
Cycle Shading for the Assessment and Visualization of Shape
in One and Two Codimensions

DanielWeiskopf

Simon Fraser University

GrUVi Lab, Burnaby, Canada

weiskopf@cs.sfu.ca

Helwig Hauser

VRVis Research Center

Vienna, Austria

Hauser@VRVis.at

(a) (b) (c) (d)

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 (t wo left images) and the BMW Group (t wo right images).

ABSTRACT

In this paperwe proposecycle shadingandhatchedcycle shading
asnew local shadingtechniquesfor shapeassessmentandvisual-
ization. Naturalsurfacehighlightsareextendedto not only appear
in isolatedpartsof a surface,but to reappearthroughoutthe sur-
facein a regular andeasy-to-controlpattern. Therebyeven small
surfacevariationsbecomevisible,wherever they arelocatedon the
surface. We further extend (hatched)cycle shadingto curves in
3D, i.e., to shapesof higher codimension. We demonstratehow
(hatched)cycle shadingimproves3D vector�eld visualizationby
showing higher-order discontinuitiesof streamlines,pathlines,or
streaklines.Ourvisualizationapproachis generic,simple,ef�cient,
and can readily be usedwherePhongillumination is applicable
becauseinformationon curvatureor meshconnectivity is not re-
quired. The effectivenessof cycle shadingfor the assessmentof
surfacequality is demonstratedby a userstudy. Finally, this paper
addressesissuesof anti-aliasing,parametercontrol, applications,
andef�cient GPUimplementations.

CR Categories: I.3.3 [ComputerGraphics]:Picture/ImageGen-
eration;I.3.7 [ComputerGraphics]:3D GraphicsandRealism

Keywords: Surfaceassessment,shapevisualization,vector�eld
visualization,non-photorealisticrendering,curve rendering,GPU
methods.

1 I NTRODUCTI ON

Surfacesrule theworld of perception—humanbeingsarevery ef-
fective in perceiving a 3D environmentby visually “reading” the
appearanceof surfaces[9]. Both spatialandtemporalvariationsin
the shadingandtexturing of a surfacestronglysupport3D shape

perception.In computergraphics,the importanceof surfaceshad-
ing is well understood—withoutreasonableshading,surfacesap-
pearto be �at andunstructured.Surfacehighlights, in particular,
play animportantrole in shapeperception[7]. In automotive engi-
neering,for example,re�ection lines(specularhighlightsfrom aset
of light tubes)areusedto assessthequalityof carbodies[6]. In ad-
dition to shading,appropriatesurfacetexturing(i.e.,substructuring)
canbe usedto supportshapeperception[8, 23, 26]; in particular,
texturesbasedonsurfacecurvaturecanbehelpful [10, 14,17].

In this paper, we follow up this line of argumentationandpro-
posea new shadingtechniquethatmight beusefulfor shapevisu-
alization. Themotivationfor our techniqueties in with thehuman
ability to mentally reconstruct3D shapefrom specularhighlights
andsurfacetexture,andin particularfrom theirtemporalvariations.
Wedemonstrateby meansof auserstudy(Section8) thatourshad-
ing methodsupportsthe user in detectingsurface imperfections,
i.e., our methodis effective in visualizingandassessingthe qual-
ity aspectof shape.Theperceptualeffectivenessin promotingthe
full understandingof 3D shapeis not investigatedin this paperbut
remainsanopenquestionfor futurework.

For our shadingapproach,we substructureview-dependentsur-
faceshadingto distributehighlight-like informationthroughoutthe
surface—in contrastto Phonghighlighting [21], which only af-
fectsrelatively smallpartsof thesurface.We denotethis approach
ascycleshadingbecauseit 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.



aroundregularspecularhighlightsandbecauseit introducescyclic
secondaryhighlight structureswhentheanglebetweenview direc-
tion anddirectionof perfectre�ection is increasing.Cycle shad-
ing is interestingfor existing and future applicationsas it canbe
readily usedwherever Phongillumination is applicable;only sur-
facenormalsarerequired,but no informationoncurvatureor mesh
connectivity. Dueto its high sensitivity to surfacesmoothness,cy-
cle shadingis particularlyusefulfor thequality assessmentof sur-
faces.Figure1ashows a typical applicationof shapeinterrogation
for CAD models. In addition, cycle shadingmight be employed
for non-photorealisticsurfaceillustrations(seeSection7 andFig-
ures9aand9b),althoughfurtherinvestigationsareneededto under-
standtheeffectivenessof cycle shadingin thecontext of 3D shape
perception.

With cycle shadingwe cansuccessfullyincreasethetexturefre-
quency alongonedimensionacrossthe surface: radially from the
surfacepointsof perfectre�ection in thesenseof apolarcoordinate
system.With hatchedcycleshading(seeFigure1b), we addition-
ally increasethe texture frequency acrossthe concentricshading
patternsandtherebycover thecomplete2D surfacewith shapein-
formationin bothdimensions.Therefore,evensubtlesurfacefea-
turessuchastiny bumpsor curvaturechangesbecomevisible, re-
gardlessof their orientationor positionon thesurface.

Dueto its simplicity, (hatched)cycleshadingcanbegeneralized
for objectsof highercodimensions,suchascurvesin 3D space.In
Figures1c and2, for example,thetangential�o w acrossa surface
is visualizedwith a densesetof streamlines.With cycle shading,
�rst-order derivativeinformationof thecurvesis directlyvisualized
insteadof zero-orderpositional information (see,e.g., Figure 2,
right): we canseea G2 curve discontinuitythat is invisible with
traditionalshading. Therefore,we propose(hatched)cycle shad-
ing asa methodfor shapevisualizationandassessmentin higher
codimensions.

Themaincontributionsof this paperare(1) a surfaceillumina-
tion modelfor (hatched)cycleshadingalongwith (2) ageneraliza-
tion to highercodimensions,(3) an anti-aliasingsolutioncompa-
rableto MIPmapping,(4) an ef�cient GPU implementation,(5) a
demonstrationof typicalapplicationscenarios,and(6) auserstudy
thatvalidatestheeffectivenessof cycle shadingfor theassessment
of surfacequality.

2 REL ATED WORK

Cycleshadingis a non-photorealisticextensionof thePhonglight-
ing model[21] with thegoalof shapevisualizationandassessment.
It is relatedto cool/warm shading[12], with the differencethat
specularillumination insteadof diffuse illumination is extended.
Thisside-by-sidepositionwith respectto thejoint Phongreference
modelallowsusto considercool/warmshadingasa rolemodelfor
cycleshading.In general,muchresearchhasbeenconductedin the
�eld of non-photorealisticshapevisualization[13, 25]. For exam-
ple, silhouetteandcontourlines [16, 3, andreferencestherein]or
featurelinessuchasridgesareusedaseffective visualcues.Prin-
cipal curvaturedirectionsand principal curvaturescan guide the
placementof strokes[10, 14, 17]. Curvatureinformationcanalso
bevisualizeddirectlyby colorcoding[4] or indirectlyvia theGauss
map[19]. The computationof curvatureinformationfor discrete
surfacesis a topicof ongoingresearch[11].

Another related�eld of researchis geometricsurface assess-
ment. One approachis surfaceinterrogation as usedin geomet-
ric designto examinesurfacequality [15]. For example, re�ec-
tion lines[18], whicharethespecularre�ectionsof elongatedlight
sources,have a long tradition in surfaceassessment.Real-time
re�ection mapping[28] can be usedto computerespective im-
ages. Another relatedmethodis basedon isophotes,i.e., surface
curves with a constantanglebetweenlight 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 linesarecomplementary, but
notdisjoint [27], andthey form adiscretecounterpartto cycleshad-
ing.

Finally, our generalizationof cycle shadingto arbitrarydimen-
sionandcodimensionfollows theextensionof thePhongillumina-
tion modelby Banks[1] andthecomputationalmethodsfor illumi-
natedstreamlines[32].

3 CYCL E SHADI NG

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

LPhong= (ka + kd(L � N) + ks(R � V)ns)Llight ;

with theambientcoef�cient ka, thediffusecoef�cient kd, thespecu-
lar coef�cient ks, shininessns, andtheradianceLlight incidentfrom
the light source. In this paper, we usea convention in which the
light directionvectorL, thenormalvectorN, the re�ection vector
R, andtheviewing vectorV point away from thepositionof inci-
denceon thesurface.All thesevectorsareassumedto benormal-
ized to unit length. One-sidedlighting is usuallyapplied,i.e., the
diffuseandspecularcontributionsaresetto zerofor surfacesthat
arenot orientedtowardsthe light source. The above equationis
formulatedfor asinglecolorchannel;coloredimagesareproduced
by applyingtheilluminationmodelfor thedifferentcolor channels
separately. In theremainderof thispaper, we focuson thespecular
termsc = (R � V)ns, whichcanbewrittenas

sc = fc(R � V) ; (1)

with fc(d) = dns. We generalizethis illumination model to cycle
shadingby changingfc from a monotonicmappingto a function
thatexhibits recurringminimaandmaxima.Figure3 illustratesthe
BRDFs (bidirectionalre�ection distribution functions)for Phong
illuminationandcycleshading.

A specialfamily of functionsfc is requiredto achieveanapprox-
imatelyequidistantspacingbetweenneighboringmaximaof fc on
theimageplane.To obtainequidistantvisualstructures,amapping
via arccosineis necessary,

sc = fc(R � V) = gc(arccos(R � V)) ; (2)

provided gc hasequidistantmaximaandminima. Essentially, the
arccosinecompensatesfor the fact that the dot productyields the
cosineof the anglebetweentwo vectors. Figure4 illustratesthe
effectof thearccosinemappingfor ashadedsphere.

Figure 4: Cycle shad-
ing for a sphere, with
arccosine mapping
(left) and without
arccosine mapping
(right).



Themappingfunctiongc is of thetype

gc : [0;p] ! R; a 7�!
imax

å
i= 0

wi p(a � iDa ) : (3)

Theprototypicalfunctionp hascompactsupport(likeatrianglehat
function)or quasi-compactsupport(like a Gaussianfunction)and
describesthe behavior arounda singlemaximum. The sizeof the
supportdeterminesthewidth of cycle patterns.Equidistantcopies
of p areaddedat intervalsDa . Thewidth Da controlsthespacing
of cycle patterns.The numberof maximais determinedby imax,
andwi arepossiblyvaryingweights.Thedomainof gc coversthe
full rangeof possibleinput anglesandsodoesthesupportof typ-
ical choicesfor gc—cycle shadingprovidestwo-sidedlighting, in
contrastto one-sidedillumination by thePhongmodel.Two-sided
lighting is importantto introducevisualstructureatall visibleparts
of an object. The function gc canrepresentgray-scaleintensities
andcolorsalike. Color canbe introducedby specifyingseparate
andvaryingweightswi for differentcolor channels.

Cycleshadingis combinedwith traditionalsurfaceillumination
to improve shapeperception. It is useful to modulatethe result
of cycle shadingwith the Lambertiancontribution accordingto
s 0

c = w(max(0;L � N))sc, wherew is a weight function with do-
main[0;1] andrange[0;1]. A goodchoiceis w(d) = w̃d+ (1� w̃),
with w̃ = 3=4. Finally, traditionalillumination canbeaddedto the
modulatedvalues 0

c. Figure8 comparesdifferent illumination al-
ternatives,all of thembasedon a sumof Gaussiansfor gc. Fig-
ure 8a illustratescoloredcycle shadingwithout additionalsurface
illumination, whereasFigure 8b addsPhongillumination to col-
oredcycle shading.Thealternatingcolorsgreen,blue,andorange
arechosenapproximatelyisoluminant.Figure8cshowsacombina-
tion of gray-scalePhongilluminationandgray-scalecycleshading.
Finally, Figure8d is basedon a combinationof cool/warmsurface
shading[12] and luminancecycle shadingwith additionalspecu-
lar highlights. We recommendusinga combinationof traditional
illumination andcycle shadingbecauseboth methodsseemto be
compatibleandmutuallystrengthentheir shapecues.Figure8a is
only includedto show the effect of purecycle shading,but is not
recommendedfor real applications.The spatialfrequency of pat-
ternsfrom cycle shadingdependson therateat which normalvec-
torschangewith respectto varyingviewing angle.Therefore,cycle
patterndensityis adirectmeasurefor surfacecurvature.

4 HATCHED CYCL E SHADI NG

We proposehatched cycle shadingas a meansof generatingad-
ditional visual structuresthat are essentiallyperpendicularto the
patternsof cycle shading.Theideais to projecttheup vector(ver-
tical axison theimageplane)andthere�ection vectorinto a plane
that is perpendicularto the view direction, and then to compute
theanglebetweenthetwo projectedvectors.Two orthonormalba-
sis vectorsarechosento describethe imageplane: the up vector
U andthe vectorX that points to the right. We usea notationin
which AV denotesthe normalpart of a genericvectorA with re-
spectto a projectionto theview vectorV, i.e.,AV = A � (A � V)V.
Then,XV andUV form abasisof a2D planethatis perpendicularto
theview direction. This basisis well-de�ned andits basisvectors
have �nite lengthbecausetheview vectorcannotbecollinearwith
U or X for orthographicor perspective projections. (A 4p sterad
panoramacamerais notconsideredhere.)AlthoughXV andUV are
not necessarilynormalizedto unit lengthor perpendicularto each
other, a correspondingorthonormalbasis(X0

V ;U0
V ) canalwaysbe

constructed:

U0
V = L 1(UV ); X0

V = L 1(XV � (XV � U0
V )U0

V ) :

In general,wedenoteby L 1 anoperatorthatnormalizesanarbitrary
input vectorA to unit length,i.e., L 1(A) = A=jjAjj . Then,there-
�ection vectoris projectedontothe2D planespannedby (X0

V ;U0
V ):

RV = (R � U0
V )U0

V + (R � X0
V )X0

V :

Thedotproductof theprojectedupandre�ection vectorsis usedto
de�ne theanalogof thecycle term,

sh = fh
�
L 1(RV ) � U0

V
�

: (4)

This equationcanbe evaluatedef�ciently by usingcross-product
computationsto projectvectorsonto a planeperpendicularto the
viewing direction.In thisway, thehatchedversionof cycleshading
canalternatively becomputedby

sh = fh (L 1(V � R) � L 1(V � U)) : (5)

This equationleadsto the sameresult asEq. (4) becausethe ro-
tationsby p=2 that are introducedby the cross-producttermsare
canceledout in thedot-productcomputation.

For view vectorsin a neighborhoodaroundthe re�ection vec-
tor, cycleshadingleadsto circularisolinesof s c thatareconcentric
aroundthedirectionof perfectre�ection. In contrast,isolinesof s h
form star-shapedrays that originatefrom a commoncenterpoint
at thedirectionof perfectre�ection. Similarly to cycle shading,fh
shouldcontainrecurringmaximaandminima. To achieve equidis-
tant visual patterns,a mappingvia arccosineis requiredagain:
fh(d) = gh(arccos(d)) .

We recommendusingthe resultof the hatchedshadingversion
only in combinationwith cycle shading:thehatchedstructuresdo
not originatefrom an illumination metaphor(suchasspecularre-
�ection is the basisfor cycle shading),but are introducedto add
structureto the cycle patterns. Hatchedstructuresare fadedout
aroundthedirectionandtheoppositedirectionof perfectre�ection.
The fadingout is basedon a weighting factor that is constructed
from the �rst (i = 0) and last (i = imax) prototypicalfunction for
cycleshadingin Eq.(3).

Figure10 illustrateshatchedcycle shading.Here,coloredcycle
patternsaremodulatedwith theresultof thecross-productcompu-
tation from Eq. (5). The two sphereson the left are illuminated
by directionallight that is incidentfrom top-right. The imagesof
the two spheresonly differ in thewidth of cycle maxima.Thetop
spherecontainsgraygapsbetweenbothkindsof patterns(cycleand
hatched).In contrast,thebottomspherehaswide,slightly overlap-
ping cycle maxima,which result in an almost isoluminantcycle
structure.In this way, cycle shadingis mainly basedon chromatic
contrastandthehatchedpatternsarebasedon luminancecontrast.
For mostapplicationsof hatchedcycle shading,we recommenda
separationinto luminanceandchromaticcontrastin order to per-
ceptuallyseparatethecycle andhatchingpatterns.Therole of lu-
minanceandchromaticcontrastcouldalsobeexchangedsothatcy-
cleshadingwouldberelatedto luminancecontrastandthehatching
aspectwouldberelatedto chromaticcontrast.

The right imageof Figure10 illustrateshatchedcycle shading
for theheight�eld of a sinusoidalfunctionof which theamplitude
decreaseswith increasingdistancefrom the center. The examples
in Figure10show thatthestar-shapedhatchedpatternsareperpen-
dicularto thecircularpatternsof cycleshadingin a largeneighbor-
hoodaroundperfectre�ection. Sincetemporalvariationsof high-
light structuressupportshapeperceptionespeciallywell, (hatched)
cycle shadingis mosteffective in interactive applicationsin which
theusercancontrolviewpointandlight direction(cf. theaccompa-
nying video[29]).

At thispoint, therangeof valid input valuesfor thehatchedver-
sionof cycle shadingneedsto bediscussed.As mentionedbefore,
theoperationsonvectorsU andX arewell-de�ned for orthographic



or perspective projections.ThevectorsRV or, alternatively, V � R
havezerolengthonly at thepointof perfectre�ection andthepoint
oppositeof perfectre�ection. Thisdegeneracy canbeneglectedbe-
causehatchedcycle shadingonly usesthe well-de�ned highlights
from cycleshadingat thesepoints.

5 SHADI NG I N H I GHER CODI M ENSI ONS

Following Banks[1], we extendcycle andhatchedcycle shading
to shapesof arbitrarydimensionandcodimension.We assumethat
an objectof dimensionk > 0 canbe describedasa k-manifoldM
embeddedin Euclideanspaceof dimensionn > k. Thedifference
n� k is thecodimensionof theobject. Thepreviousdiscussionin
Sections3 and 4 covers the caseof a 2-manifold (a 2D surface)
with codimension1 (i.e., n = 3 and k = 2). Curves, hair, or fur
embeddedin 3D spaceareexamplesof anotherimportantclassof
objects:1-manifoldswith codimension2 (i.e.,n = 3 andk = 1).

Banksrelieson Fermat's principle with light pathsof minimal
lengthto derive a modelfor diffuseandspecularillumination. We
usehisgeneralizationof Phonglighting to illuminateobjectsof any
codimension. Both cycle and hatchedcycle shadingare primar-
ily basedon there�ection vectorR, andso is thespeculartermin
Banks'model.Weadopthiscomputationof there�ection vectorto
derive a codimension-invariantgeneralizationof cycle andhatched
cycleshading.

The n-dimensionalEuclideanspaceis decomposedinto the k-
dimensionaltangentspaceTMp andthe(n� k)-dimensionalnormal
spaceNMp—bothat thepoint p of themanifoldM. There�ection
vectorcanthenbesplit into a tangentialpartRT anda normalpart
RN by projection. In general,a subscriptT denotesthe tangential
partof a vectoranda subscriptN denotesthenormalpart. Dueto
Fermat's principle,there�ection vectorcanbecomputedfrom the
light andview vectorsaccordingto

R = RT + RN; with RT = � LT ; RN = jjLNjjL 1(VN) : (6)

With this re�ection vector, the codimension-invariant cycle con-
tribution gc(arccos(R � V)) can be computedin the sameway as
in Eq. (2). Similarly, hatchedcycle shadingcan be applied in
highercodimensions.We still assumethat theimageplaneis two-
dimensionaland,thus,canbedescribedby two orthonormalbasis
vectorsU andX. Then,Eq. (4) is suitablefor any dimensionn and
any codimension(n� k) becauseit is only basedon well-de�ned
vectorquantitiesanddot-productcomputations.Thealternativefor-
mulationwith cross-productcomputationsaccordingto Eq.(5) can
alsobe appliedin arbitrarycodimension,but only for the special
caseof 3D Euclideanspacen = 3. Only in 3D space,the cross
productcanbeusedto emulatetheprojectionoperationasusedfor
Eq.(5). Moreover, cross-productcomputations(with two inputvec-
tors from onespaceandan output(pseudo)vectorfrom the same
space)arenotde�ned in Euclideanspaceof arbitrarydimension.

Illuminationof curvesin 3D Euclideanspaceis themostimpor-
tant applicationof lighting in higher codimensions.Similarly to
Zöckleret al. [32], thespecularcoef�cient canbeexpressedsolely
in termsof the light vectorL, the view vectorV, andthe tangent
vectorT:

R � V = � (L � T)(V � T) +
q

1� (L � T)2
q

1� (V � T)2 : (7)

Basedon this equation,gc(arccos(R � V)) canbecomputedfor cy-
cle shading. In analogy, we derive an expressionfor the hatched
versionof cycleshadingthatis only basedontheview, up,andtan-
gentvectors.Thekey elementis to rewrite the term(V � R) with
theuseof Eq.(6) andseveralalgebraictransformations:

V � R = (VT + VN) � (RT + RN)
= VT � RN + VN � RT = C(V � T) ;

with thescalar-valuedfactor

C = �
(V � T)jjLNjj + (L � T)jjVNjj

jjVNjj
:

Weareinterestedin thenormalizedvector, whichremovesthescal-
ing factorC,

L 1(V � R) = asignL 1(V � T) :

Thevariableasign hasvalue� 1, dependingon thesignof C. As-
sumingthatthemappingfunction fh is even(i.e., fh(� d) = fh(d)),
thehatchedversionof cycleshadingcanbeevaluatedaccordingto

sh = fh (L 1(V � T) � L 1(V � U)) : (8)

Figure 11 illustratesshadingin codimension2. The illuminated
curves are streamlinesoriginating from a tangentialvector �eld
arounda torus.Thestreamlinesaregeneratedwith animage-space
approach[30] for surfaceLIC (Line Integral Convolution), which
resultsin imagesanalogousto planarLIC [2]. Figure11ashows
illuminatedstreamlinesaccordingto Zöckleretal. [32]. Figure11b
demonstratescycleshadingbasedonEq.(7). In analogyto surface
rendering,the resultof cycle shadingis combinedwith the tradi-
tional illumination of streamlines.Figure 11c illustrateshatched
cycleshadingbasedonEq.(8).

6 ANTI -AL I ASI NG

The densityof cycle-shadingpatternsis determinedby the curva-
tureof anobjectasseenby thecamera,i.e., by curvaturewith re-
spectto imagespace. Therefore,the patterndensity for a �x ed
geometryincreaseswith increasingdistancefrom thecamera.The
in�uence of varying shapecurvaturefor differentobjectsis taken
into accountby auser-controlledspeci�cationof cycle-shadingfre-
quency. To reducedepth-inducedaliasing,weproposeanapproach
similar to MIPmapping[31]. A hierarchy of differentresolutionsof
gc is built in apreprocessingstep.Genericlow-pass�ltering would
be inadequatebecauseit would leadto blurredor even uniformly
coloredimageswithout clearvisualpatterns.Instead,differentres-
olutionsaregeneratedby applyingEq. (3) with differentvaluesof
Da . As for MIPmapping,theresolutionsof two neighboringhier-
archy levelsarerelatedby a factorof two, andsoaretherespective
valuesDa .

Intermediate,non-integer hierarchy levels could be generated
on-the-�y by linear interpolationbetweentwo neighboringlevels.
Alternatively, we proposean explicit constructionof intermediate
non-integer levels. For intermediatelevels, functionsgc of neigh-
boringintegerresolutionsareinterpolatedlinearlyand,at thesame
time, their prototypical functions p are computedwith changing
widths. In this way, the prototypicalfunctionsp maintaina �x ed
width with respectto screenspaceevenfor non-integerlevels.Fig-
ure 5 shows the plot of gc with explicitly constructednon-integer
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Figure 5: Two-dimensional mapping function gc , depending on
arccos(R � V) and the MIPmapping level.



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

resolutions. Figure 6 demonstratesanti-aliasingby comparinga
non-�ltered versionwith a �ltered version.

Sincehatchedcycleshadingis subjectto thesamealiasingprob-
lems as cycle shading,an analogousMIPmappingmethodis ap-
plied,with apre-�ltering of themappingfunctiongh.

7 APPL I CATI ONS

We believe that (hatched)cycle shadingcanbe employed primar-
ily for shapeassessmentandshapevisualization.This sectiondis-
cusseswhich parameterchoicescanbeusefulin theseapplication
areasin order to obtaingood resultsfrom our shadingapproach.
We think thatthespacingof maximafor (hatched)cycleshadingis
theonly crucialparameterthatneedsto becontrolledby theuser—
besidescontrolof cameraandlight source,whichshouldbepartof
any interactiveviewer. Thespacingof maximais importantbecause
it determinesthedensityof shadingpatternsontheimageplaneand
allows theuserto take into accountthevariationsin curvaturebe-
tweendifferentobjects.

We �rst discussshapevisualizationas one proposedapplica-
tion area.Figures9aand9b demonstratethecombinationof cycle
shadingwith non-photorealisticrenderingtechniques. Figure 9a
shows an imagewith chromaticcycle shadingandadditionalsil-
houettelines,whileFigure9busesluminancecycleshadingin com-
bination with cool/warm shadingand silhouettelines. Figure 9c
shows an exampleof a volumeillustration; otheraspectsof non-
photorealisticvolumerenderingarediscussedby EbertandRhein-
gans[5]. This volumerenderingis directlygeneratedfrom a scalar
datasetof a medicalCT scanwith 2563 voxelsby meansof GPU-
basedray casting[24]. For shapevisualization,we recommendus-
ing functionsgc andgh with a largespacingbetweenmaximaand
with a wide prototypefunctionto achieve a smoothlooking image
with only little luminancecontrastfrom cycleshading.

Shapeassessmentis anotherapplicationarea.Figure9d is based
on hatchedcycle shadingwith a mappingfunction that introduces
gray gapsbetweenmaximain both shadingdirections. Figure9e
shows cycle shadingwith an alternative mapping: an asymmet-
ric prototypefunction p is chosento emphasizediscontinuitiesby
kinks in sharpshadingedges. The two close-upviews focus on

thosesurfaceimperfections. Figures1a and1b illustrateanother
typicalexamplefor shapeassessment:theevaluationof CAD mod-
els. In general,shapeinterrogation shouldmake useof mapping
functionsgc andgh that introduceclearluminanceandcolor con-
traststo emphasizediscontinuities.

Figure 12 shows an applicationof hatchedcycle shadingfor
codimension2. Here, streamlinesare usedto visualize the tan-
gential vector �eld that originatesfrom a simulationof air �o w
arounda car (basedon a surfaceLIC technique[30]). This �g-
ure demonstratesthat hatchedcycle shadingcan be successfully
appliedto typicalcomputational�uid dynamicsdatafrom industry.
Figure12agivesan overall pictureof the car with hatchedcycle
shading.Figure12bcomparestraditionalsurfaceshading(top im-
age)andhatchedcycle shading(bottomimage)for a detailedview
on the areabeneaththe front left wheelof the car. Hatchedcycle
shadingis usedto enhancethe streamlines(representedby lumi-
nancecontrastof highspatialfrequency perpendicularto streamline
directions)by chromaticcontrast(for cycleshading)andluminance
contrast(for the hatchedpart). The spatialfrequency of the lumi-
nancecontrastfor hatchedcycleshadingis lowerthanthefrequency
of the streamlinetexture to make both distinguishablefrom each
other. Hatchedcycle shadingis useful for illustrating global �o w
behavior (asin Figure12a),but canalsobeappliedfor �o w inspec-
tion. Higher-orderdiscontinuitiesof the�o w, which arecausedby
changingresolutionof theunderlyingcomputationalgrid, become
clearlyvisible,e.g.,in thelowerpartof Figure12b(bottomimage).
In contrast,traditionalsurfaceshadingfails to show thesedisconti-
nuities(seeFigure12b,top image).

Correspondinganimationsare containedin the accompanying
video[29].

8 USER STUDY

We have conducteda userstudyto validatetheusefulnessof cycle
shadingfor thevisualassessmentof surfacequality. Thegoalof the
studyis to comparetheusers'ef�ciency in locatingsurfaceimper-
fectionsfor two differentsurfaceshadingapproaches:traditional
Phongshadingandcycle shading.Theuserstudyteststheuseful-
nessof thoseshadingtechniquesfor the detectionof G2 surface
discontinuities,i.e., it teststheusefulnessfor shapeassessment.

A sphereis usedas test surface. We choosethis simple geo-
metricshapebecauseour studytargetstheusers'ef�ciency in per-
ceiving surfaceirregularities,not in understandingcomplex shapes.
Two typesof imperfectionsthatexhibit discontinuousnormalvec-
tors are appliedto an otherwisesmoothsphere—aline-like, thin
imperfectioncovering an angleof 30 degreesof the spherein the
long direction,anda triangularimperfectionthat covers lessthan
10degreesin bothdirections.Thelocationandorientationof these
imperfectionsis randomlyinitialized,andtheuseris askedto iden-
tify thetypeof imperfectionby interactively inspectingthesurface.
Only grayscalevisualizationsareused,i.e., in noneof the testsa
chromaticcontrastis employed.Theinspectionprocessis restricted
to rotatingthespherevia themouse.Thepositionof thesphereis
locatedat a �x ed distancein a way that it �lls large partsof the
screen.Illuminationdirectionis �x ed,incidentfrom top–right.The
two typesof imperfectionsand the two typesof shadingmodels
arechosenrandomly, leadingto a randomcollectionof four dif-
ferent con�gurations. Figure 7 depictsthe four combinationsof
stimuli: the left imageshows anoverall view of thetestscene,the
other threeimagesshow close-upviews of the imperfections. A
strati�ed randomsamplingis appliedsothateachuserhasto iden-
tify aconstantnumberof thefour con�gurationsin arandomorder.
Thisrandomorderof presentationsof stimuli wasusedto avoid any
learningeffects. In this study, eachuserwasasked to identify 80
imperfections,20for eachcon�guration.Theusercanstartasingle
timemeasurementby pressingthespacebaron thekeyboard;then,



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

theobjectis shown andcanberotated.After usershave identi�ed
animperfection,they indicateits typeby pressingoneof two other,
�x edkeys. Thetime betweeninitial presentationof theobjectand
its identi�cation is recorded.Thetimespanfor identifyingoneim-
perfectionis restrictedto 20 secondsin order to avoid an overly
long identi�cation process.We addeda training phasebeforethe
actualmeasurements:training includesan introductionto theuser
studyandanactualpracticingphase.Thetrainingphasetakesap-
proximately� veminutes,themeasurementssometenminutes.

Theuserstudywasconductedwith 20participants,mostlygrad-
uatestudents. All of them have a backgroundin computersci-
enceor a related�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, and in 6.75%of the
casesthetimeoutof 20secondswasreached.Thesenumbersshow
that the timeoutlimit, the testobjects,andthe taskareadequately
designed.Within thefour sub-cases,theproratednumbersof time-
out resultswere:Phongshading(12.75%),cycle shading(0.75%),
line-like stimulus(7.38%),andtriangularstimulus(6.13%).Incor-
rectanswersweremoreevenlydistributed:Phongshading(0.75%),
cycle shading(0.75%), line-like stimulus(0.88%),and triangular
stimulus(0.63%).

Only correct answersare consideredin the following discus-
sion. The users' performancefor four different categories are:
Phongshading(averagetime7.38seconds,standarddeviation(SD)
4.79seconds),cycleshading(4.64s,SD:3.31s), line-likestimulus
(6.00s, SD: 4.27s), andtriangularstimulus(5.85s, SD: 4.32s).
An ANOVA revealsa signi�cantly shorteridenti�cation time for
the experimentswith cycle shadingas comparedto Phongshad-
ing (F = 167:5, p < 0:0001). On the otherhand,thereis no sig-
ni�cant differencebetweenidenti�cation timesfor the two stimuli
(F = 0:71, p > 0:4). Thisstudyshows thatusersperformasurface
interrogation taskthat targetsthedetectionof G2 surfacedisconti-
nuitiesmuchfasterwith cycleshadingthanwith Phongshading.A
detailedcomparisonwith othervariantsfor surfaceshading,such
asre�ection lines or curvature-basedmethods,is out of the scope
for thispaper.

9 I M PL EM ENTATI ON

Ourshadingmodelis implementedbyextendingtraditionallighting
with the correspondingcomputationsandmappingsfor (hatched)
cycleshading.Thefunctionsfc and fh caneitherbeaccessedfrom
pre-computedlookuptables(1D tablesor, for anti-aliasing,2D ta-
bles)or evaluatedon-the-�y by direct numericaloperations.Due
to non-linearities,per-pixel lighting is necessaryfor adequateim-
agequality—asin the caseof Phongillumination. Cycle shading
canbe directly includedin CPU-basedandGPU-basedrendering
systemsby slightly modifyingexistingPhongcomputations.

OurGPUimplementationof surfaceandstreamlinevisualization
is basedon C++, Microsoft's DirectX 9.0, aswell asHigh-Level
ShadingLanguage(HLSL) andFX �les for GPU-basedper-vertex
andper-pixel computations.Theimplementationrequiresa Shader

Model 2 compliantGPUandhasbeensuccessfullytestedon Win-
dowsPCswith varioustypesof graphicsboards(ATI Radeon9700,
RadeonX800, NVIDIA GeForceFX 5950,andGeForce6800Ul-
tra). The FX �le that implements(hatched)cycle shadingon sur-
facescanbe foundon our projectweb page[29]. The implemen-
tation of volumerenderingextendsan existing codefor GPU ray
casting[24] andis basedonC++ andOpenGLwith ARB fragment
andvertex programs.

The performanceof any of theseimplementationsof (hatched)
cycle shadingis comparableto a respective implementationof
Phong illumination. The renderingpipeline is almost identical
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 result in 294.2 fps (frames
per second)for Phongillumination as well 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,andhatchedcycleshadingat53.3fps. Similarly, thereis
hardlyany performancedifferencefor volumerenderingor stream-
line shading.

10 DI SCUSSI ON AND CONCL USI ON

Wehaveproposedcycleshadingandhatchedcycleshadingasnew
renderingmethodsfor shapeassessmentandvisualization.Ourap-
proachis compact,generic,simpleto implement,andcomputation-
ally inexpensive. It canbeusedwhereverPhonglighting is applica-
ble, e.g.,for trianglemesheswithout neighborhoodinformationor
for volumerendering.Wehaveshown that(hatched)cycleshading
canbe usedfor objectsof any dimensionandcodimension.Cur-
vatureis encodedby the densityof shadingpatterns,while shape
smoothnessis visualizedthroughthe smoothnessof shadingpat-
terns. Our approachis sensitive to variationsin orientationand,
thus,facilitatesshapeassessment.We seethemainapplicationof
(hatched)cycle shadingin user-basedrapid inspectionof informa-
tion within engineeringandscienti�c disciplines,e.g., in orderto
validatethesmoothnessof CAD modelsor theresultsof numerical
�o w simulations.

We brie�y comparethe approachof this paperwith existing
methodsfor shapevisualization.Cycleshadingis relatedto surface
interrogationmethodssuchasre�ection linesor isophotesbecause
all theseapproachesvisualizesecond-ordersurfacediscontinuities
by �rst-order discontinuitiesof visual patterns.The previous ap-
proachesfocuson surfaceinterrogationwith a few line-like struc-
tures,whereascycle shadingtargetsa continuousshading.Advan-
tagesof (hatched)cycle shadingareits high ef�ciency, a practical
�ltering mechanism(ascomparedto re�ection mapping,for which
anti-aliasingis an issue),a full coverageof the objectby shading
patterns,information encodingin two, essentiallyperpendicular,
surfacedirectionsvia hatchedcycle shading,andthe extensibility
to highercodimensions.

Another importantclassof previous shapeillustration methods
utilizescurvatureinformation,e.g.,to placestrokesalongprincipal
directionsor to apply color coding. Thesemethodsand(hatched)
cycle shadingarerelatedin the sensethat both approachesrepre-
sentcurvature, either directly by second-orderinformation from
curvature or indirectly through the smoothnessof �rst-order in-
formationfrom normals.Curvature-basedrenderingoftenis view-
independent,while cycle shadingis, asa matterof principle,view-
dependent.An advantageof cycle shadingis that the problemof
computingcurvaturemeasuresonpolyhedralmeshesis notpresent.
On the other hand,the direct control of stroke directionscan be
usedfor a bettercontrolof visualpatterns.Finally, silhouette,fea-



ture,andcontourlinesareeffective in illustratingshapeby means
of a sparsevisual representation.Cycleshadingis complementary
to thesemethodsbecauseit achievescontinuousshadingthrough-
out thesurface,whereasline-orientedmethodsgeneratecurvesthat
cover only a smallportionof thesurface.We believe thatthecom-
binationof both approachescould be useful: contourandfeature
lines, for example,visually separateregionsalongzero-orderand
�rst-order surfacediscontinuitieswith respectto imagespaceand,
thus,separatezero-orderdiscontinuitiesof cycleshadingpatterns.

We have conducteda userstudythat indicatestheusefulnessof
cycle shadingfor surfacequality assessment.Sincetheuserstudy
hasbeenrestrictedto a comparisonbetweenPhongshadingand
cycle shading,further experimentsthat comparea larger variety
of methodscould be addressedas part of future work. A much
morecomplex questionis whetherour shadingapproachis effec-
tive in promotingtheunderstandingof 3D shape.Throughouruser
study, we have only investigatedthetaskof surfaceassessmentbut
not the effectivenessfor shapeunderstanding.However, previous
knowledgeaboutvisual perceptionleadsus to the hypothesisthat
our approachmight supportshapeperception.As view-dependent
andlight-sourcedependentspecularilluminationis aneffectivecue
for shapeperception[20], cycle shading—asan extensionof, and
in combinationwith, specularlighting—might alsosupportshape
perception.In particular, the combinationwith interactive visual-
ization is promisingbecauseperceptualcuescanbe enhancedby
dynamicscenesandcameramotion. In futurework, theusefulness
of (hatched)cycleshadingfor shapevisualization(with thegoalof
shapeunderstanding)shouldbe evaluatedby userstudies. Simi-
larly, acombinationof ourapproachwith perceptualcueslikeother
texturepropertiesor motionneedsto beexaminedin moredetail.

A bene�cial featureof (hatched)cycleshadingis its applicability
to objectsof highdimensionandcodimension.Wearenotawareof
any reasonablycomparable,alternative shapevisualizationmethod
for sucha scenarioand,thus,our shadingapproachcouldplay an
importantrole in displayingandinvestigatingcurve-orientedinfor-
mation,for example,for 3D vector�eld visualization.Again, the
perceptualeffectivenessof our shadingapproachfor curve render-
ing needsyet to beevaluatedby usertests.
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(a) (b) (c) (d)

Figure 8: Di�erent illumination options: no surface illumination (not recommended,included just for comparison) in (a), colored cycle shading
with gray-scale illumination (b), gray-scale cycle shading (c), and cool/w arm surface shading with luminance cycle shading (d).

(a) (b) (c) (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.

(a) (b) (c)

Figure 11: Illumination in codimension 2: illuminated
streamlines (a), cycle shading (b), and hatched cycle shad-
ing (c).

(a) (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
car. The viewing area for the close-up is indicated by a red arrow. Data set
courtesy of the BMW Group.


