approximation

The key idea of our approximate solutionis to decom-
posetheprobleminto two separatstepsi1) multi-labelseg-

mentation(Figure2a) and(2) depthassignmengFigure2b).

To do sowe rst treatthe userspeci ed constraintsas an
unorderedset of labelsL. Thenwe exploit an interactive

multi-label segmentationalgorithmtailored to cartoonim-

ages- LazyBrush[SDCO09B. Anotheralternatve is random
walker sgmentatior{ Gra0§, however, sincethis algorithm
requiresus to solve a numberof poorly conditionedlinear
systemsit doesnot provide instant feedback.In contrast
LazyBrushexploits fast discreteoptimization and further

moreis resistanto imprecisescribbleplacement.

Onceregions are separatedve canapply depthinequal-
ities U< but now all constraintsthat fall inside a region
areassociatd with one graphnodethat correspondso the
underlyingregion. Suchnodesare interconnectedy a set
of orientededgesepresentinglesirednequalities(seeFig-
ure2b). In generathis processcanresultin anarbitraryori-
entedgrgph for which consistentlepthassignmen(see Fig-
ure 2c) existsonly if it doesnot containorientedloops.The
algorithmthat solvesthis problemis known astopological
sorting [Kah63 (seeAppendix). A part of this algorithm
is a detectionof orientedloops so that one can easilyrec-
oghizewhetherthe newly addedconstraintis consistent!f
not, the sggmentationphasecanbe invokedto createa new
region andthenupdatethe depthswith anothertopological
sortingstep.Note thatsincesegmentatioranddepthassign-
mentstepsareindependenthey canbe executedincremen-
tally until the desireddepthassignmenis reached.

Whentheabsolutedepthsareknown, we caneasilyrecon-
structsmoothdepthtransitiong(seeFigure2 right) to mimic
the resultprovided by the quadraticprogram(2). To do so

we useasimpli ed versionof (1):

minimize: & & Vpg(dp dg)? 3)
p2l g2N ,

subjectto: dp=dp 8p2 U
where

|p for&pé &q

Vpqg !/ :
Pa 1 otherwise,

d denotesdepthvaluesfrom a depthmap producedby the
topologicalsorting,andU is a subsebf pixels usedin U<

or U= (seeFigure2d). We let the userdecidewhetherthese
constraintswill be includedin U . The reasonwe usel p
insteadof O is thatwe have to decidewhetherthe depthdis-
continuityis real or virtual. Realdiscontinuitieshave |l p = 0
but thosewhich arenotcoveredby contourglike uppergaps
in Figure2) have | p = 1, i.e. they presere continuity and
thereforeproducesmoothdepthtransitions.The enepgy (3)

canbeminimizedby solvingthe Laplaceequation

r2d=0
with thefollowing boundaryconditions(g 2 N p):

Dirichlet: dp=dp () p2U_
Neumann: d3q=0 () dp6dg”1p=0

for which afastGPU-basedolver exists[JCW09.

3.3. Depth expansion

Up to this point we have not yet taken careof pixels cov-
ered by contours.As the LazyBrushalgorithm placesre-
gion boundariednside the contourit is not clearto which
region the contouractually belongs.Sincethis information
is inevitable for most applicationsdiscussedn this paper

Cc 2010TheAuthor(s)
Journakcompilation ¢ 2010TheEurographic#ssociatiorandBlackwell PublishingLtd.



Sylora etal. / AddingDepthto CartoonsUsing SpaseDepth(In)equalities

a b [«

d e

Figure4: Depthpropagation —transferof userprovidedconstaints(top): (a) souiceimage enhancedby a depthmap,produced
usingconstaints(b,c), (d) constaintstransferedto a targetimage usingas-rigid-as-possiblé@nage registration, (e) targetim-
age enhancedy a depthmapproducedusing(d). As-rigid-as-possiblémage registration (bottom):(f) soulceimage, (g) target
image, (h) initial overlap, (i) erronousregistration withoutdepthmap, (j) correctregistration usingdepthmap (a) and addi-
tional cracksat depthdiscontinuitiesspeci edby bluearrowsin (b).

we have to provide a solutionto this depthexpanson prob-
lem. For drawingscontainingonly thin contoursyegionscan
be consecutiely erodedin a front-to-backorder However,
sucha simple approachcan easily lead to noticeablearti-
factswhen usedfor thick contours.In this casethe depth
expansionprocesss equialentto the gure-groundsepara-
tion problemdescribedn [PGR99 whichis nottrivial since
it typically requiressemanticknowvledgethat cannotbe re-
coveredwithout additionaluserintervention.

To solwve this we improve upona previous approactpro-
posedin [SBv0] that in practie producesgood results
with minor artifacts.We rst estimatelocal contourthick-
nessusingtwo distancemaps[FHO04: D! computedfrom
the boundarief regionsbeingexpandedred color in Fig-
ure 3b) and D? from all other regions (blue color in Fig-
ure 3b). Pixels where D = D3 form a medial axis from
which we canpropagte estimatef contourthicknesg to
all otherpixels (Figure3c) by solving Laplaceequation

r’t=0
usingthefollowing boundaryconditions(q 2 N p):

Dirichlet: tp=2D5 ()

D5 = D3
Neumann: t33=0 ()

Dj=0_D3=0:
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Thenwe expandthe region to pixels whereD%) < tp (Fig-
ure3d)and Il in smallgapsby removing connectecdompo-
nentsof whichthesizeis below aprede nedthreshold(Fig-
ure3e). Theexpandedregionis thenremovedfrom thedepth
mapandthe sameprocesss appliedto all otherremaining
regionsin a front-to-backorderto obtainthe resultingex-
pansion(Figure3f).

3.4. Depth propagation

Our depth assignmentramework can be easily extended
to handle cartoon animations. We can utilize the as-
rigid-as-possibleimage registraton algorithm proposed
in [SDC094. The depthpropagtion phaseis the sameas
auto-painting:a pre-annotate@nimationframe (Figure 4c)
is registeredwith a tarmget image (Figure 4g) and user
de ned labelsL are automaticallytransferred(Figure 4d)
betweencorrespondingpixels (Figure 4j). After that the
LazyBrushalgorithm [SDQ09Y is usedto obtainthe nal
depthmap (Figure 4e). Note that sincethe absolutedepth
valuesarealreadyknown in thesourceframewe donotneed
to executeatopologicalsortingstep.

Known depthvaluescanbe alsoutilized during as-rigid-
as-possibleimage registration to avoid inconsistentcon-
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gurations which can arise when several parts of the de-
formedshapeoverlapeachother (Figure4i). Moreover, the
user can addiionally specify a subsetof depthinequali-
ties (blue arravs in Figure 4b) to mark out discontinuities
thatwill be understoodascracksduring the squareembed-
ding phaseusedin theas-rigid-as-possibleegistrationalgo-
rithm [SDC094. Thismodi cation allowsmoreaccuratém-

ageregistrationandconsequentlynoreaccuratalepthprop-
agationin caseswhenseveral partsof the deformedshape
are gluedtogetherin the 2D projectionalthoughthey can
move independentlye.g.handsor bootsin Figure4f).

4. Resultsand Limitations

We have implementedur algorithmin a simpleinteractve
applicationwherethe usercan freely combinemulti-label
segmentationwith the speci cationof depthinequalities A
typical work o w suitablefor novice usersis to rst de ne
the sgmentationandthenadd depthinequalities however,
experienceduserswill tendto combinethesetwo modesto
achieve fastemprogressThey can,for instancedirectly gen-
eratescribbleswith a newly addeddepthinequalityto pro-
ducearegion andconstraintin onestep.

Severalexamplesof cartoonpop-upsgeneratedisingour
algorithmarepresentd in Figuress and6. Userinteractions
arerecordedin two separatdayers— one containsequal-
ity scribblesandthe seconccontainsnequaities. Thesetwo
layersare hiddenduring the interactionto avoid clutter. It
is typically sufcient to seeonly the currently addedcon-
strainttogethemwith anintermediatedepthmap (Figure 5¢)
enhancedisingatechniquehatwill bediscussedater.

Note that the userdoesnot tend to specify a minimal
set of inequalitiesbut instead usesa more complicated
graph(seeFigure5b). Shetypically startswith localinequal-
ities andthenre nes theresultby addingmoredistantcon-
straints.Thisincrementaprocessiicely correspond$o how
thehumanvisualsystemworks. It startsfrom local cuesand
thenproceedso morecomplicatedylobal onesto reachthe
overall perceptiorof depthin thescene.

As the LazyBrushalgorithm[SDCO09h suffersfrom met-
ricationartifactswhena large partof the contouris missing,
we additionallyallow theuserto specifya setof virtual con-
toursusingscribblesor splinestrokes(seepink curveswith
blackdotsin Figure6a). However, thesecurvesarerequired
only whenthe outputis expectedto be the intermediatedis-
cretedepthmap(Figure6c). In thesmoothcase(Figure6d),
the shapeof the virtual contoursis not importantsinceit
doesnot correpondto a depthdiscontinuiyy andtherefore
will besmoothedut. Nevertheless,thevirtual contourscan
still beusedin orderto remove realcontourghatdo notrep-
resentdepthdiscontinuitiequpperpartof trunkin Figure6)
or to introducethem (lower partof dog's headin Figure6).
From this perspectie our approximatve algorithm brings
anotherimportantbene t asthe pre-sgmentatiorphaseau-
tomaticallyremovesunimportandetails(e.g.trunkwrinkles

in Figure6) thatwill normally be understoodascandidates
for depthdiscontinuitiesTo obtainthe sameresultusingthe
solutionbasedn quadraticorogramming(2) it is necessary
to markoutall suchdetailsasvirtual contours.

Limitations. An importantlimitation of the proposedalgo-
rithm is the depthexpansionphasedescribedn Section3.3.
Although in generalit gives betterresultsas comparedto
the simple median Iter usedin [SBv03 it still produces
several artifacts (seesepaatezoomed-ininsetsin Figure3).
Thesearise mainly dueto the incorrectestimationof con-
tour thicknessand/ornontrivial overlappingof contoursAl-
thoughthesesmallerrorsaretypically imperceptiblén most
applicationsit is necessaryo correctthemmanuallywhen
a cleandepthmap is expected.Another dravback lies in
the expertannotationwork o w whenthe userstartsto com-
bine segmentationwith the speci cation of depthinequali-
ties.Althoughtheproposedpproximatve algorithmdetects
cyclesautomaticallyit is not ableto decidewhereto put a
new scribblein orderto resole the con ict. This limitation
malestheinterfacemorecomplicatecascomparedo theso-
lution basedn quadratigprogramming, wherethethe prob-
lemis resohedautomatically

5. Applications

In this sectionwe discussseveralapplicationghatusedepth

mapsgeneratedby the proposedalgorithm.As our research
is mainly motivatedby the needsof the cartoonanimation
productionpipelinewe focuson this eld, however, we be-

lieve that similar principlesare applicablealsoin a more

generaimageediting context.

Compositionand manipulation. Depthmapsgeneratedis-
ing our systemprovide invaluableinformation for interac-
tive shapemanipulation[IMHO5, WXXCO08] wheresereral
parts of deformedshapescan overlap each other Using
our approachthe usercan quickly modify the depthorder
to enforcethe desiredvisibility (seeFigure 1a). The same
problemarisesin systemsvherethe usersextractandcom-
poseimagefragmentg SBv0g. Heredepthinequalitiesal-
low quick reorderingof regionsto obtain correctcomposi-
tion (seeFigure 1c). Although a similar work ow is used
alsoin [MPQ9, our approachs moregeneralasit naturally
handlesself occlusionanddoesnot requireary specialdata
structure.

Enhancementand shading Perpixel depthvaluesareim-

portantalsofor variousimageenhancementechniquesin

our framevork we enhancedepth perceptionby superim-
posingstacksof regionswith blurredboundariesn a back-
to-front order (seeFiguresld and5). This effectis similar
to thatproduceddy depth-huffer unsharpmasking[LCDO6).

Anotherpopulartechniquehatcanpro t from ouralgorithm
is Lumo [Joh03. Here perpixel depthmapshelp to obtain
correctnormalinterpohbtion (Figure 1e) which is later used
to emulate3D-like shading(Figure 1f). In the original sys-
tem the userhadto traceregion boundariesmanually and
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Figure 5: Examplesof cartoon pop-upsgenerated using our system:(a) userspeci ed depth equalities, (b) inequalities,
(c) depthvisualizationusedduring theinteractivesessiorto provide visualfeedbag, (d) nal depthmap.

then specify abolute depthvalues,which is time consum-
ing andcounterintuitve. Usingourtechniquecorrectnormal
mapscanbe obtainedvery quickly.

Modelling and stereo. Using an analogyto shapefrom
shadingwe canreconstrucian initial blobby surfaceusing
the Z-componentor normalsgeneratecby Lumo [Joh032.
Such surfacescan be further re ned using smoothdepth
mapsproducedby our framavork. We setup a consistent
gradient eld thatrespectsmooth depthtransitionsaswell
asuserprovided discontinuitiesand thenintegrateit to re-
constructthe nal height eld (seeFigure1h). Sucha sim-
ple 3D modelcanbefurtherre ned in somemodeling tool
or renderedrom two differentviewpointsto obtainstereo-
scopicimages(seeFigurelg).
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6. Conclusionsand Futur e work

We have presenteda novel interactive approachto cartoon
pop-upthat enablesartiststo quickly annotatetheir hand-
madedrawings andanimationswith additionaldepthinfor-

mation.A key bene t of the proposednethodascompared
to previousdepthassignmentechniquess thatit usesdepth
(in)equalitiesinsteadof absolutedepth values. Since this
type of constraintbettercorrespondso the depthrecovery
mechanismusedin the humanvisual system,it makesthe
depthassignmeninoreintuitive andlesstedious.

As afuturework we planto improve the depthexpansion
phaseanddevelop an automaticapproactfor resolvingthe
cycling problemin the expertannotationwork o w. We also
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Figure 6: Examplef cartoonpop-upsgeneratedusingour system{a) userspeci edvirtual contous (pink) anddepthequal-
ities, (b) inequalities(c) intermediatediscretedepthmap,(d) nal smoothdepthmap.

wantto extendourapproacto work with naturalimagesand

nd someotherapplicationsor usinginequalitiesnsteadof
absolutevaluesin the more generalcontet of interactve
imageediting.
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Appendix

Let us assumewe have a graph G(V;E) consisting of
nodesV interconnectetly asetof orientededge<. In addi-
tion to thatwe have anemptysetL anda setSthatcontains
all nodeshaving no incoming edges.Topological sorting
of V canbeobtainedusingthefollowing algorithm[Kah62:

while S6 ; do
S=S fng and L:=L[ fng
for 8m2 V havingedgee: n! mdo
E:=E feg
if mhasno otherincomingedgeghen
S:= 5[ fmg
endfor
endwhile
if E6 ; then

G hasatleastoneorientedcycle else
L containstopologicallysortednodes.



