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Abstract

We present an interactive tednique for geneat-
ing halftoning animationsin image space We speci cally
considera halftoning approadc that usesscreeningmeth-
odsto achieve shading brightness and texture by placing
varying patterns. Our technique transportsthe screen-
ing patternsin a frame-to-fame coheent manner ac-
cording to the velocity of eath fragment on the im-
age plane We show how the algorithm is mappedto
programmable graphics hardware to achieve interac-
tive frame rates. Our approach can be used for any
screening-basedhalftoning technique and therefore dif-
ferent non-photoealisticimage-spacerenderingstyles,in-
cluding dithering screening stippling and hatcing, can
be utilized to genemate real-time frame-to-fame coher
entanimations.

1. Intr oduction

Generatingdrawings using different patternsto corvey
shadingand texture is an effective and widely usedtech-
nigue. Thesemethods,namedhalftoning [21], simulatea
wide color spectrumwith only a few discretecolor values.
In termsof non-photorealisticendering(NPR), halftoning
is appliedto introducepatternsin the drawing in orderto
achieve a clearerand more pleasandisplay style. For ex-
ample,mary illustrationsin textbookson archaeologyor
medicalsciencearedrawn in a stippling style,evenif pho-
tographsof goodquality areavailable. The presentedech-
nigueusesscreeningasthe basisfor halftoning,wheredif-
ferenttonesarerepresentethroughprede nedpatternsor
gures [12].

For the automatic generationof halftoning images,
two possibleapproachedave evolved: halftoningin ob-
ject spaceasillustratedby Freudenbeg et al. [3] or Praun
et al. [14], and halftoningin image spaceas, e.g., shovn
by Secord[16]. Both approacheshave specic adwan-
tagesanddisadwantages.

In object-spacenethodsframe-to-framecoherencean
quite easily be achiezed by attachingthe halftoning struc-
tureto sceneobjectsin thisway, halftoningpatternsalways
move with their correspondingbject,andthereforeempo-
ral coherencas presered. Typically, halftoning elements
arestoredin the form of a texture; texture coordinatesare
speci edin awayto “glue” thesetexturesontothe objects,
therebyautomaticallylinking the halftoningfragmentswith
the objectsurface[3, 14]. In pen-and-inkillustrationsthe
halftoningfragmentsareoftendravn beyondtheobjectbor-
dersto achieze amorenaturaldrawing style. Approachesn
objectspacecannoteasilyful Il thisdemandasthehalfton-
ing processs restrictedto the objectsurface.Moreover, a
prerequisitefor object-spacenethodsis a 3D scenewith
adequatehassignedexture coordinategandthereforeinput
datawithouttheinformationof thecomplete3D scenecan-
not be processedAnotherimportantdravback of object-
spacetechniquesshavs up for screeningillustrations. A
screeningprocesf thecompleteimageplaneis not possi-
ble, asscreenings appliedseparatelyfor eachobjectsur
face. Moreover, the occurrenceof the screeningpatterns
shouldbe independenbf the objectscaleand orientation,
whichis hardto achieve in object-spac@pproaches.

Corversely image-spacéechniquesvercomemary re-
strictions of object-spacemethods.The halftoning frag-
mentscaneasilycrossobjectbordersasthe halftoningop-
erationis performedn theimageplane.Often,image-space
algorithmsrely only on 2D informationand,therefore can
also be appliedto video sequencedn contrastto object-
spacemethods,image-spacepproachesan easily meet
the requirementhat screeningpatternsare renderednde-
pendentlyof the objectscaleor orientation.On the other
hand,the main problemfor image-spacenethodss how to
maintaintemporalcoherenceince,in generalthe halfton-
ing processs independentf the objects.

In this paper we addressthe issueof frame-to-frame
coherenthalftoning in image spacein order to presere
the advantage®f image-spacéechniquedor animatedse-
guencesWe presenta renderingtechniquethat transports
the halftoning structuresin image spaceaccordingto the



motionof theunderlyingobjects|t is capableof generating
time-coherenainimationsof all halftoningtechniqueghat
arebasedon gray-scalemappingsby a underlyingscreen-
ing matrix. Thereforemary display stylessuchasordered
dithering [18], clustereddot screening[19], or void and
clusterscreening[19] can be implemented.Additionally,
stippling[16] or hatching[3] illustrationscanbe simulated
with appropriatescreeningnatricesMoreover, it is demon-
stratedhattherenderingalgorithmcanbemappedo graph-
ics hardware,ensuringthe generatiorof non-photorealistic
animationdn realtime.

The remainderof this paperis organizedasfollows. In
Section2, we review previouswork. Themainalgorithmis
describedn Section3. A discussiorof theimplementation
andresultsfollowsin Sectionst and5. Thepaperendswith
ashortconclusiorandanoutlookon possiblefuture work.

2. Previous Work

The eld of NPRmethodshasbeenanactive areaof re-
searchanovervien canbefoundin thetextbooksby Gooch
andGooch[4], Strothotteand Schlechtwg [18], andin the
SIGGRAPHCourseon NPR[5].

Mostpreviouswork is focusednimitating variousartis-
tic drawing stylesfor still images,while we restrict our
overview on previouswork to topicsdirectly relatedto this
paper:pen-and-inkstylesandhalftoningwith the focuson
animatedenditions.Secord16] presenta methodto gen-
eratestippledrawings, wherethe pointsaredistributed ac-
cordingto a Voronoi diagram.An interactie techniqueis
also mentioned,wherethe areafor eachpixel is mapped
to a precomputegboint distribution accordingto the inten-
sity. Jodoinet al. [8] describea systemthat generatese-
guence®f strokesfrom aninitial trainingsequenceAn ap-
proachfor screeningvisualizationsby Ostromoukhe and
Hersch[12] usesasetof prede ned gures andinterpolates
the contoursof thesefor all intensityvalues.

Another eld of researclspeci cally addressetheprob-
lem of generatingNPR animations Freudenbey et al. [3]
proposea conceptto generatanteractve NPR animations
in objectspaceausinggraphicshardware.Prauretal.[14] in-
troducetonal art maps(TAM) for hatchingin objectspace.
Theseprecalculatedmip-map stroke texturesdirectly ad-
dressthe problemof maintainingcoherenceacrossscales
andobjectorientations.

Meruvia Pastorand Strothotte[9] describean approach
for frame-coherenstippling in objectspace.Secordet al.
[17] redistribute an initial point arrangementhrough a
probability density function (PDF), derived from a single
input image, to achieve frame-coherenstippling anima-
tions. Cunziet al. [1] presentan image-spacapproacho
animatethe backgrounctarvasin NPRillustrations.They
usea limited setof transformationdo animatethe back-

groundpaperaccordingto the cameramovements Ostro-
moukhos and Hersch[13] presenta techniqueto generate
a large stochastialither matrix to generatestippling illus-
trationsthrougha screeningprocessin an earlierpublica-
tion by Ostromoukhe [11], randomspatialstructuresare
usedaspointprimitivesandrenderedvith ascreeningech-
nique.

For the image-spaceanethod of this paper we adopt
the conceptof a G-buffer as proposedoy Saito and Taka-
hashi[15]. The G-buffer generalizeghe frametuffer to al-
low for an extendedset of attributesper pixel. Theseat-
tributesmayincludecolor, depth,normalvector, textureco-
ordinates,and even more complex parametersThe nal
renderingstepusesonly theseattributesof the intermedi-
ateG-buffer for generatingheresultingimage.

The transportof halftoning patterndgs accomplishedy
texture adwection. Texture advectionwas originally devel-
opedfor visualizingvector elds. RecentlyJobardetal. [7]
andvan Wijk [20] have presentedrariantsof texture ad-
vectionspeci cally designedor time-dependenb ws. Our
implementatiormakes useof the GPU-based/ersion[22]
of Jobardetal!sapproach.

3. Algorithm
3.1. Overview

Screeningechniquesombinea gray-scaleor colorim-
agewith an underlyingscreeningnaskto obtainthe nal
rendering.Figure 1 shows a typical examplefor a screen-
ing technigue—thresholscreeningHere thegrayvalueof
a fragmentfrom the original pictureis comparedo entries
in ascreeningnatrix. The nal pixelis blackwhentheorig-
inal grayvalueis below the correspondingentry, otherwise
white. Otherscreeningapproachesnay use more compli-
catedwaysto determinethe color of the nal pixel. How-
ever, in thresholdscreeninghe screeningnask,which cov-
ersthe completeimagespacejs decomposednto smaller
matricesThesescreeningnatricesarelocatedonauniform
grid, lling the screeningmask.Thus,the positionof ele-
mentsof thescreeningnaskis independentf themotionof
the underlyingscene Therefore previously known screen-
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Figure 1. Threshold screening technique .
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Figure 2. Advection of a screening matrix.

ing techniquesuffer from the “shower door effect”, where
objectsof the sceneappeato swim throughthetexture.

To overcomethis fundamentaldravback of such an
image-spaceechnique,we proposean approachthat ad-
vectsthe screeningmaskin imagespaceaccordingto the
velocity of eachpixelin theimageplane.In thisway, acou-
pling of the screeningmaskandthe moving objectsof the
sceneis establishedFigure 2 shavs two snapshotgaken
from arotatingcubeto illustratehow asinglescreeningna-
trix is moving with theunderlyingobject. Theimage-space
velocitiesof the fragments—inthe context of computervi-
sion alsoreferredto asoptical ow [5, 6]—can eitherbe
calculateddirectly from the 3D scenefor example,by us-
ing rigid bodykinematicspr they arecomputedrom video
sequenceff]. In both variants,the G-buffer framework is
extendedby an additionalattribute to provide the velocity
of fragmentswith respecto theimageplane.

The following issuesare introducedby an adwectionof
the screeningmask. First, screeningmatricesmay move
to positionsthatare no longeralignedwith the underlying
grid, whichis showvn in theright imagein Figure2. A sec-
ondproblemis causedy velocity elds thatcontainregions
of divergencegconvergenceanddiscontinuity For example,
divergenceandcornvergenceappeain the caseof arotating
objector camerazoomingduringtheanimation;discontinu-
itiesshav up atobjectbordersin theseareasin thefollow-
ing referredto asdistortionareas thevelocity eld causes
distortionsin the screeningmaskif only a simple adwec-
tion is performedIn addition,the spatialfrequencie®f the
maskmightchange.

Stateddifferently, image-spacedwection of screening
masksis subjectto the following contradictingrequire-
ments:(1) screeningnatricesshouldhave equalsizeandbe
alignedto anunderlyinggrid, (2) screeningnatricesshould
accuratelyfollow themotionof theobjects Sincethereis no
optimal solutionfor both requirementswe proposea way
to combinethe solutionsfor bothaspects.

We introduce multiple screeningmasksto realize the
above requirementseachwith the samesize asthe image
plane: (1) a static, non-adectedmask C, which accounts
for screeningmnatricesalignedto the underlyinggrid; (2) a
screeningnaskS whichis advectedo follow themotionof
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Figure 3. Combining the diff erent masks.

the objects;and(3) a so-calledblend-inscreeningmaskB,
usedto couplethe abore two masksand make possiblea
smoothinsertionof new screeningnatrices Figure3illus-
tratesthe differentmasksand how they are combinedfor
thegeneratiorof the nal image.

Mask Sis adwectedsolely basedon the velocitiesof the
sceneobjects.Whenever the artifactscausedoy distortion
areasbecometoo large, new elementsof the mask C re-
placetheseregionsof S The blend-inscreeningmaskal-
lowsthesenew elementdo beblendedn smoothlyandthus
eliminatespoppingartifacts.In the actualimplementation,
masksC and B are not combinedto form anothermask;
ratherbothareappliedto rendelintermediaténalftoningim-
ageshatareafterwardscombinedo the nal image.

The completeprocesscan be split into threemain cal-
culationpaths:calculationof the nal image,updateof the
blend-inscreeningnaskB, andupdateof screeningnaskS
Figure4 illustratesthe o w chartfor thecombinationof all
threetasks.n thefollowing subsectionghedetailsof these
threestepsarediscussed.

3.2. Calculation of the Final Image

To generatdhe nal image,theresultsof the screening
processwith the mask S and the blend-inmask B have
to be combined.Therefore,eachfragmentof the screen-
ing mask S hasan appendedstatusinformation that con-
sistsof the total adwection distancein x- and y-direction.
Eachtime thefragmentis adwected thesedistancecounters
areupdatedaccordingly The scalefor the countersarecho-
senin away thatanabsolutevalueof 1:0 correspond$o an
adwecteddistanceequalto the extent of the screeningna-
trix in this direction. Additionally, the blend-in screening
mask B holdsa timer that is incrementeceachframe and
thusre ectstheageof thefragmentin the B mask.A timer
valueof 1:0 correspondso themaximumageof afragment.
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Figure 4. Calculation scheme for one time step of an animation.

Themaximumof thesevaluesis calculatedo determinehe

weightfor blendingtheresultsof the screeningnaskS and

theblend-inmaskB. This ensureshatthefragmentis com-

pletelyblendedvhenit haseitherbeenadwectedby thesize

of onescreeningnatrixin x- or y-directionor themaximum
timefor theblendinghaselapsedThetimerrestrictsthedu-

ration of the blendingprocesdo a userspeci ed threshold,
while thedirectioncountersacceleratéheblendingdepend-
ing ontheadwectionvelocity.

3.3. Update of the Blend-In ScreeningMask

The rst step for this part of the algorithm adwects
the blend-inscreeningmask B accordingthe velocity val-
uesin the G-buffer attribute and incrementgthe timer for
each fragment. A backward Lagrangian-Euleriaradvec-
tion (LEA) schem¢7] is appliedto transportelementsof
B by displacingthem at eachtime step.LEA makes use
of nearest-neighbosamplingin the backward adwection
lookup to maintainthe contrastof the original input tex-
ture and to presere the structureof the screeningmask.
Unfortunately a straightforvard implementatiorof adwec-
tion with nearest-neighb@amplingwould resultin anan-
imationthatis partitionedinto regionsof constanimotion,
within which the integer part of the displacements con-
stant.This unpleasantuantizationof the velocity vectors
is describedin more detail in [7]. Fractionalcoordinates
areusedto overcomethis problem:Theseadditionalcoor
dinatesdeterminethe subtexel positionof eachelementof
theinput textureandareupdatedor eachtime stepaccord-
ing to thevelocity eld. In thisway, subteel motionis pos-
sibleandtheanimationis nolongerpartitionedinto regions
of quantizedvelocities.

Theprimarypurposeof theblend-inmaskis to detectthe
distortionregionsin thevelocity eld andschedulghesefor
a replacementn the blend-inmask B with nev matrices

from the staticscreeningnaskC. As ameasurdor the dis-
tortion, thedifferenceof thevelocityatthecurrentfragment
positionandatthepreviouspositionis consideredUnfortu-
nately thevelocity eld cancontainawide rangeof veloc-
ity valuesandthereforesimplethresholdgor nite differ-
encesare not appropriateThus, our implementatioractu-
ally computegheratio of bothvelocities.If theratiois be-
low a givendivergencethreshold the fragmentis assumed
to be locatedin a divergenceregion andthereforemarked
for an overwrite with the staticscreeningmaskC. A ratio
abovethecorvergencahresholdalsoinitiatesa overwriteof
thefragment Additionally, the distancecountersareexam-
ined to checkwhetherthe fragmenthasbeenadwectedfor
morethantheextentof thescreeningnatrix, which alsoini-
tiatesanoverwriteby thevalueof the staticscreeningnask
C.

To ensurethat only completematricesare inserted the
distortionregions have to be exactly alignedwith the lay-
out of the static screeningmask C as shavn in Figure
5. All fragmentsof a newly insertedscreeningmatrix re-
ceive aninitial valueof 0:0 for boththe timer andthe dis-
tancecountersAlong the subsequernframes the contritu-
tion of theblend-inscreeningnaskB to the nal imagein-
creasesnonotonically dependingon the distanceand the
timer value,until one of the valuesreachedl:0 andthein-
formationof the blend-inscreeningmask B of the current
fragmentis transferredo thescreeningnask S

3.4. Calculation of the ScreeningMask

For eachframe, the screeningmask S is adwectedac-
cordingto the velocity valuefor eachpixel. Dueto thedis-
tortion areasin the velocity eld the adwectedscreening
mask S containsareasn which the screeningnatricesare
skewed. The methoddescribedn Section3.3 insertsnew
matricesin the blend-inscreeningnask B to smoothlyre-
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Figure 5. Alignment of the insert mask to en-
sure complete matrix inser tion.

placethe distortedmatricesin the screeningmask S over
acoupleof frames.Therefore duringthe calculationof the
screeningmask S it is only importantto detectwhenthe
blend-inscreeningmask B hasbeencompletelyblended.
Thenthescreeningnatricesarecopiedfrom themaskB to
thescreeningnaskS

4. Implementation

Our implementation is based on C++ and Di-
rectX 9.0 [10]. The G-buffer framework utilizes the
renderto-texture functionality of DirectX to store the
G-buffer attributes of eachpixel in textures. The veloc-
ity attributestoreghevelocityin screerspacemultiplied by
theframe-to-framdime, which yield the distancethe frag-
mentmovesin onetime step.For rotatingobjectsthe mag-
nitude of the velocity nearthe rotationcenteris very low,
whereaghe velocitiesfurther avay from the rotationcen-
tercouldbevery high. Thusthevelocity eld couldcontain
a hugerangeof the values,andfor thatthe G-buffer usesa
texture format with 32-bit oat valuesin eachcolor com-
ponentto store distancesOur image-spacaenderingal-
gorithm usesthe Pixel Shader2.0 functionality through
the DirectX effect les feature[10]. A similar implemen-
tation basedon OpenGL can be achieved via the CgFx
frameawork [2].

For the calculationof the nal imagethescreeningech-
nigue is applied separatelyfor the screeningmask S and
theblend-inmaskB. We usescreeningatternghatencode
thresholddn textures,andapply a smooththresholdfunc-
tion [3] to evaluatethe screeningThe resultsare blended
accordinga factor f, which is calculatedfrom the maxi-
mum of thetimer andthe two distancecountervalues,and
nally written to the framebuffer. If f is greaterthan1:0,
theblend-inmaskhasalreadybeencompletelyblendedand
copiedto the screeningmask S In this casethe blend-in
screeningnaskhasno contritution to the nal imageand
only theresultof the screeningwvith themask S is applied
for the nal image.

During the updateof the blend-inscreeningnaskB the
distancevaluesare usedto apply a hardware-basedack-

ward texture adwection[22] to the mask, utilizing depen-
denttexturelookupsandmaintainingfractionalcoordinates.
The extra informationfor the timer andthe distancecoun-

tersfor eachfragmentareencodedn the free components
of the blend-in maskand calculatedas describedn Sec-

tion 3.2duringtheblend-inscreeningnaskupdate.

Additionally, thedistortionareashave to be detectedby
computingthe ratio of the G-buffer's distancevalueat the
positionin the previousframeto the distanceat the current
position. If the ratio is below the divergencethreshold,in
theimplementationve used0:3, the currentfragmentwill
beregardedasdistorted adifferenceabovethecorvergence
thresholdjn theimplementatiori:1 is used alsomarksthe
fragmentasdistorted Thetotal advectiondistanceof afrag-
mentis usedasathird criterionto determinea distortion. It
is comparedto the correspondingxtent of the screening
matrix in eachdirection.If the adwectionexceedsthe ma-
trix dimensionin either direction, the fragmentis consid-
eredto bedistortedandis scheduledor anoverride.

In a subsequentenderingpass the size of thesedistor
tion areasareenlagedto t thesizeof a screeningnatrix,
which is illustratedin Figure5. Therefore,a rendertarget
with the size of theimageplanedivided by the size of the
screeningnatrix is used whereeachfragmentcorresponds
to one screeningmatrix in the imageplane.To determine
whetherafragmentof the downsizedrendertargethasto be
setasdistorted,all fragmentsof the correspondingcreen-
ing matrix in the image plane shouldbe testedif at least
oneof themis marked. To accesall fragmentof an8 8
screeningmatrix 64 texture lookupsare neededwhich is
morethanmostof today's hardwarecanprovide. The val-
uesto bereadarebinary ags of 0 or 1. To determinea dis-
tortion of afragmentin the downsizeddistortionmaskit is
enoughto know if atleastonefragmentof the correspond-
ing screeningmatrix is marked as distorted.Bilinear tex-
ture Itering accessea2 2 blockof texelswithin asingle
texturelookup operationandcombineghefour valuesto a
singleinterpolatedvalue.lt is sufcient to checkthis result
againsDto determinef atleastonetexelhasavaluegreater
thanO. Thereforeonly 16 texture lookupsare necessaryo
calculatethe enlageddistortionareafor a8 8 screening
matrix. For very big screeningnatricesa hierarchicalmul-
tipassapproactcanbe applied,wherebyeachpassreduces
the numberof fragmentswvhich mapto a screeningmatrix
until onefragmentmapsto onematrix.

In an additionalpassthis rendertargetis resizedto the
output resolution using nearest-neighbosampling. Now
eachareaof distortionis alignedwith thesizeof thescreen-
ing matrix and,dependingon theinsertionmask,eitherthe
adwectedvalueof theblend-inscreeningnaskfrom thepre-
viousframeis usedor anew valueis insertedrom the static
screeningnaskC.

In theupdateprocesof thescreeningnask S anadwec-



tion is performedgexactly in the sameway asfor the blend-
in mask. Afterwardsthe distancecountersand the timer,

which arestoredin the blend-inmaskB, arechecledif one
of themexceedgheirmaximumof 1:0, whichwill initiatea
copy of thescreeningnaskvaluefrom theblend-inmaskB

tothescreeningnasks Thistransferof thescreeningalue
is alsotriggeredif the fragmentof the blend-inmaskB is
scheduledor anoverridewith the staticmaskC, sinceoth-
erwisethe contentof the screeningnaskB would belost.

5. Results

Figure 7 shavs a sequenceof a rotating car in a
computergenerated animation. For these renderings,
the velocity at eachvertex of the meshis evaluatedus-
ing rigid body kinematicsin objectspaceandprojectedto
the imagespace.The linear interpolationof the vertex at-
tributeswithin eachpolygonof themeshis usedto calculate
the velocity of the fragments.The illustrations demon-
stratea scaleandorientationindependentepresentationf
the screeningatternsover the entireimageplane.The cor-
respondencef the screeningpatternsare shavn in the
two enlaged partsat the bottom of the gure. They indi-
catethat the motion of the screeningpatternsis coherent
with the motion of the underlyingscene.In areasof ex-
treme distortion at the left side of the car, somescreen-
ing matricesarestill distorted.In thesecasest is hardfor
the algorithmto decidewhetheran adwection of the ma-
trix or areplacemenshouldbe performed.

Figure6 depictsarotatingpot. This sequencehavsthat
the patternsof the screeningalgorithmfollow thetexture of
the pot while it rotates.This scenecontainsmuchlessse-
veredistortionsareaswhich leadsto betterresultsin theil-
lustrationof the screeningpatterns.

Furthervideo materialcan be accessedia the internet
at http://www.vis.uni-stuttgart.de/ eissele/guk04/ on our
project pageto demonstratehe frame-to-framecoherent
screeningalgorithm.

Table 1 shavs the measuremenbf the frameratesin
frames per secondfor different screenresolutions.The
framerateswith and without the generationof G-buffer
attributes are displayed,i.e., the last row shavs the per
formancenumbersfor the screeningnechanisnitself. As
testsysteman AMD Athlon 1.4 Ghz systemwith an ATI
Radeon9700 PRO graphicsadapterwas used.The scene
usedfor measuringvasthe carmodelof Figure7.

6. Conclusion

We have presentedan approachfor frame-to-frameco-
herentscreeningin image space.The appearancef the
screeningpatternsare independenbf camerazoom, ob-
ject scale,and object orientationand the systemadwects

Viewportsize 256 256 512 512 1024 1024
with G-buffer 238 65 16.4
without G-buffer 295 68 18.6

Table 1. Framerates in frames per second.

the screeningmatricesin orderto link the screeningma-

trices with the object surfacesto maintain temporal co-

herenceThe methodis targetedfor animplementatioron

programmablgraphicshardware,which leadsto real-time
framerates.Sincethe input to our techniqueonly requires
theintensityandthe velocity in imagespacepur approach
is alsoapplicableto videosequenced heproposednethod
canalsobeappliedto solve other, similar problemsas,e.g.,

statedby Cunzietal. [1]. Thus,othertechniquegouldalso

bene t from our approactandachiese betterresults.

In future work, the systemcould be extendedby a bet-
terpredictionwhenandwherenew screeningnatriceshave
to beinsertednto the blend-inscreeningnaskto achieve a
betterimagequality. Additionally, a greatewvariety of pen-
and-inkrenderingstylescouldbeimplemented.
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Figure 7. Sequence of a computer -generated animation.




