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Figure 1: Left: Speculare ectionscomputedwith ouralgorithm.Middle: ray-tracedeferenceRight: Environmentmapre ection.

Abstract

Speculare ectionsprovide manyimportantvisual cuesin our daily ervironmentThey inform us of the shapeof
objects of thematerialthey are madeof, of their relativepositions etc. Speculare ectionson curvedobjectsare
usuallyapproximatedusingernvironmenimapsIn this paperwepresent new algorithmfor real-timecomputation
of specularre ectionson curvedobjects,basedon an exact computatiorfor there ection of ead scenevertex.
Our methodexhibitsall therequiredparallax e ectsandcanhandlearbitrary proximitybetweerthere ector and

there ectedobjects.

Categyories and SubjectDescriptors(accordingto ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional

GraphicsandRealism

1. Intr oduction

Re ectionson speculawobjectsareimportantin our percep-
tion of a synthetic3D sceneThey corvey importantinfor-
mationaboutthespeculare ector itself, conveyingits shape
andits fabric. They canalsogive informationabouttherel-
ative spatialpositionsof objectsor the distancebetweerthe
re ector andthere ectedobject.Finally, they give informa-
tion aboutobjectsthatarenotdirectly visible (seeFigurel).

Real-timecomputationof speculare ections is usually
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done using ervironmentmapping.While thesetechniques
performquitewell in awide variety of casesthey have their
shortcomingsThey performbestif there ected objectis at
a large distancefrom the re ector, but asthe re ected ob-
ject movescloserto the specularre ector, re ection errors
becomemorevisible. Theworstcasefor ervironmentmap-
ping techniquesgs whenthe re ector is in contactwith the
objectbeingre ected,asin Figurel. Ervironmentmapping
techniquealsosu erfrom theparallaxproblem:from all the
pointson the speculartre ector, we areseeingthe sameside
of there ectedobjects,evenif thespeculare ector is large
enoughto seethedi erentsidesof anobject.

In this paper we presenta new methodfor computing
specularre ections. Our methodis vertex based:we com-
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pute the accuratere ected position of eachvertex in the
scenetheninterpolatebetweerthesepositions. The adwan-
tageof our methodis thatit is computingthe re ection of
theobjectdependingn thepositiononthere ector. We are
thereforeexhibiting all parallaxe ects,andwe canhandle
proximity andevencontactbetweerthere ector andthere-
ected objects.

However, ourmethodalsohasolviouslimitations: asit is
vertex-basedanduseghegraphicshardwarefor linearinter-
polationbetweertheprojectionsof thevertices artifactscan
appeaiif the modelis not nely tessellatecenough.These
artifactscanbe overcomeusing eitheradaptve tessellation
or curvilinearinterpolation If themodelis nely tesselated,
theseartifactsarenot visible. Our algorithmprovides solu-
tions for situationswhere no corvincing solutionsexisted
before.

Our paperis organizedasfollows: in the next sectionwe
review previous work on real-timecomputationof specular
re ections. Then,in section3, we presenbur algorithmfor
computingvertex-basedspeculare ections on curved sur
facesln sectiord, we presenexperimentonvariousscenes
andcomparisonsvith existingmethodsFinally, in sectionb,
we concludeandpresenfuturedirectionsfor research.

2. Previous Works

Ray-tracinghas historically beenusedto computere ec-
tionson speculaobjects.Despiteseveraladvanceausingei-
therhighly parallelcomputer§ WSB01, WBWS01,WSS05
or GPUs[CHHO02 PBMHO02, ray-tracingis not, currently
availablefor real-timecomputation®n a standardvorksta-
tion.

Planarspeculare ectorsareeasyto model,atthe costof
a secondrenderingpass,with a cameraplacedin the mir-
ror positionof theviewpoint[McR96]. Curvedre ectorsare
more comple; the easiestmethodusesernvironmentmap-
ping [BN76].

Environmentmappingcomputesan image of the scene
and mapsit on the re ector asif it waslocatedat anin -
nite distance.The re ection only dependsn the direction
of theincomingvectorfrom the viewpoint, andcanbe eas-
ily computedn real-timeon graphicshardware.Olviously,
ervironmentmappingsu ersfrom parallaxissuessincethe
re ection dependson a singleimagecomputedirom a sin-
gle point of view. Thereis also the questionof accurag:
sinceall objectsare assumedo be at anin nite distance,
theirre ection is notnecessariljaccurateandthedi erence
becomedargerasthe objectgetscloserto there ector.

Therehasbeenmuchresearcho improve theoriginal en-
vironmentmappingalgorithm. To remove the parallaxis-
sues Martin and PopescyMP04 interpolatebetweernser-
eral environmentmaps.Yu et al. [YYMO5] usedan ervi-
ronmentight- eld, containingall the informationof a light

eld, but organizedlike anervironmentmap.Both methods
remove parallaxissuesat the costof alongerprecomputa-
tion time. The speculame ector is alsorestricted,and can
only be moved inside the areawherethe light eld or the
ervironmentmapswerecomputedlf it is moved outsideof
this areathe environmentlight eld mustberecomputeda
costlystep.

Otherresearchhave dealtwith distance-basetk ection.
The simplestmethodis to replacethe in nite-radius sphere
associatedwith the ervironment map by a nite-radius
sphere[Bjo04]; the re ection changeswith the position of
there ector in the ervironment,but parallaxe ectscannot
bemodeled.

More accuratenethodsusetheZ-bu erto computeadis-
tancemapalongwith theenvironmentmap.For eachpixel of
the ervironmentmap,they know bothits color andthe dis-
tanceto the centerof there ected object.Patow [Pat9g and
Kalos et al. [SKALPOY usedthis informationto selectthe
properpixel inside the ervironmentmap. Their re ections
changedependingn the distancebetweerthere ector and
there ectedobject.Kalosetal. [SKALPO0Y usetheGPUfor
a fastcomputationof the re ected pixel, and achieve real-
time renderingfor moderatelycomplex scenessStill, image
basedmethodsareinherentlylimited to the informationin-
cludedin theoriginalimage.

For planarre ectors, the easiestway to computethe re-
ection is vertex-basedusinganalternatve camerao com-
putetheimageof the sceneasre ected by the planarre ec-
tor. For curvedre ectors, thereis no simplerule to tell the
position of the re ection of the objects.Even for a nite-
radiusspherethe simplestspeculare ector, the positionof
there ection depend®n a 4th-orderpolynomial.

Mitchell andHanrahar{MH92] usedthe equationof the
underlyingsurfaceto computehecharacteristipointsin the
causticcreatedoy acurvedre ector. Ofek[Ofe9§ andOfek
andRappopor{OR98 computedhe explosionmapto nd
intersectedrianglesID basedon there ected vector Chen
andArvo [CAO0Oh CA004 usedray-tracingto computethe
re ection of someverticesthenappliedperturbatiorto these
re ectionsto computethere ection of neighboringvertices.

Estalelleetal. [EMD 05] computedhere ection of scene
verticeson curved specularobjectsby an iterative method.
At eachiteration, the position of the re ection of the ver
tex is modi ed, using the anglesbetweenthe normal, the
vertex and the viewpoint, in the direction wherethesean-
gleswill follow Descarteslaw. They did a x ed humberof
iterations,and have implementedthe methodonly on the
CPU. In a subsequenwork, developedconcurrentlywith
ours, Estalellaet al. [EMDTO06] extendedthis work to the
GPU,searchinghepositionof there ection of thevertex in
imagespace.

Our method is comparableto that of Estalella et
al. [EMD 05, EMDTO06], but we usea di erentre nement

¢ TheEurographic#ssociationandBlackwell Publishing2006.



D. Roger & N. Holzstudh / Accurate SpeculaRe ectionsin Real-Tme

\%

= p

E
Specular )

reflector

Figure 2: Finding there ection of a givenvertex

criterion,keepinggeometridoundsonthere ectedposition
for robustnessWe usethesegeometricboundsfor adaptve
re nement, stoppingthe iterationas soonaswe reachsub-
pixel accuray. In our experiencethesetwo elementsareof
greatimportancein all the scenesve usedwe encountered
robustness-relatetssues especiallyfor re ections at graz-
ing angle.We alsonoticedthat the numberof iterationsre-
quiredto reachcorvergencevariesgreatlywith the position
of there ection.

3. Algorithm
3.1. Principles

Ouralgorithmis vertex-basedwe computethere ected po-
sitionof all thesceneverticesthenlet thegraphicshardware
interpolatebetweertheseverticesandsolve visibility issues
with aZ-bu er. Ouralgorithmthereforansertsitself asare-
placementor the usualprojectionof the vertices. Knowing
the positionof the viewpoint, E, for eachvertex V, we nd
the point P on the speculare ector thatcorrespondso the
positionof V (seeFigure2).

Thedi cult partin this algorithmis computingP asa
functionof V andE. Exceptin the mostbasiccaseof planar
specularre ectors, thereis no simplerelationshipbetween
P, V andE. Evenfor a spherethe explicit positionof P de-
pendson a polynomialof the fourth order; nding theroots
of this polynomialis feasible but takesactuallylongerthan
theiterative methodwe use.

Accordingto Fermats principle, light travelsalongpaths
of extremallength,so P mustcorrespondo an extremum
of the optical pathlength™ = EP + PV. We aresearching
for extremaof °, or equialently; for zerosof its rst order
derivative, thegradientr ".

This is an optimizationproblem,with a function of two
parametergthesurfaceof thespeculare ector isa2D man-
ifold). Usually, optimizationproblemsare solved with line
seach methods,suchas the gradientdescentor the con-
jugate gradientmethods Thesemethodprogressteratively
from aninitial guessAt eachstep,they know the direction
in which they shouldprogressput not necessarilythe dis-
tancealongthis direction.Knowing this distanceaccurately
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requireknowvledgeaboutthesecondierivativesof thefunc-
tion.

Our applicationis inherentlygraphical:we are display-
ing theresultof our computation®n thescreenandchang-
ing parameters— theviewpoint, there ected scenethere-
ector — dynamically One of the mostimportantpoints
for suchgraphicalapplicationsis temporalcohereng: the
re ection of one point mustnot changesuddenlybetween
frames We thereforeneedspatialinformationaboutthe ac-
curay of thecomputationsif we have notyetcomputedhe
positionof onepointwith sub-pi>el accurag, weruntherisk
of seeingemporaldiscontinuitiesatthenext frame.We also
obseredin our experienceshatthe numberof iterationsre-
quiredfor convergencevariesgreatlywith the con guration
of thevertex. Spatialinformationaboutcorvergencehelpin
adaptinghe numberof iterationsto the currentcase.

Line searchmethodstypically useresidualsto checkthe
numericalccurag of thecomputationshut they donotpro-
vide information aboutthe spatialaccurag. At eachstep,
we know the distancetraveled from the previous step,but
this information is only linear. Sincethe re ector is a 2-
dimensionsurface, it can happenthat the algorithm has
closedin on the resultalongone dimension but is still far
from it ontheotherdimension.

The secantmethodsearchegor roots of onefunction f
by replacingit with a linearinterpolationbetweensamples,
picking the root of the linear interpolationand iterating.
While the secantmethoddoesnot guaranteehat the root
remainsbracleted,it providesa goodinformationaboutthe
accurayg achieredsofar, andconvemgesfasterthanthe sim-
pler bisectionmethod.Newton's method converges faster
thanthe secantmethod,but requirescomputingthe deriva-
tive of f.

Sincewe are looking for zerosof r °, we applyto it a
variantof the secantmethod.At eachstep,we maintaina
triangleof samplepointswherewe computer * andlinearly
interpolatebetweerthesegradients At eachstep,thetrian-
gle of samplepointsgivesusapproximatgeometridoounds
onthe projectionof thevertex.

3.2. Algorithm for specularvertex re ection

Our algorithmfor computingthere ection of a 3D scenen
aspeculare ector useghefollowing steps:

1. renderthescendnto theframehu er, with directlighting
andshadeving;

2. for all verticesof the scene,nd their re ection on the
speculare ector;

3. interpolate betweenthesevertices, computing lighting
anddoinghiddensurfaceremoval.

For eachvertex, nding the position of its re ection is
doneiteratively, usinga variantof the secanimethodon the
gradientof the optical pathlength:at eachstep,we maintain
atriangleof samplepoints,andwe:
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Figure 3: Corvemgenceof our iterative system.

computethe gradientof the optical pathlengthfor each
samplepoint (seesection3.3.2),

linearly interpolatebetweerthesegradients,

nd theresultinggradientwith thesmallesnorm(seesec-
tion 3.3.3.

discardthe original samplepoint with the largestgradi-
ent, replaceit by the new samplepoint and iterate (see
Figure3(a).

At eachstep,the projectedareaof thetrianglegivesusan
indicationof the accurag of our computationsWe stopthe
computationif this areafalls belov a certainthreshold.

Our methodconvergesquickly in mostcasesjn 5 to 10
iterationsin moderatelycomplex casesbut canrequireup
to 20 iterationsfor certaindi cult points,suchasvertices
whosere ection is closeto theboundaryof there ector (see
Figure3(c)).

Themethods robustenougho convergeevenif theinitial
setof samplepointsis poorly chosenHowever, it corverges
fasterif the samplepointsare closeto the actualsolution.
Section3.3.4 describesour strateyy for picking the initial
samplepoints.

Oncewe have computedhere ection of eachvertex, we
projectit on the screenandlet the graphicshardware does
linearinterpolationbetweerthe vertices We exploit thefact
thatwe know thespatialpositionof the pointbeingre ected
to computedirection-dependettighting (seeSection3.3.5.

Hiddensurfaceremoval requiresspecialhandling,aswe
have severalpossiblesourceof occlusionthesceneandthe
re ector maybehiding eachother partsof there ector may
be hiding themseles, and partsof the re ected sceneare
hiding other partsof the re ected scene.Section3.3.6 de-
scribesour solutionto thesecombinedocclusionissues.

Theentirealgorithmwasimplementedn the GPU,using
programmableapabilitiesfor vertex andfragmentprocess-
ing. Hardware implementationissuesare describedn sec-
tion 3.3.7.

Figure 4: To reducedimensionalitywe assumehat the re-
ector is star-shaped.

3.3. Details of the algorithm
3.3.1. Specularre ector parameterization

In orderto provide interestingre ections, it is betterif our
re ector is actually smooth.We also assumethat it is pa-
rameterizableFinally, to reducethe dimensionalityof the
problem we assumehatthere ector is starshapedthereis
a point O thatis directly connectedo all the pointson the
surfaceof there ector (seeFigure4).

This reducesthe equationof the specularre ector to a
scalarfunction,r. Usingsphericakcoordinatesfor example,
all pointP( ; ) ontherecevercanbeexpresseds:

sin cos
with u, = B.sin sin

Cos

P(; )=0+r(; )u

For our algorithm,we will alsoneedthe variationsof the
surfaceof there ector: we alsocomputethe derivatives of
thefunctionr.

In apreliminarystep,r andits partialderivativesarecom-
putedandstoredin atexture.Althoughour algorithmworks
with ary kind of re ector, the starshapechypothesisallows
usto retrieve all therequiredinformationaboutthe specular
re ector at ary given point with a singletexture read.This
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will beusefulfor implementingour algorithme ciently on
theGPU.

Usingsphericaktoordinatesntroducessingularitiesn the
parameterizatiorat the poles.To avoid numericalissuesin
our computationsyve do not user or its partial derivatives
directly, but we only use 3-dimensionalectorssuchas P
or r r. All computationsandinterpolationsare donein 3D
spaceneverin parametespace.

3.3.2. Optical path derivatives

Assumingwe have a samplepoint on the surface of the
re ector, we can computethe length ™ of the optical path
lengthfrom the viewpoint E to the vertex V throughP (see
Figure2):

‘= EP+PV

The gradientof the optical path length dependson the
derivative of point P onthere ector surface:

r* =r(ER)+r (PV)
1 1
EP PV
r- = d(P + —
d(P) P PV
Hered(P) is the deriative of point P, alinearform oper
atingon a vector With our parameterizationf P on a star
shapede ector, d(P) is alsoreducedn dimensionandwe
canexpress ~ asafunctionofr r:

r =(@r eu,+u eu +(@u eu Q)
with:

EP PV
ez — + —
EP PV

COS COS sin

u = R.Ccos sin u = B.cos

sin 0

r r canbe expressedas a function of the partial deriva-
tivesof r, but it is notactuallynecessaryn our case We are
storinginformationaboutr andits derivativesin a texture,
whichwill beaccessetly the GPU.As asingletextureread
givesaccesdo 4 channelswe storer andits gradientr r,
sazing computations.

3.3.3. Finding a better estimatefor vertex re ection

At eachstep,we have a triangle of samplepoints(A; B; C).
For all pointsD, expressedn barycentriccoordinateswith
respecto (A; B; C):

D= A+ B+(1 )C

we computean approximationr dp the gradientof * using
linearapproximation:

fdp = rda+ rdg+(1 )r de
= a+ b+c

¢ TheEurographic#ssociationandBlackwell Publishing2006.

E 4
Figure5: Onasphee, there ection liesonthearc (A; B)

Ideally, we would like to select(; ) suchthatr dp = 0.
However, thisis not alwayspossible unlessthevectorsa, b
andc arelinearlydependentSowe pick (; ) sothatkr dpk
is minimum: we derivate kr dpk? with respectto and ,
and nd (; ) suchthatboth derivatives are null. This is
equialentto solvingthelinearsystem:

(

|
o

a’+ (a b)+(a ¢
(@ b+ b+ (b ¢

1
o

whosedeterminants:

= a’bk?® (a b)?

The(; ) parametergive usanew pointD. We discardthe
pointin (A; B; C) with thelargestgradientandreplacat with
point D, theniterate.

In somecircumstancesthe determinant of the system
canbenull or very small,makingthe systemill-conditioned.
Whenit happenswe backtrackin time, replacingone of
thepointsfA; B; Cgby themostrecentlydiscardedoint. Of
course we cannotreplacethe mostrecentlyaddedpoint, or
the systemwould enteranin nite loop.

3.3.4. Initialization

Ourmethodis e cientandcorvergesevenif arbitrarysam-
ple pointsareusedasa startingtriangle. However, the con-
vergences fastelif thestartingtriangleis smallandcloseto
theresult.It is not necessaryor our initial guesgo actually
enclosetheresult,sinceour algorithmis ableto extrapolate
outsidethetriangleif necessary

For a sphericalre ector, there ection of avertex V isin
theplanede nedby V, theeye E andthecenterof thesphere
O. Ofek[Ofe9] shavsthatthere ected vertex is boundon
thearcof circle [AB] whereA (resp.B) is the projectionof
V (resp.E) onthere ector (seeFigureb).

For non-sphericate ectors, this propertydoesnot hold.
We neverthelessiseA and B asastwo of our initial points.
The third point C is chosenso that ABC is an equilateral
triangle.
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Figure 6: Computingheillumination of there ectedscene:
illumination at the re ected point is computedusing its
BRDF, with VL and VP as incomingand outgoingdirec-
tilons; it i§thenmultiplied bytheBRDFonthere ector, with
PV and PE asincomingandoutgoingdirections.

Figure 7: For aray originating fromthe eye wehaveto re-
solvevisibility issuesothbetweerP andP? onthere ector,
andbetweerV andV® onthere ectedray.

3.3.5. Direction-dependentighting on the re ected
scene

When we display a fragmentof the re ected scene,we
know its spatialpositionV andtheapproximatespatialposi-
tion of its re ection P. We usethis informationto compute
directionally-dependeriighting:

computdlluminationatpointV, usingits BRDF, with the
light sourceL astheincomingdirectionandthere ected
point P astheoutgoingdirection(seeFigure6).

multiply this by the BRDF of the specularre ector at
point P, usingthe re ected point V asthe incoming di-
rection,andtheviewpoint E asthe outgoingdirection.

This simplerule allows usto have directionallighting on
there ectedsceneThelighting onthere ectedscends thus
notnecessarilyhesameasthelighting ontheoriginalscene.

3.3.6. Multiple Hidden-SurfaceRemoval

Hidden surface removal requiresspecial handling, as we
have several possiblesourcesof occlusion(seeFigure 7):

the sceneand the re ector may be occluding eachother
andwe alsohave to conducthidden-surdceremoval on the
re ected sceneThe ideal solutionwould be to useseveral
depthbu ers,or a multi-channeldepth-lu er. As theseare
notavailable,we have designeda workaround.

For eachvertex V, whenwe computeits projection P,
we storein the depthbu er the distancebetweenP andV.
Thisway, theZ-bu erof thegraphicscardnaturallyremoves
fragmentf there ected scenghatarehiddenby otherob-
jects.

To solwve the otherocclusionissueswe usethe following
stratgyy:

pre-rendetthe frontmostback-fcing polygonsof there-

ector into a depthtexture;clearthe Z-bu erandframe-
bu er

renderthe scenewith lighting andshadaving; clearthe
stencil-u er.

renderthere ector, with hiddensurfaceremoval. For pix-

elsthataretouchedby there ector, setthe stencilbu er
tol.

clearthe depthbu er andrenderthe re ected sceneus-
ing our algorithm.Thefragmentgyeneratedrediscarded
if the stencilbu er is not equalto 1 (usingthe classical
stenciltest)andif they arefurther avay thanthe back-
facesof there ector (usingthe depthtexture computecat
the rst step).

(optional)enableblendingandrenderthe re ector, com-
putingits illumination.

Our stratgy correctlyhandlesocclusionshetweerthere-
ector andthe sceneg(usingthe stenciltest),aswell asself
occlusionof there ector, usingthe depthtexture. Note that
we have to usefrontmostback-facing polygons:using the
frontmostfront-facingpolygonswouldfalselyremove all the
re ectedscendor locally convex re ectors,sincewe arelin-
early interpolatingbetweenre ected pointsthat are on the
surfaceof there ector.

3.3.7. GPU implementation

We have implementedur algorithmon the GPU for better
e cieng. To computethe re ected positionof onevertex,
we needaccesdo the equationandderiativesof the spec-
ular re ector. Sincewe storedthesein a texture to handle
arbitrary specularre ectors, this limits us to two possible
implementatiorstrat@ies:

placeouralgorithmin vertex shaderusinggraphicshard-
ware with vertex texture fetch (NVidia GeForce 6 and
above).

placeour algorithmin a fragmentshaderand renderthe
re ected positionsof the verticesin a Vertex Bu er Ob-
ject.In asubsequenassrenderthis VBO. Thisrequires
hardware with renderto-vertex-bu er capability which
wasnot availableto usatthetime of writing.
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We have usedthe rst stratey, but found thatit su ers
from several limitations: there are less vertex processing
unitsthanfragmentprocessinginitson GPUs,sowe arenot
takingfull advantageof its parallelengine;atexturefetchin
avertex processohasalargelateng; vertex processorsan
not currentlyreadfrom cubemapsor rectangulatextures,
forcing usto usesquareextures.

As pointedoutby [EMD 085], it makessenseo useacube
map to store the information aboutthe specularre ector,
sincere ector informationis queriedbasedon a direction
vector d, ascubemapsare.In the currentimplementation,
we have to convert the vector d into sphericalcoordinates
(; ),acostlystep.

An implementationof our algorithm using the second
stratey is likely to have muchbetterrenderingimes,aswell
asasimplercode.

4. Experimentsand Comparisons
4.1. Comparisonwith other re ection methods

Thestrongespoint of our algorithmis its ability to produce
re ectionswith greataccurag. Figurel andFigure8 shaw,

for comparisonpicturesgeneratedvith our algorithm,ray-
tracedpicturesfor referenceandpicturesgeneratedavith en-
vironmentmapping.Our methodhandlesall the re ection

issuesjncluding contactsbetweerthe re ector andthe re-
ected object.Di erencedetweerourmethodandtheervi-

ronmentmappingmethodespeciallyappearfor objectsthat
arecloseto there ector, suchasthehandin Figurel andthe
handleof thekettlein Figure8. Noticehow there ection of

the handleof the kettleappearso be ying in there ection

of theroomin Figure8(c).

For objectsthat are closeto the re ector, our algorithm
exhibits all the requiredparallaxe ects.One of the prob-
lemswith environmentmappingtechniquess whenobjects
arevisible from somepartsof there ector but not from its
centerIn gure 9, our algorithmproperlyrendersthe back
of thechair.

Anotherstrongpointof ouralgorithmis its robustnessnd
temporalstability. As shavn in theaccompaying video, re-
ections computedby our algorithmexhibit greattemporal
stability, without temporalaliasing.This propertyis essen-
tial for practicalapplicationssuchasvideogames.

4.2. Rendering speed

As we have seenin Figure 3(c), the numberof iterationsre-
quired for corvergencedependgyreatly on the position of
there ection. Re ectionscloseto the centerof there ector
corverge quickly, in lessthan5 iterations,while re ections
of objectslocatedcloseto the silhouetteof there ector take
longerto reachcornvergence.

As a consequencehe renderingtime dependn there-
spectve positionof the objectandthere ector. We obsere
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Figure 10: Observedrenderingtime (in ms) for render
ing sceneswith no specularre ections, with ervironment-
mappingspeculare ectionsandwith our algorithm.

the worsetiming resultsif the scenebeingre ected com-

pletelysurroundghere ector. In thatcasemary objectsare
re ected on the silhouette draggingthe renderingprocess.
Thesescenesare also more interestingto rendey which is

why we usedthemneverthelessn all ourtimingsresults.

Figure10shavstherenderingimesfor scene®f various
sizessurroundinghespeculare ector. For comparisonye
plottedtherenderingime for thescenewithoutspeculare-

ections, with speculare ectionssimulatedoy environment
mappingandwith speculare ections computedby our al-

gorithm. The extra costintroducedby our algorithmis al-

ways larger thanthat of ervironmentmaps,but it remains
within the sameorderof magnitude We obsenre satisfying
performance$or scenesip to 40,000polygons andwe also
obsere thatrenderingtimesdependinearly on the number
of vertices(all timings in this sectionwere measuredn a

2-processoPentiumlV, runningat 3 GHz, with a NVidia

GeForce 7800graphicscard). We measurgenderingtimes
in ms by taking the reciprocalof the obsened framerate,
multiplied by 1000.

4.3. Robustnessand early exit

As our methodis basedon a triangle of samplepointsand
usesthe gradientof the optical pathat eachsamplepoint, it
hasseveraladwantages:

we male large stepsif we are far from the solution,
and smallerstepsaswe approachthe solution (seeFig-
ure3(a). Thisensuredastercorvergence gvenwith poor
initial conditions.

the methodis remarkablyrobust,and corvergeseven for
di cultcasessuchasverticesre ectedatgrazingangles;
in thatcasejt takeslongerto reacha corvergedsolution,
but it reache®ne,sometimesftermorethanlOiterations
(seeFigure3(c)).
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(a) Ourmethod

(b) Raytracedreference

(c) Ernvironmentmapping

Figure 8: Comparisorof our results(left) with ray-tracing (center for refelence)andenvironment-mappingright). Thedi er-
enceare especiallyvisiblefor objectsthat are closeto thekettle, sud asits handleandtheright handof the character

(a) Ouralgorithm

(b) Environmentmapping

Figure 9: Our algorithmis ableto displayobjectsthat are not visiblefromthe centerof there ector. Noticehere howthebadk

of the chair is properlyrendeed.

We notethat for simple casespur methodreachescon-
vergencevery quickly (lessthan5 iterations) while for dif-
cult casest requiresmorecomputationsAs we aredoing
ourcomputation®nthevertex processinginits,thefactthat
di erentverticesrequiredi erentcomputationtimesis not
a big issue.In our tests,we found that usingthe early exit
greatly improved the speedof the computationscompared
to usinga x ednumberof iterations.

Spatial consisteng could becomea larger issueif we
movedthe computationgo thefragmentprocessinginit, but
we obsere (seeFigure 3(c)) thatall the verticesfrom one
object have similar compleities; all theseverticesshould
take roughlythe samecomputatiortime, ensuringthatearly
exit alsoworkswell in this situation.

4.4. Concavere ectors

Concae re ectors are a specialcase As notedby [Ofe98
OR99, concaere ectorsdivide spacednto threezonesOb-
jectsthat are in the rst zone,closeto the re ector, are
re ected only onceand upside-up.Objectsthat are in the

Figure 11: Exampleof a re ection with a concavere ec-
tor. Asour algorithmonly captuesthe r stre ection of the
scendn thebowl, thetop of thebowl looksempty

¢ TheEurographic#ssociationandBlackwell Publishing2006.
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Figure 13: Exampleof Z- ghting whena smallobjectis lay-
eredontop of a larger object.

third zone,far from the re ector, are re ected only once,
andupside-davn (asin Figure 11). Objectsthatarein the
secondzone,betweertheothertwo, canhave severalre ec-
tions, sometimesanin nite numbey andtheir re ection is
numericallyunstable.

As with [Ofe98 OR99, our algorithm properly handles
objectsthat are either completelyin the rst or the third
zone,but not objectsthatcrossor arein thesecondzone.

In our experiments,anotherproblemappearedconcae
objectsarehighly likely to causesecondarye ections (re-
ections with severalbouncesnsidethe speculare ector).
As our algorithm only capturesthe rst re ection of the
sceneby the specularre ector, the placewherethesesec-
ondaryre ections shouldbelooksempty

4.5, Tesselationissues

Oneof the biggestdravbackof our algorithmis thatwe are
only computingthe exactre ection positionat the vertices,
andwe let thegraphicshardwareinterpolatebetweerthere-
ected positions.Currently the graphicshardware is only
ableto interpolatelinearly. This hasseveral consequences.
The rst oneis thatthe interpolatedobjectsarelocatedbe-
hind the front faceof there ector if there ector is locally
corvex. Thus,the front faceof the re ector would hide the
re ection. We hadto ensurethatthe front faceof there ec-
tor was not presentin the Z-bu er to avoid this problem.
The secondoneis that for objectsthatarenot nely tesse-
lated,we seeinterpolatiorartifacts.Theseartifactscaneither
be discontinuitiesbetweemeighboringfaceswith di erent
levels of tessellationpor a re ection that looks straight,as
in Figure12(a) Thethird consequencappeardor thin ob-
jectslayeredontop of anotherlargerobject(seeFigure13).
Becauseve arelinearly interpolatingZ-valuesaswell aspo-
sition, the backobjectmay popin front of the otherobject,
partially occludingit.

¢ TheEurographic#ssociationandBlackwell Publishing2006.

The solution to theseissueswould be to use curvilin-
earinterpolation,or adaptve tessellationin the meantime,
we apply our algorithmto well-tessellatedcenegseeFig-
ure 12(b)). Note that curvilinearinterpolationof depthval-
ueswould be easierwith currentgraphicshardware than
curvilinearinterpolationin pixel space.

5. Conclusionand Futur e Works

We have presente@nalgorithmfor computingre ectionson
curved specularsurfaces,using vertex-basedcomputations.
Ouralgorithmproducesealisticspeculare ectionsin real-
time,shaving all therequiredparallaxe ects.Ouralgorithm
is iterative, with anadaptve numberof iterations,andhasa
geometry-basedriterionfor decidingcornvergence.

In its currentform, our algorithmusedinearinterpolation
betweerthe projectionsof the vertices resultingin artifacts
for sceneghat are not nely tessellatedSolutionsto this
problemare eitheradaptve tessellatioror curvilinearinter
polationtechniques.

The strongespoint of our algorithmis thatit canhandle
arbitrarygeometryon there ector andthere ected object,
including contactbetweerthe two surfaceslt is for this sit-
uation— closeproximity betweerthe re ected objectand
the re ector — that currentervironment-mapmethodsdo
not provide corvincing results.We think that our algorithm
would be bestusedas a complemento existing methods,
handlingthere ection of closeobjectswhile ervironment-
mapbasedmethodswvould be usedfor there ection of fur-
therobjectsandthe background.

As our algorithm provides a methodto computethe re-
ected ray passingyy two endpointsijt canbe usedfor other
computationssuchascausticsandrefractioncomputations.
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