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Figure 1: Surfacerenderingwith cycle shading(a) and hatched cycle shading(b); o w visualization with hatched cycle shadingfor streamlines(c)
and surface-basedPhong illumination (d). Data sets courtesy of Volkswagen AG (two left images) and the BMW Group (two right images).

ABSTRACT

In this paperwe proposecycle shadingandhatchedcycle shading
asnew local shadingtechniquedor shapeassessmergndvisual-
ization. Naturalsurfacehighlightsare extendedto not only appear
in isolatedpartsof a surface,but to reappeathroughoutthe sur
facein aregular and easy-to-contropattern. Therebyeven small
surfacevariationsbecomevisible, wherever they arelocatedon the
surface. We further extend (hatched)cycle shadingto curvesin
3D, i.e., to shapef higher codimension. We demonstratéow
(hatched)ycle shadingimproves 3D vector eld visualizationby
shaving higherorder discontinuitiesof streamlinespathlines,or
streaklinesQOurvisualizationapproachs generic simple,ef cient,
and can readily be usedwhere Phongillumination is applicable
becauseénformationon curvature or meshconnectvity is not re-
quired. The effectivenessof cycle shadingfor the assessmeruf
surfacequality is demonstratetly a userstudy Finally, this paper
addressesssuesof anti-aliasing,parametercontrol, applications,
andef cient GPUimplementations.

CR Categories: 1.3.3 [ComputerGraphics]: Picture/ImageGen-
eration;l.3.7 [ComputerGraphics]:3D GraphicsandRealism

Keywords: Surfaceassessmenshapevisualization,vector eld
visualization,non-photorealisticendering,curve rendering, GPU
methods.

1 INTRODUCTION

Surfacesrule the world of perception—humabeingsarevery ef-
fective in perceving a 3D ervironmentby visually “reading” the
appearancef surfaceq9]. Both spatialandtemporalvariationsin
the shadingandtexturing of a surfacestrongly support3D shape

perception.In computergraphicstheimportanceof surfaceshad-
ing is well understood—withouteasonableshading,surfacesap-

pearto be at andunstructured.Surfacehighlights,in particular

play animportantrole in shapeperceptior{7]. In automotve engi-

neeringfor example re ection lines(speculahighlightsfrom aset

of light tubes)areusedto assesthequality of carbodieg[6]. In ad-

ditionto shadingappropriatesurfacetexturing (i.e., substructuring)
canbe usedto supportshapeperception8, 23, 26]; in particular

texturesbasedn surfacecurvaturecanbe helpful [10, 14,17].

In this paper we follow up this line of agumentatiorand pro-
posea new shadingtechniquethat might be usefulfor shapevisu-
alization. The motivation for our techniquetiesin with the human
ability to mentally reconstrucBD shapefrom speculamighlights
andsurfacetexture,andin particularfrom theirtemporabariations.
We demonstratby meanof auserstudy(Section8) thatour shad-
ing methodsupportsthe userin detectingsurfaceimperfections,
i.e., our methodis effective in visualizingand assessinghe qual-
ity aspecf shape.The perceptuakffectivenessn promotingthe
full understandin@f 3D shapds not investigatedin this paperbut
remainsanopenquestiorfor futurework.

For our shadingapproachwe substructureriew-dependensur
faceshadingto distribute highlight-like informationthroughouthe
surface—in contrastto Phonghighlighting [21], which only af-
fectsrelatively small partsof the surface.We denotethis approach
ascycle shadingbecauseét resultsin concentricshadingpatterns

Figure 2: Flow visualization with densestreamlines: surface shading
(left), illuminated streamlines with cycle shading (right). The red
arrows denote usually invisible G2 curve discontinuities.



aroundregular speculahighlightsandbecausét introducescyclic

secondanhighlight structuresvhenthe anglebetweerview direc-
tion anddirection of perfectre ection is increasing. Cycle shad-
ing is interestingfor existing and future applicationsasit canbe
readily usedwherever Phongillumination is applicable;only sur

facenormalsarerequired but noinformationon curvatureor mesh
connectvity. Dueto its high sensitvity to surfacesmoothnessgy-

cle shadingis particularlyusefulfor the quality assessmeraf sur

faces.Figurelashaws atypical applicationof shapenterrogation

for CAD models. In addition, cycle shadingmight be employed

for non-photorealistisurfaceillustrations(seeSection7 andFig-

ures9aand9b), althoughfurtherinvestigationsareneededo under

standthe effectivenesof cycle shadingin the contet of 3D shape
perception.

With cycle shadingwe cansuccessfullyncreasehetexture fre-
queng alongonedimensionacrossthe surface: radially from the
surfacepointsof perfectre ection in thesensef apolarcoordinate
system.With hatchedcycleshading(seeFigure 1b), we addition-
ally increasethe texture frequeng acrossthe concentricshading
patternsandtherebycover the complete2D surfacewith shapen-
formationin both dimensions.Therefore even subtlesurfacefea-
turessuchastiny bumpsor curvaturechangesecomevisible, re-
gardles=of their orientationor positiononthe surface.

Dueto its simplicity, (hatchedycle shadingcanbegeneralized
for objectsof highercodimensionssuchascurvesin 3D space.In
Figureslcand2, for example,thetangential o w acrossa surface
is visualizedwith a densesetof streamlines.With cycle shading,

rst-order derivative informationof thecurvesis directly visualized
insteadof zero-orderpositionalinformation (see, e.g., Figure 2,

right): we canseea G2 cure discontinuitythat is invisible with

traditional shading. Therefore,we propose(hatched)cycle shad-
ing asa methodfor shapevisualizationand assessmerit higher
codimensions.

The main contritutionsof this paperare (1) a surfaceillumina-
tion modelfor (hatched)ycle shadingalongwith (2) ageneraliza-
tion to higher codimensions(3) an anti-aliasingsolution compa-
rableto MIPmapping,(4) an ef cient GPU implementation(5) a
demonstratiomf typical applicationscenariosand(6) a userstudy
thatvalidatesthe effectivenesf cycle shadingfor the assessment
of surfacequality.

2 RELATED WORK

Cycleshadings a non-photorealistiextensionof the Phonglight-
ing model[21] with thegoalof shapevisualizationandassessment.
It is relatedto cool/warm shading[12], with the differencethat
specularillumination insteadof diffuse illumination is extended.
This side-by-sideositionwith respecto thejoint Phongreference
modelallows usto considercool/warmshadingasa role modelfor
cycle shadingIn generalmuchresearcthasbeenconductedn the
eld of non-photorealistishapevisualization[13, 25]. For exam-
ple, silhouetteand contourlines [16, 3, andreferencesherein]or
featurelines suchasridgesareusedaseffective visual cues.Prin-
cipal cunvature directionsand principal curnvaturescan guide the
placemenbf strokes[10, 14, 17]. Curvatureinformationcanalso
bevisualizeddirectly by colorcoding[4] orindirectlyviatheGauss
map[19]. The computationof cunatureinformationfor discrete
surfacess atopic of ongoingresearch11].

Another related eld of researchis geometricsurface assess-
ment. One approachis surfaceinterrogation as usedin geomet-
ric designto examine surface quality [15]. For example,re ec-
tion lines[18], which arethe speculare ections of elongatedlight
sources,have a long tradition in surface assessment.Real-time
re ection mapping[28] can be usedto computerespectie im-
ages. Anotherrelatedmethodis basedon isophotesij.e., surface
curves with a constantangle betweenlight direction and normal
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Figure 3: Comparison of BRDFs for incident light at 45 degrees:
Phong model (left) and cycle shading (right).

vector[22]. Isophotesandre ection lines are complementarybut
notdisjoint[27], andthey form adiscretecounterparto cycle shad-
ing.

Finally, our generalizatiorof cycle shadingto arbitrary dimen-
sionandcodimensiorfollows the extensionof the Phongillumina-
tion modelby Banks[1] andthe computationamethod<or illumi-
natedstreamline$32].

3 CYCLE SHADING

The original Phongmodel[21] canbe split into ambient,diffuse,
andspeculaicomponentso computethere ectedradiance

Lphong= (ka+ ka(L N)+ ks(R V)ns)l-light ;

with theambientcoefcient kg, thediffusecoefcient kg, thespecu-
lar coefcient ks, shininess, andtheradianceljight incidentfrom
the light source. In this paper we usea corventionin which the
light directionvectorL, the normalvectorN, there ection vector
R, andthe viewing vectorV point awvay from the positionof inci-
denceon the surface. All thesevectorsareassumedo be normal-
izedto unit length. One-sidedighting is usuallyapplied,i.e., the
diffuseandspecularcontritutions are setto zerofor surfacesthat
are not orientedtowardsthe light source. The above equationis
formulatedfor a singlecolor channelcoloredimagesareproduced
by applyingtheillumination modelfor thedifferentcolor channels
separatelyln theremainderof this paperwe focuson the specular
termsc = (R V)™, which canbewritten as

Sc= fe(R V) | 1)

with fc(d) = d™. We generalizethis illumination modelto cycle
shadingby changingf; from a monotonicmappingto a function
thatexhibits recurringminimaandmaxima.Figure3 illustratesthe
BRDFs (bidirectionalre ection distribution functions)for Phong
illumination andcycle shading.

A speciaffamily of functionsf is requiredto achieze anapprox-
imately equidistanspacingbetweemeighboringmaximaof fc on
theimageplane.To obtainequidistanvisual structuresa mapping
via arccosinds necessaty

Sc= fe(R V) = ge(arccogR V) )

provided gc hasequidistantmaximaand minima. Essentially the
arccosinecompensatefor the fact that the dot productyields the
cosineof the anglebetweentwo vectors. Figure 4 illustratesthe
effect of thearccosinenappingfor ashadedsphere.

Figure 4: Cycle shad-
ing for a sphere, with

arccosine mapping
(lefty and without
arccosine mapping
(right).



Themappingfunctiong is of thetype

imax
g:[0p]! R; a7 §wp(a iDa) : 3)
i=0

Theprototypicalfunction p hascompactsupport(lik e atrianglehat
function) or quasi-compacsupport(like a Gaussiarfunction) and
describeghe behaior arounda single maximum. The size of the
supportdetermineghe width of cycle patterns.Equidistantcopies
of p areaddedatintervalsDa. Thewidth Da controlsthe spacing
of cycle patterns. The numberof maximais determinedoy imax,
andw; arepossiblyvarying weights. The domainof g coversthe
full rangeof possibleinput anglesandso doesthe supportof typ-
ical choicesfor gc—cycle shadingprovidestwo-sidedlighting, in
contrastto one-sidedllumination by the Phongmodel. Two-sided
lighting is importantto introducevisualstructureatall visible parts
of anobject. The function gc canrepresengray-scaleintensities
andcolorsalike. Color canbe introducedby specifyingseparate
andvaryingweightsw; for differentcolor channels.

Cycle shadingis combinedwith traditionalsurfaceillumination
to improve shapeperception. It is usefulto modulatethe result
of cycle shadingwith the Lambertiancontritution accordingto
sC°= w(maxO;L N))s¢, wherew is a weight function with do-
main[0; 1] andrange[0; 1]. A goodchoiceisw(d) = wd+ (1 W),
with W= 3=4. Finally, traditionalillumination canbe addedto the
modulatedvalue s?. Figure 8 comparedlifferentillumination al-
ternatives, all of thembasedon a sum of Gaussiangor gc. Fig-
ure 8aillustratescoloredcycle shadingwithout additionalsurface
illumination, whereasFigure 8b addsPhongillumination to col-
oredcycle shading.The alternatingcolorsgreen blue,andorange
arechoserapproximatelysoluminant.Figure8c shavsacombina-
tion of gray-scalé®hongillumination andgray-scalecycle shading.
Finally, Figure8d is basedon a combinationof cool/warm surface
shading[12] and luminancecycle shadingwith additionalspecu-
lar highlights. We recommendisinga combinationof traditional
illumination and cycle shadingbecauséoth methodsseemto be
compatibleand mutually strengthertheir shapecues. Figure8ais
only includedto shav the effect of pure cycle shading,but is not
recommendedor real applications. The spatialfrequeng of pat-
ternsfrom cycle shadingdepend®n therateat which normalvec-
torschangewith respecto varyingviewing angle.Thereforecycle
patterndensityis adirectmeasurdor surfacecurvature.

4 HATCHED CYCLE SHADING

We proposehatdced cycle shadingas a meansof generatingad-
ditional visual structuresthat are essentiallyperpendiculato the
patternof cycle shading.Theideais to projectthe up vector(ver

tical axisontheimageplane)andthere ection vectorinto a plane
that is perpendiculato the view direction, and thento compute
theanglebetweerthetwo projectedvectors.Two orthonormaba-
sis vectorsare chosento describethe imageplane: the up vector
U andthe vector X that pointsto the right. We usea notationin

which Ay denoteghe normalpart of a genericvector A with re-
spectto a projectionto theview vectorV, i.e.,Ay = A (A V)V.

Then, Xy andUy form abasisof a2D planethatis perpendiculato

the view direction. This basisis well-de ned andits basisvectors
have nite lengthbecauséheview vectorcannotbe collinearwith

U or X for orthographicor perspectie projections. (A 4p sterad
panoramaamerds notconsideredhere.)AlthoughXy andUy, are
not necessarilynormalizedto unit lengthor gerpendiculato each
other a correspondingrthonormalbasis(Xy,; US) canalwaysbe
constructed:

UJ = Li(Uy); X9 =Li(Xy (Xv UY)UY)

In generalwedenoteby L 1 anoperatothatnormalizesanarbitrary
input vectorA to unit length,i.e.,L 1(A) = ASjjAjj. Then,there-
ection vectoris projectedontothe 2D planespannedby (XS; U\O,):

Rv = (R UDUY+ (R X)X

Thedot productof theprojectedup andre ection vectorsis usedto
de ne theanalogof thecycle term,

sh=fn L1(Rv) UY (4)

This equationcan be evaluatedef ciently by using cross-product
computationgo projectvectorsonto a planeperpendiculato the
viewing direction.In thisway, the hatchedrersionof cycle shading
canalternatvely be computedoy

sh= fr(Ly(V R) La(V V) (6)

This equationleadsto the sameresultas Eq. (4) becausehe ro-
tationsby p=2 thatareintroducedby the cross-productermsare
canceledutin thedot-producicomputation.

For view vectorsin a neighborhoodaroundthe re ection vec-
tor, cycle shadingeadsto circularisolinesof s thatareconcentric
aroundthedirectionof perfectre ection. In contrastjsolinesof sy
form starshapedraysthat originatefrom a commoncenterpoint
atthedirectionof perfectre ection. Similarly to cycle shading,f
shouldcontainrecurringmaximaandminima. To achieve equidis-
tant visual patterns,a mappingvia arccosineis required again:
fn(d) = gn(arccogd)).

We recommendisingthe resultof the hatchedshadingversion
only in combinationwith cycle shading:the hatchedstructuredo
not originatefrom an illumination metaphor(suchasspeculare-
ection is the basisfor cycle shading),but are introducedto add
structureto the cycle patterns. Hatchedstructuresare fadedout
aroundthedirectionandthe oppositedirectionof perfectre ection.
The fading out is basedon a weighting factorthatis constructed
from the rst (i = 0) andlast (i = imax) prototypicalfunction for
cycle shadingn Eq. (3).

Figure 10 illustrateshatcheccycle shading.Here,coloredcycle
patternsaremodulatedwith theresultof the cross-productompu-
tation from Eq. (5). The two spheresn the left areilluminated
by directionallight thatis incidentfrom top-right. The imagesof
thetwo sphereonly differ in the width of cycle maxima. Thetop
spherecontainggraygapsbetweerbothkindsof patterngcycleand
hatched)In contrastthe bottomspherehaswide, slightly overlap-
ping cycle maxima, which resultin an almostisoluminantcycle
structure.In this way, cycle shadingis mainly basedon chromatic
contrastandthe hatchedpatternsarebasedon luminancecontrast.
For mostapplicationsof hatchedcycle shading,we recommench
separatiorinto luminanceand chromaticcontrastin orderto per
ceptuallyseparatehe cycle andhatchingpatterns.Therole of lu-
minanceandchromaticcontrastouldalsobeexchangedothatcy-
cleshadingwvould berelatedto luminancecontrasiandthehatching
aspectvould berelatedto chromaticcontrast.

Theright imageof Figure 10 illustrateshatchedcycle shading
for theheight eld of a sinusoidalfunction of which theamplitude
decreasewith increasingdistancefrom the center The examples
in Figure10 shav thatthe starshapechatchedatternsareperpen-
dicularto the circularpatternof cycle shadingn alarge neighbor
hoodaroundperfectre ection. Sincetemporalvariationsof high-
light structuresupportshapeperceptiorespeciallywell, (hatched)
cycle shadingis mosteffective in interactize applicationsn which
theusercancontrolviewpointandlight direction(cf. theaccompa-
nying video[29]).

At this point, therangeof valid input valuesfor the hatchedver-
sionof cycle shadingneedsto bediscussedAs mentionedbefore,
theoperation®nvectorsU andX arewell-de ned for orthographic



or perspectie projections.ThevectorsRy or, alternatvely, V. R
have zerolengthonly atthe point of perfectre ection andthe point
oppositeof perfectre ection. Thisdegenerag canbenegglectedbe-
causehatchedcycle shadingonly usesthe well-de ned highlights
from cycle shadingat thesepoints.

5 SHADING IN HIGHER CODIMENSIONS

Following Banks[1], we extend cycle and hatchedcycle shading
to shape®f arbitrarydimensionandcodimensionWe assumehat
anobjectof dimensionk > 0 canbe describedasa k-manifold M
embeddedn Euclideanspaceof dimensionn > k. The difference
n kis thecodimensiorof the object. The previous discussiorin
Sections3 and 4 coversthe caseof a 2-manifold (a 2D surface)
with codimensionl (i.e., n= 3 andk = 2). Curwves, hair, or fur
embeddedn 3D spaceareexamplesof anotherimportantclassof
objects:1-manifoldswith codimensior® (i.e.,n= 3andk = 1).

Banksrelieson Fermats principle with light pathsof minimal
lengthto derive a modelfor diffuseandspeculaillumination. We
usehisgeneralizatiorof Phonglighting to illuminate objectsof ary
codimension. Both cycle and hatchedcycle shadingare primar
ily basedonthere ection vectorR, andsois the speculatermin
Banks'model.We adopthis computatiorof there ection vectorto
derive a codimension-imariantgeneralizatiorof cycle andhatched
cycle shading.

The n-dimensionalEuclideanspaceis decomposednto the k-
dimensionatangenspacel Mp andthe(n  k)-dimensionahormal
spaceNMp—bothatthe point p of the manifoldM. There ection
vectorcanthenbe split into atangentiapartRt anda normalpart
RN by projection. In general,a subscriptT denoteghetangential
partof avectoranda subscriptN denoteghe normalpart. Dueto
Fermats principle,there ection vectorcanbe computedrom the
light andview vectorsaccordingto

L7 Ry = jibnjjiLa(Vn) @ (6)

With this re ection vector the codimension-imariant cycle con-
tribution gc(arccogR V)) canbe computedin the sameway as
in Eqg. (2). Similarly, hatchedcycle shadingcan be appliedin
highercodimensionsWe still assumehatthe imageplaneis two-
dimensionaknd,thus,canbe describedby two orthonormalbasis
vectorsU andX. Then,Eq. (4) is suitablefor any dimensiom and
ary codimension(n k) becauset is only basedon well-de ned
vectorquantitiesanddot-productomputationsThealternatve for-
mulationwith cross-productomputationgccordingto Eqg. (5) can
alsobe appliedin arbitrary codimensionput only for the special
caseof 3D Euclideanspacen = 3. Only in 3D space,the cross
productcanbeusedto emulatethe projectionoperationasusedfor
Eq.(5). Moreover, cross-productomputationgwith two inputvec-
tors from one spaceandan output(pseudo)vectorfrom the same
spaceprenotde nedin Euclideanspaceof arbitrarydimension.

lllumination of curvesin 3D Euclidearspacds the mostimpor
tant applicationof lighting in higher codimensions.Similarly to
Zockleretal. [32], the specularcoefcient canbe expressedsolely
in termsof the light vectorL, the view vectorV, andthe tangent
vectorT:

R= Rt + Ry; with Rt =

q q
1 (LT 1 (vD2 : (D

RV= (L TYV T)+
Basedon this equationgc(arccogR V)) canbe computedor cy-

cle shading. In analogy we derive an expressionfor the hatched
versionof cycle shadinghatis only basedntheview, up, andtan-
gentvectors. The key elements to rewrite theterm(V ~ R) with

theuseof Eq. (6) andseveralalgebraidransformations:

(V1 +Vn)
VT RN+ VN

V R

(RT+ RN)
Rr=C(V T) :

with the scalarvaluedfactor
(V TjjiLnji + (L T)jjVNii
iV
We areinterestedn thenormalizedvector whichremovesthescal-
ing factorC,

C=

Li(V R)= asjgnL1(V T)

Thevariableasig, hasvalue 1, dependingon thesignof C. As-
sumingthatthemappingfunction fy, is even(i.e., fo( d) = fx(d)),
thehatchedversionof cycle shadingcanbe evaluatedaccordingo

sh=fa(La(V T) Lao(V U)) (8)

Figure 11 illustratesshadingin codimension2. The illuminated
cunes are streamlinesoriginating from a tangentialvector eld
aroundatorus. The streamlinesregeneratedvith animage-space
approach30] for surfaceLIC (Line Integral Corvolution), which
resultsin imagesanalogoudo planarLIC [2]. Figurellashawvs
illuminatedstreamlinegccordingo Zockleretal. [32]. Figurellb
demonstratesycle shadingbasedn Eq. (7). In analogyto surface
rendering,the resultof cycle shadingis combinedwith the tradi-
tional illumination of streamlines.Figure 11c illustrateshatched
cycle shadingbasedn Eq. (8).

6 ANTI-ALIASING

The densityof cycle-shadingpatternsis determinedby the curva-

ture of anobjectasseenby the cameraj.e., by curnvaturewith re-

spectto image space. Therefore,the patterndensityfor a x ed

geometryincreasesvith increasingdistancefrom thecamera.The

in uence of varying shapecurvaturefor differentobjectsis taken

into accounby ausercontrolledspeci cationof cycle-shadindre-

queng. To reducedepth-inducedliasing,we proposeanapproach
similarto MIPmapping[31]. A hierarcly of differentresolutionof

dc is built in apreprocessingtep.Generidow-passltering would

be inadequatédecauseat would leadto blurredor even uniformly

coloredimageswithout clearvisual patternsinsteaddifferentres-
olutionsaregeneratedy applyingEq. (3) with differentvaluesof

Da. As for MIPmapping,the resolutionsof two neighboringhier-

arcly levelsarerelatedby afactorof two, andsoaretherespectre

valuesDa.

Intermediate,non-inteyer hierarcly levels could be generated
on-the- y by linearinterpolationbetweentwo neighboringlevels.
Alternatively, we proposean explicit constructionof intermediate
non-intger levels. For intermediatdevels, functionsg. of neigh-
boringintegerresolutionsareinterpolatedinearly and,atthe same
time, their prototypicalfunctions p are computedwith changing
widths. In this way, the prototypicalfunctions p maintaina x ed
width with respecto screerspaceavenfor non-inteyerlevels. Fig-
ure 5 shaws the plot of gc with explicitly constructechon-inteyer

Figure 5: Two-dimensional mapping function g., depending on
arccos(R V) and the MIPmapping level.



Figure 6: Anti-aliasing for cycle shading on a sinusoidal height eld:
without Itering (left part), with Itering (right part), and close-up
views for both approaches(top image).

resolutions. Figure 6 demonstratesinti-aliasingby comparinga
non- ltered versionwith a Itered version.

Sincehatchedtycle shadings subjectto the samealiasingprob-
lems as cycle shading,an analogousMIPmappingmethodis ap-
plied, with a pre- Itering of the mappingfunctiongp,.

7 APPLICATIONS

We believe that (hatched)cycle shadingcanbe employed primar
ily for shapeassessmerndshapevisualization. This sectiondis-
cussesvhich parameterchoicescanbe usefulin theseapplication
areasin orderto obtain good resultsfrom our shadingapproach.
We think thatthe spacingof maximafor (hatched)ycle shadings
theonly crucialparametethatneedgo becontrolledby theuser—
besidesontrolof cameraandlight sourcewhich shouldbe partof
ary interactveviewer. Thespacingof maximaisimportantbecause
it determineshedensityof shadingpatternontheimageplaneand
allows the userto take into accountthe variationsin curvaturebe-
tweendifferentobjects.

We rst discussshapevisualizationas one proposedapplica-
tion area.Figures9aand9b demonstrat¢he combinationof cycle
shadingwith non-photorealisticenderingtechniques. Figure 9a
shavs animagewith chromaticcycle shadingand additionalsil-
houettdines,while Figure9buseduminancecycle shadingn com-
bination with cool/warm shadingand silhouettelines. Figure 9c
shavs an exampleof a volumeillustration; other aspectf non-
photorealistiocvolumerenderingarediscussedy EbertandRhein-
gans[5]. Thisvolumerenderings directly generatedrom a scalar
datasetof amedicalCT scanwith 256° voxelsby meansf GPU-
baseday casting[24]. For shapevisualizationwe recommendis-
ing functionsg. andgy, with a large spacingbetweermaximaand
with awide prototypefunctionto achieze a smoothlooking image
with only little luminancecontrastrom cycle shading.

Shapeassessmelig anotherpplicationarea.Figure9dis based
on hatchedcycle shadingwith a mappingfunctionthatintroduces
gray gapsbetweenmaximain both shadingdirections. Figure 9e
shavs cycle shadingwith an alternatve mapping: an asymmet-
ric prototypefunction p is chosernto emphasizaiscontinuitiesy
kinks in sharpshadingedges. The two close-upviews focus on

thosesurfaceimperfections. Figuresla and 1b illustrate another
typical examplefor shapeassessmentheevaluationof CAD mod-
els. In general,shapeinterrogation shouldmake use of mapping
functionsg. andgy, thatintroduceclearluminanceand color con-
traststo emphasizeliscontinuities.

Figure 12 shawvs an applicationof hatchedcycle shadingfor
codimension2. Here, streamlinesare usedto visualize the tan-
gential vector eld that originatesfrom a simulationof air ow
arounda car (basedon a surfaceLIC technique[30]). This g-
ure demonstrateshat hatchedcycle shadingcan be successfully
appliedto typical computationaluid dynamicsdatafrom industry
Figure 12a gives an overall picture of the car with hatchedcycle
shading.Figure 12b comparegraditionalsurfaceshading(top im-
age)andhatchedcycle shading(bottomimage)for a detailedview
on the areabeneattthe front left wheel of the car Hatchedcycle
shadingis usedto enhancehe streamlineqrepresentedby lumi-
nancecontrasof high spatialfrequeng perpendiculato streamline
directions)oy chromaticcontrasi(for cycle shadingandluminance
contrast(for the hatchedpart). The spatialfrequeng of the lumi-
nancecontrasfor hatchedtycle shadings lowerthanthefrequeng
of the streamlinetexture to make both distinguishableérom each
other Hatchedcycle shadingis usefulfor illustrating global o w
behaior (asin Figurel2a),but canalsobeappliedfor o w inspec-
tion. Higherorderdiscontinuitiesof the o w, which arecausedy
changingresolutionof the underlyingcomputationabrid, become
clearlyvisible, e.g.,in thelower partof Figure12b(bottomimage).
In contrasttraditionalsurfaceshadingfails to shav thesedisconti-
nuities(seeFigurel2b,topimage).

Correspondinganimationsare containedin the accompaning
video[29].

8 USER STUDY

We have conductech userstudyto validatethe usefulnessf cycle
shadindor thevisualassessmemf surfacequality. Thegoalof the
studyis to comparethe users'ef ciency in locatingsurfaceimper
fectionsfor two different surface shadingapproachestraditional
Phongshadingandcycle shading.The userstudyteststhe useful-
nessof thoseshadingtechniquesfor the detectionof G2 surface
discontinuitiesj.e., it teststhe usefulnes$or shapeassessment.
A sphereis usedastestsurface. We choosethis simple geo-
metric shapebecaus®ur studytametsthe users'ef ciency in per
cewving surfaceirregularities,notin understandingomple shapes.
Two typesof imperfectionghatexhibit discontinuoushormalvec-
tors are appliedto an otherwisesmoothsphere—dine-like, thin
imperfectioncovering an angleof 30 degreesof the spherein the
long direction,and a triangularimperfectionthat coverslessthan
10degreesn bothdirections.Thelocationandorientationof these
imperfectionds randomlyinitialized, andtheuseris asledto iden-
tify thetypeof imperfectionby interactvely inspectinghesurface.
Only grayscalevisualizationsare used,i.e., in noneof the testsa
chromaticcontrasis employed. Theinspectiorprocesss restricted
to rotatingthe spherevia the mouse.The positionof the spheres
locatedat a x ed distancein a way thatit lls large partsof the
screenllluminationdirectionis x ed,incidentfrom top—right. The
two typesof imperfectionsand the two typesof shadingmodels
are chosenrandomly leadingto a randomcollection of four dif-
ferentcon gurations. Figure 7 depictsthe four combinationsof
stimuli: the left imageshavs anoverall view of thetestscenethe
otherthreeimagesshav close-upviews of the imperfections. A
strati ed randomsamplingis appliedsothateachuserhasto iden-
tify aconstanhumberof thefour con gurationsin arandomordet
Thisrandomorderof presentationef stimuliwasusedto avoid ary
learningeffects. In this study eachuserwasasled to identify 80
imperfections20for eachcon guration. Theusercanstartasingle
time measuremerty pressinghe spacebaronthekeyboard;then,



Figure 7: Stimuli for user study: line-shaped (two left images) and
triangle-shaped (two right images) imperfections.

the objectis shavn andcanberotated. After usershave identi ed

animperfection they indicateits typeby pressingoneof two other

x edkeys. Thetime betweeninitial presentatiorof the objectand
its identi cation is recorded Thetime spanfor identifying oneim-

perfectionis restrictedto 20 secondsn orderto avoid an overly
long identi cation process.We addeda training phasebeforethe
actualmeasurementdraining includesanintroductionto the user
studyandanactualpracticingphase.The training phasetakesap-
proximately ve minutesthe measurementsometenminutes.

Theuserstudywasconductedvith 20 participantsmostlygrad-
uate students. All of them have a backgroundin computersci-
enceor arelated eld, andarefamiliar with usingcomputersand
3D graphicsapplications. A total numberof 1600time measure-
mentswererecorded.92.5%of the imperfectionswereidenti ed
correctly 0.75% were identi ed incorrectly andin 6.75% of the
casegshetimeoutof 20 secondsvasreachedThesenumbersshov
thatthe timeoutlimit, the testobjects,andthe taskareadequately
designedWithin thefour sub-caseghe proratechumbersof time-
out resultswere: Phongshading(12.75%),cycle shading(0.75%),
line-like stimulus(7.38%),andtriangularstimulus(6.13%).Incor-
rectanswersveremoreevenly distributed: Phongshading0.75%),
cycle shading(0.75%), line-like stimulus(0.88%), and triangular
stimulus(0.63%).

Only correctanswersare consideredn the following discus-
sion. The users' performancefor four different categories are:
Phongshadingaveragetime 7.38secondsstandardieviation (SD)
4.79seconds)¢ycle shading4.64s,SD: 3.31s), line-like stimulus
(6.00s, SD: 4.27s), andtriangularstimulus(5.85s, SD: 4.325s).
An ANOVA revealsa signi cantly shorteridenti cation time for
the experimentswith cycle shadingas comparedio Phongshad-
ing (F = 167:5, p < 0:0001). On the otherhand,thereis no sig-
ni cant differencebetweeridenti cation timesfor the two stimuli
(F = 0:71, p> 0:4). This studyshows thatusersperformasurface
interrocation taskthattametsthe detectionof G? surfacedisconti-
nuitiesmuchfasterwith cycle shadinghanwith Phongshading A
detailedcomparisorwith othervariantsfor surfaceshading,such
asre ection lines or curvature-basednethodsjs out of the scope
for this paper

9 IMPLEMENTATION

Ourshadingnodelis implementedy extendingtraditionallighting
with the correspondingcomputationsand mappingsfor (hatched)
cycle shading.Thefunctionsf; and f,, caneitherbeaccesseffom
pre-computedookuptables(1D tablesor, for anti-aliasing 2D ta-
bles) or evaluatedon-the- y by direct numericaloperations.Due
to non-linearities perpixel lighting is necessaryor adequatém-
agequality—asin the caseof Phongillumination. Cycle shading
canbedirectly includedin CPU-basedind GPU-basedendering
systemdy slightly modifying existing Phongcomputations.
OurGPUimplementatiorof surfaceandstreamlinevisualization
is basedon C++, Microsoft's DirectX 9.0, aswell asHigh-Level
ShadingLanguagegHLSL) andFX les for GPU-basegervertex
andperpixel computationsTheimplementatiorrequiresa Shader

Model 2 compliantGPU andhasbeensuccessfullytestedon Win-
dows PCswith varioustypesof graphicsboardg ATl Radeorf700,
RadeonX800, NVIDIA GeForceFX 5950,and GeForce 6800UlI-
tra). TheFX le thatimplements(hatched)ycle shadingon sur
facescanbe found on our projectweb page[29]. Theimplemen-
tation of volume renderingextendsan existing codefor GPU ray
casting[24] andis basedon C++andOpenGLwith ARB fragment
andvertex programs.

The performanceof ary of theseimplementation®f (hatched)
cycle shadingis comparableto a respectre implementationof
Phongillumination. The renderingpipeline is almostidentical
for our approachand traditional lighting, except for slight mod-
i cations in fragment processing. Performancemeasurements
for a viewport- lling quadrilateral(1400 1100 viewport) on an
NVIDIA GeForce 6800 Ultra GPU resultin 294.2 fps (frames
per second)for Phongillumination aswell as cycle shadingand
131.9fps for hatchedcycle shading. Performancedifferencesare
much smaller for less extreme cases. For example, the surface
model of the automobilefrom Figure 12 (3431388 verticesand
1143796 triangles)rendersPhongillumination andcycle shading
at68.8fps,andhatchedycle shadingat53.3fps. Similarly, thereis
hardlyary performancdaifferencefor volumerenderingor stream-
line shading.

10 DiscussioN AND CONCLUSION

We have proposedycle shadingandhatcheccycle shadingasnew
renderingmethodgfor shapeassessmemndvisualization.Our ap-
proachis compactgeneric simpleto implementandcomputation-
ally inexpensve. It canbeusedwherever Phonglighting is applica-
ble, e.g.,for trianglemeshewithout neighborhoodnformationor
for volumerendering We have shavn that (hatchedcycle shading
canbe usedfor objectsof arny dimensionand codimension.Cur
vatureis encodedby the densityof shadingpatternswhile shape
smoothnesss visualizedthroughthe smoothnes®f shadingpat-
terns. Our approachis sensitve to variationsin orientationand,
thus, facilitatesshapeassessmente seethe main applicationof
(hatched)ycle shadingin userbasedrapidinspectionof informa-
tion within engineeringand scienti ¢ disciplines,e.g.,in orderto
validatethe smoothnesef CAD modelsor theresultsof numerical
o w simulations.

We briey comparethe approachof this paperwith existing
methoddor shapevisualization.Cycleshadings relatecto surface
interrogationmethodssuchasre ection linesor isophotedecause
all theseapproachesisualizesecond-ordesurfacediscontinuities
by rst-order discontinuitiesof visual patterns. The previous ap-
proachedocuson surfaceinterrogation with a few line-like struc-
tures,whereagycle shadingtargetsa continuousshading.Advan-
tagesof (hatched)cycle shadingareits high ef ciency, a practical

Itering mechanisn{ascomparedo re ection mapping,for which
anti-aliasingis anissue),a full coverageof the objectby shading
patterns,information encodingin two, essentiallyperpendicular
surfacedirectionsvia hatchedcycle shading,andthe extensibility
to highercodimensions.

Anotherimportantclassof previous shapeillustration methods
utilizescurvatureinformation,e.g.,to placestrokesalongprincipal
directionsor to apply color coding. Thesemethodsand (hatched)
cycle shadingarerelatedin the sensethat both approachesepre-
sentcunature, either directly by second-ordeinformation from
cunatureor indirectly throughthe smoothnes®f rst-order in-
formationfrom normals.Curvature-basedenderingoftenis view-
independentwhile cycle shadings, asa matterof principle, view-
dependent. An adwantageof cycle shadingis that the problemof
computingcurvaturemeasuresn polyhedraimeshess notpresent.
On the other hand, the direct control of stroke directionscanbe
usedfor a bettercontrol of visual patterns.Finally, silhouette fea-



ture, andcontourlines areeffective in illustrating shapeby means
of a sparsevisual representationCycle shadingis complementary
to thesemethodsbecauset achiezescontinuousshadingthrough-
outthesurface whereadine-orientednethodgyenerateurvesthat
cover only asmallportionof the surface.We believe thatthe com-
bination of both approachesould be useful: contourandfeature
lines, for example,visually separateegionsalongzero-orderand
rst-order surfacediscontinuitieswith respecto imagespaceand,
thus,separateero-ordediscontinuitiesof cycle shadingpatterns.

We have conductedh userstudythatindicatesthe usefulnesof
cycle shadingfor surfacequality assessmenSincethe userstudy
hasbeenrestrictedto a comparisonbetweenPhongshadingand
cycle shading,further experimentsthat comparea larger variety
of methodscould be addresseds part of future work. A much
more comple questionis whetherour shadingapproachs effec-
tive in promotingtheunderstandingf 3D shape Throughour user
study we have only investicatedthe taskof surfaceassessmerut
not the effectivenesdor shapeunderstanding However, previous
knowledgeaboutvisual perceptioneadsus to the hypothesisthat
our approachmight supportshapeperception.As view-dependent
andlight-sourcedependenspeculailluminationis aneffective cue
for shapeperception20], cycle shading—asn extensionof, and
in combinationwith, speculadighting—might also supportshape
perception.In particular the combinationwith interactve visual-
ization is promisingbecauseerceptuaktuescan be enhancedy
dynamicscenesandcameramotion. In futurework, the usefulness
of (hatched)ycle shadingfor shapevisualization(with the goal of
shapeunderstandingshouldbe evaluatedby userstudies. Simi-
larly, acombinatiorof ourapproactwith perceptuatuedlik e other
texture propertiesor motionneedgo be examinedin moredetail.

A bene cialfeatureof (hatchedyycle shadings its applicability
to objectsof high dimensiorandcodimensionWe arenot awareof
ary reasonablyomparablealternatve shapevisualizationmethod
for sucha scenarioand,thus, our shadingapproactcould play an
importantrolein displayingandinvestigating curve-orientednfor-
mation, for example,for 3D vector eld visualization. Again, the
perceptuakffectivenesf our shadingapproactfor curve render
ing needsyy/etto beevaluatedby usertests.
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(@ (b) (c) (d)
Figure 8: Dierent illumination options: no surfaceillumination (not recommended,included just for comparison) in (a), colored cycle shading
with gray-scaleillumination (b), gray-scalecycle shading (c), and cool/w arm surface shading with luminance cycle shading (d).

@) (b) © (d) (e)
Figure 9: Chromatic cycle shading with silhouettes (a), luminance cycle shading with cool/w arm shading (b), volume illustration of a CT scan
via cycle shading (c), surface assessmentin (d) and (e), including two close-up views.

Figure 10: Hatched cycle shading.

@ (b)
Figure 12: Flow visualization: overall view with hatched cycle shading (a),
comparison between surface illumination (b, top) and hatched cycle shading
(b, bottom) for a detailed view on the area beneath the front left wheel of the
(@) (b) (©) car. The viewing area for the close-up is indicated by a red arrow. Data set
. o . . . . . courtesy of the BMW Group.
Figure 11: [lllumination in codimension 2: illuminated
streamlines (a), cycle shading (b), and hatched cycle shad-

ing (c).



