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Abstract

DisplacemenMappingis an effective techniquefor encodingthe
highlevelsof detailfoundin todays trianglebasedsurfacemodels.
Extendingthe hardware renderingpipeline to be capableof han-
dling displacementmapsasgeometrigorimitives,will allow highly
detailedmodelsto be constructedvithout requiringlarge numbers
of trianglesto be passedrom the CPUto thegraphicspipeline.We
presenta new approachbasedon recursve tessellatiorthatadapts
to the surfacecompleity describedoy the displacemenimap. We
alsoensurethatthe resolutionof the displacedmeshis tessellated
with respecto the currentview point. Ourtessellatiorschemeper
forms all testsonly on triangle edgesto avoid generatingcracks
onthedisplacedsurface. The main decisionfor vertex insertionis
basedon two comparisonsnvolving the averageheightsurround-
ing the verticesandthe normalsat the vertices. Individually, the
testswill fail to tessellatea meshsatistctorily, but their combina-
tion achievesgoodresults.

We proposeseveral additionsto the typical hardware rendering
pipelinein orderto achieve displacementnap renderingin hard-
ware. The meshtessellatioris placedwithin therenderingpipeline
sothatwe cantake advantageof the pre-existing vertex transforma-
tion unitsto performthe setupcalculationsfor our view dependent
test. Our methodaddsonly simple arithmeticand comparisorop-
erationgto the graphicspipelineandmakesuseof existing unitsfor
calculationswvherever possible.

CR Categories: 1.3.1 [ComputerGraphics]: Hardware Archi-
tecture, Graphics Processors;l.3.3 [Computer Graphics]: Pic-
ture/ImageGenerationDisplay Algorithms

Keywords: DisplacemenMapping,GraphicsHardware.

1 Introduction

Threedimensionabraphicsrenderinghardware capableof render

ing scenesvith alargenumberof polygonsis now widely available.
Most systemssupporttexture mapping,which addssurfacedetail
via a two dimensionalkolour mapthat changeshe colour at each
pixel on a flat polygonalsurface. To make theflat surfacelook as
thoughthereare small changesn the surfacegeometry Blinn in-

troducedBumpMapping[1], whichis becominga standardeature
in modern3D graphicshardware.
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Bump mappingdoesnot really alter the underlyinggeometry
but only perturbsthe normalson the surface. For smallirregulari-
tieson asurface,bumpmappingis ideal, sinceit doesnotincrease
the amountof geometry but givesthe impressionof real textured
surfaces.The limitation of bump mappingbecome®bviouswhen
thesurfaceis parallelto the viewer andthe Bump doesnot createa
silhouette.Also asa surfacemovesin perspectie spacethe shape
createdn theviewersmind by thebumpmapwill hotoccludeother
objects.

To addrealgeometricdetailto aflat surface,displacementap-
ping, firstintroducedby Cook[2], canbeused.As anexampleFig-
ure 1(a) shaws a flat planewith a colourtexture applied,which is
displacedusingthe displacementapin Figure1(b), wherewhite
represents high displacementind black representsio displace-
ment. The applicationof the displacemeninapto the planeresults
in the the displacedsurfaceshavn in Figure 1(c). An adwantage
of usingdisplacemenmapsis that highly detailedtriangle surface
models,suchasthosegeneratedy 3D scanningechnologiescan
be modelledusing only a simple basesurface and displacement
maps. A compactsurfacerepresentatiomsing scalarvalueddis-
placementsver asmoothdomainsurfaceis presentedby Lee[11].
Displacementappinghasbeenusedfrequentlyto addgeometric
surfacedetailto objectg[17, 12, 9], andis commonlyfoundin com-
mercially available software renders. But unlike bump mapping,
displacemenmappinghasnot beenimplementedn hardware,due
to the high computationatost.
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Figurel: A planedisplacedwith atext displacemenmap.

Adding displacemenmaprenderingto currentlyavailablehard-
warearchitecturepresentseveral problems.To apply adisplace-
mentmapto a triangle meshinvolvesre-triangulatingthe original
meshanddisplacingthe verticesaccordingly If the basetriangle
meshhasa coarsermresolutionthanthe displacementmapwe need
to re-tessellatehe meshaccordingto the surface definedby the
displacementnap. This re-tessellatiowanbe performedwhile ras-
terizingthetriangleaspresentedy DoggettandKuglerin [4] and
Gumbhold[7]. The problemwith theseapproachess thateithera
large numberof trianglesis generated4] or new coordinatesys-
temsandcomple calculationsn a non-standardasterizerarere-
quiredto controlthe pipeline[7].

We proposeto tessellatehe individual trianglessequentiallyby
recursvely addingverticesalongedgesn orderto achieze anadap-
tively tessellatedurface.We checklocal surfacevariationbetween
verticesby comparinghormals.At the sametime we checkthe av-
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eragedisplacemenbver an areaaroundthe verticesto avoid the
aliadingcausedy samplingat verticesby usingSummed-Areda-
blesaspresentedby Crow [3]. Thesewo testsappliedindividually
donotgeneratgoodresults sincethenormaltestresultsin aliasing
andthe averagedheighttestmissessmall details,but the combina-
tion of thetwo testsproducesggoodresults.To give the usercontrol
overthesizeof trianglesgenerateavith respecto the currentview
point, we testthe screensize of trianglesagainsta userthreshold.
Thisensureshatrecursve tessellatiorwill stopwhentheuserdoes
not requirefurther detail. A displacementnap modelsa discrete
surfacewhich hasa limit of resolution.We alsocheckif this limit
is reachedbeforegeneratingnoretriangles,to ensureno moretri-

anglesaregeneratedhenthereis detailin theoriginaldisplacement

map.

To minimisetheadditionalhardwarerequirecto renderdisplace-
mentmapswe exploit existing pipelineunitswherever possible A
bump mappingunit is usedfor displacedsurfacenormalcalcula-
tion andextra unitsarecarefullyplacedwithin thepipelineto malke
useof the operationsperformedby the transformationunit. The
remainingcomputation®nly requiresimpleoperationsuchasad-
dition, division by two andcomparisons.

1.1 Previous Work
1.1.1 Bump Mapping

Bump mapping,introducedby Blinn [1], perturbssurfacenormals
onasurfaceasif aheightfield displacedhesurfacein thedirection
of the original surfacenormal. Sincebump mappingonly changes
theappearancef anobject,it makescertainapproximationsStan-
dard techniquesfor bump mappingassumethat the bumpinesss
only microdisplacementand henceassumehe magnitudeof the
heightfield is negligible.

Severalhardwarebasedapproachet implementingoumpmap-
pinghave beerpresentedh recentyeard5, 13,10]. Peery presents
an implementationfor high-end3D graphicshardware [13] that
supportsbump mappingwithin the context of perfragmentlight-
ing operationsKilgard present&napproactio bumpmappingthat
takesadwantageof currently availablelow-costgraphicshardware
in [8]. Although our methodrequiresthe useof a bump mapping
unit, we will notgointo theimplementatiordetailsin this paper

1.2 Terrain Modelling

Terrainmodelling using heightfields is closelyrelatedto the ren-
dering of displacemenmaps. Mary algorithmsare available for
approximatingterrainsand heightfields using polygonalmeshes.
Thesealgorithmsapproximatehe heightfield with ameshof trian-
gles,alsoknown asa triangulatedrregular network, or TIN. Gar
land [6] analyseseveral of thesealgorithmsincluding the greedy
insertionalgorithm. While very good resultsare achieved these
technigueselie on globalmeshinformationmakinghardwareim-
plementatiorexpensve.

1.3 Displacement Mapping

Displacementnapping[2] perturbsa parametricsurfacealongits

normalsbasedon a heightfield to createa new surface. The base
surfaceis definedby a bivariate vector function P (u, v) that de-
fines 3D points(z, y, z) on the surface. The displacementérom

the surfaceare definedby a bivariatescalarfunction D(u, v) and
thenormalson the basesurfaceP (u, v) by N (u, v). Thepointson

thenew displacedsurfaceP’ (u, v) aredefinedasfollows

P’ (u,v) = P(u,v) + D(u, v)N(u, v) (1)

N(u,v)
IN(u,v)[*

whereN (u, v) =

A crosssectionof an exampledisplacementmappedsurfaceis
shavn in Figure2, whereIN’ (u, v) is the normalto the displaced
surface.

Figure2: A crosssectionof adisplacedsurface.

In Section2, we describethe calculationsequiredfor our adap-
tive view dependentessellatioralgorithmandin Section3, we ex-
plain how theseoperationsareimplementedn a graphicspipeline.
Section4 presentsheresultsandSection5 concludesandpresents
futurework.

2 Adaptive View Dependent Tessellation

Ouralgorithmrecursvely tessellateshetrianglesgivenin thebase
meshor surfaceP (u, v) by insertingverticesalongedgesof trian-
gles.A baserianglethathasbeenrecursvely adaptvely tessellated
to increasethe numberof verticesin the areaof heightchangeis
shawvn in Figure3.
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Figure3: A trianglefrom the basesurfaceis recursvely tessellated
to createa displacedsurface.

2.1 Tessellation based only on edge information

Displacemenmappingrequiresacoarserianglemeshthatapprox-
imatesthe surfaceto be modelledwith a displacemenmap con-
taining the finer geometricdetail. A re-meshingstepis required
to generatea finer meshthat betterrepresentshe desiredsurface.
While mary re-meshingalgorithmsexist [6], few are suitablefor
hardwareimplementationFor exampleif tessellatiordecisionsare
basedninformationlocalto onetrianglethentheneighbouringri-
angleswould needaccesgo this informationrequiringprocessing
of eachtriangleto have accesgo the entiretrianglelist. Random
accesgo memoryof this natureis expensve whenimplementedn
hardware. To avoid suchmemoryrequirementsye limit our ver-
tex insertiondecisionto usingonly theinformationavailablewithin
the currenttriangle. Furthermoref vertex insertiondecisionsuse
all threeverticesof a trianglethenthe commonedgebetweenwo
adjacentrianglesmayhave a differentinsertiondecisiondueto the
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third trianglevertex. Verticesinsertedalongthe edgeof onetrian-
gle but notinsertedon the sameedgeof a neighbouringriangleare
known ast-vertices. To avoid crackingin the displacedsurfacet-
verticesmustbe avoided. To ensureno t-verticesaregeneratedve
limit our vertex insertiondecisionto informationcontainedn only
the two verticesthat subtendthe edgein question. The tradeof is
thatcalculationdor eachedgeareperformedwice.

Re-meshings performedby insertingverticesatthemidpointof
edgesif the midpoint meetsa seriesof conditions. First the new
vertex P12 betweenthe two verticesP 1, P» of anedgeis calcu-
lated by averagingthe two vertices. The texture coordinateU 2
andthe meshnormalN 1, aresimilarly calculated.Thenormalon
thedisplacedsurface,N’ canbe calculatedrom the original mesh
normal, N andthe normalcalculatedfrom the displacementnap,
Np, using the bump mappingoperationsdescribedby Schilling
[15]. The normalto the displacemenmap, D(u,v) canbe pre-
computedusingfinite differencingand storedin a normalmapin
a similar fashionto RG B valuesstoredin texture maps. The dis-
placedsurfacesandnormalsareshavn in Figure2.

2.2 Surface Normal Variance Test

Usingthe new surfacenormal,N’12, we comparet’ s components
with thoseof the two displacedvertex normals,N’; andN’s. If
the differencebetweenary of the componentss greaterthana set
thresholdthenavertex isaddedat P12 (Normal Test). Theboolean
valuefor the Normal Test,nt is definedas

(N'120 — N'1o < nthr)|(N'12y — N’y < nthr)|
(N’lgz - Ny, < nthr)|(N'12m — Ny < nthr)|
(N'12y — N'oy < nthr)|(N'12, — N'5, < nthr)

nt =

wherenthr is the normalthresholdandthe | symbolrepresents
thelogical or operation.

TheNormal Testis subjectto aliasingbecausé usespointsam-
pling andcaneasilymisschangesn height. A simpleexampleof
this is shawn in Figure5(a). The advantageof the Normal Testis
thatit is extremelysensitie to small scalechangesn the surface.
The useris requiredto predeterminghe thresholdvalue nthr and
supplythis valuewith the meshto achieve therequiredlevel of de-
tail.

2.3 Local Area Average Height Test

To detectaveragechangesn the heightof the displacemenmap,
a secondtest is performedthat comparesthe displacemenbver
an areausing Summed-Arealables,introducedby Crow [3]. A

Summed-Aredableis atwo dimensionakrraycontainingat each
cell the sumof all valuesthatfall inside the rectangleformed by
that cell and one cornerof the array To calculatethe sumof all

valueswithin arectangulaareain thetableonly the four valuesat
thecornersof theareaareneededThe Summed-Aredablecanbe
representedsa bivariatefunction SAT (z, y) thatreturnsthe sum
of all heightswithin theregion (0 — z,0 — y), wherethe origin
is in the bottomleft of the table. The sumof the valueswithin a
rectangulaareaarecalculatedusingthefunction S(Z) definedas

S(Z) = SAT(-’L‘M, yt'r) — SAT(.’L‘tl, ytl) —

SAT (xvr, Yor) + SAT (xor, yo1) 2

whereZ is (xtr, Ytr, i1, Yt1, Tor, Yor, Tol, Yoi ), the cornersof the
rectangularareain the Summed-Aredrable, using the subscripts
tr top right, ¢l top left, br bottomright, bl bottomleft for the four
cornersof therectangle

A Summed-Aredablecanbeprecalculatedor thedisplacement
mapandthe sumof all heightsover anareaat verticesP;, P, and

P12 canbe calculated. To calculatethe four cornerpointsof the
rectanglearoundtheverticesof the edgewe usethetexturecoordi-
natesattheverticesU;, Uz andU12 asshavn in Figure4. Using

: h=v -
hi2 274

Figure4: Usingthetexture coordinate®f the verticesto calculate
thesummedheight.

thetexture coordinatesve cancalculatethe differenceof the areas
andcomparehemwith athreshold.This testis calledthe Summed
Height Test andits boolearvalue, sht, is definedas

sht = (S(I;”) —(S(P) + S’(Pz))) < shthr
whereshthr is thesummecheightthreshold.Thistestmissesome
caseghatthe Normal Testdetectsasshavn in Figure5(b). There
arecaseghatcannotbe detecteddy bothtests.If thedisplacement
mapis highly regular, e.g. highfrequeng suchasasinusoidafunc-
tion, thenthe Normal Testcould always sampleidenticalnormals
andthe heightaveragingwould cancelitself out. Typically a dis-
placementmap and associatedriangle meshare createdtogether
by the authorwith the purposeof modelling a particularsurface
so thesecasescan be avoided. The combinationof the Normal
Testand SummedHeight Testwith appropriatethresholdsis ca-
pableof re-meshinghe small detail in a surfacewithout missing
heightchangesn smoothsurfacesresultingin effective filtering of
thedisplacemeninap.

(a)

Figure5: The solid line represents contourline acrossthe dis-
placemenimap betweenthe texture coordinatesof the verticesof
oneedgeof atrianglewith the newly insertedpointin the middle.
The dashedines indicatethe areaover which the heightis aver-
agedto calculatethe SummedHeightvalue.In (a) the Normal Test
fails, but the SummedHeight Testsucceedsin (b) the Normal Test
succeedsut the SummedHeight Testfails.

2.3.1 Displacement Map Filtering

The standardapproachfor texture filtering is mipmappingas pre-
sentedby Williams [16]. This provides an effective meansof re-
trieving levels of detailin colourtexturesthatmatchthescreersize
of an object. But for displacementnapping,the averagingeffect
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of mipmappingwill smoothover areasf detailin thedisplacement
map. In [7], they proposeto usemipmapping but with a maximal
filter to overcomethis. The SummedHeight Testcanstill missde-
tails dueto averagingover the height,but the normaltestwill find
thesedetails. And corversely whenthe Normaltestfails to detect
heightchangeover a smoothsurface,the Summedeight Testwill
detectthe change.This combinatiorresultsin aneffective filtering
of thedisplacemeninap.

2.4 View Dependent Resampling

To achieve aview dependente-samplinghatensuresio new trian-

glesaregeneratedncea certainscreersize hasbeenreachedwe

performatestbasednthesizeof thecurrentedgein ScreerSpace.
This testcan be performedafter the verticesP’; andP’, of the
currentedgearetransformednto ScreenSpaceby carefully plac-
ing the re-meshinchardware within an existing graphicspipeline.
Calculatingthe Euclideandistancerequiresexpensve squareand
squareroot operations so we only usea Manhattandistancecal-

culation betweenthe two screenspacevertices. This Manhattan
distancds comparedvith a thresholdmeasuredn numberof pix-

els. This testis calledthe View Test andif the Manhattardistance
is greatetthenathresholdmeasuredh numberof pixels,vthr then
theboolearvaluewt is setto true.

2.5 Refinement Limit Test

Heightfieldscanberenderedy first generatingameshby inserting
the pointsdefinedby the heightfield into a meshusingalgorithms
suchasthe GreedylnsertionAlgorithm [6]. Thesealgorithmspass
over the completemeshanddeterminethe point of maximumerror
andinsertthatpoint. In thealgorithmpresentedhiere we only insert
pointscalculatedrom theverticesof triangleedgesasthey areeasy
to computeand only dependon the local information of a single
edge. If we wantto insertpointsinside a triangle, thenthe other
vertex in a triangleis requiredto calculatetheinterpolatedhormal
at the point inside the triangle. Another problemoccrswhenan
adjacentrianglecalculateghata pointto beinsertedis outsideits
triangleandis actuallyinsideanadjacentriangle,thenthetriangle
needsaccesdo thevertex in theadjacentriangle.

The alternatve of only inserting points on edgesleadsto the
problemthat the pointsdefinedby the displacemenmapare only
approximatedndseveralpointsmightbeinsertedcloseto theorig-
inal point due to this approximationerror To stopthe recursve
algorithmfrom over inserting points whenthe original resolution
of the displacementnapis reachedwe performa teston the tex-
ture coordinatef the new point. We comparethe integer values
of the texture coordinatesafterthey arescaledto the resolutionof
thedisplacemenmap. If thevalueof bothinteger partsof the tex-
turecoordinatesitthenewly insertedvertex U2 areequalto either
of the scaledvaluesof the two original verticesU; and Uy, then
the new vertex is not insertedand the booleanvalue, ct is setto
false.Thetestis calledthe Tex Coord Test. Thisteststopsrecursve
subdvision, oncethe resolutionof the original displacementmap
is reached We have foundthatmodelswith areasof high variance
of the displacementmap, suchasthe hair on the modelof Volker
Blanz's head(seeFigure9), canreducetheir final triangle counts
by up to 50%by incorporatingthis simpletest.

An alternatve to performingthe Tex Coord Testis to precalcu-
latethe pointson the new surfaceP’ (u, v) andstorethemwith the
displacementmap. Thesevaluescan then be insertedinsteadof
insertingmidpointsresultingin a more accuraterepresentatiorf
the original displacemeninap. The problemwith this techniques
that the displacemenmap cannotbe interactively scaledbecause
thenew surfacehasalreadybeenpre-calculated.

2.6 Tessellation

Onceall the testshave beenperformedfor an edgeof a triangle
thedecisionto split the edgeis calculatedusingthefollowing logic
equation

split = (nt|sht)&vt&ct

where| representthelogical or operatiorand& representthelog-
ical and operation.This split valueis calculatedor eachedgeand
dependingon the numberof edgesthat have to be split an appro-
priatetessellatioris choserfrom Figure6(a-c). Figure6(d) shavs
two otherpossibilitiesfor tessellatingcase6(c), but we found that
thesetwo triangulationsincreasedhe occuranceof long andthin
trianglessowe usedthetriangulationshavn in (c) instead.
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(a) (c) (d)
Figure6: Thethreetriangulationsusedfor tessellation(a) is used
if threeedgesareto be split, (b) is usedif two edgesare split and
(c) is usedwhenone edgeis split. (d) Two otherpossibilitiesfor
splitting two edgeghatcanproducelong thin triangles.

2.7 Curved Surface
ment Maps

rendering using Displace-

Oneproblemfor therenderingof displacementnapsin hardwareis
thatmodellersarenot usedto thinking in termsof generatingnod-
elsfrom displacemeninaps.In orderto handlehigherorderprim-
itives suchas quadriccurves, beziersurfacesand NURBS using
our algorithm, we have incorporatednto our displacementmap-
ping softwaresimulationthe capabilityto samplea quadricsurface
andrenderit using displacemenmapping. The currentsoftware
implementatiorhasonly limited capabilities sinceit canonly ren-
derNURBSwhich only elevatetheir parametespace.

Theonly informationthatcanbestoredin theNURBSsurfaceis
the heightor displacementrom abasemesh.Appliedto a suitable
basemesh this alreadyprovidesenormoudlexibility for designing
andmodellingby exploiting the high triangleperformancef avail-
ablegraphicscards.Althoughthis samplingapproactuseshehost
to computethedisplacementnap,it would berelatively straightfor
wardto coupleahardwareimplementatiorof acurvedsurfaceeval-
uation- like thatusedin the OpenGLpipeline proposedyy Rock-
wood [14] — with our hardware design,if they becomeavailable
in the future. This would enablethe renderingof curved surface
modelsat high speedandwithout the needfor new andexpensve
scanlinecorverters.

3 Hardware Architecture

To realisehardware renderingof displacementnaps,we suggest
theintroductionof several unitsinto a standard-enderingpipeline
suchasthe OpenGLpipeline[18]. Thesenew unitsandtheir posi-
tioning relative to the usualunitsin a pipelineareshavn in Figure
7. The OpenGLClipping, Perspective, and Viewport Application
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stage is representetdy our Transformstage. The OpenGLpipeline
placesLighting inside the Verticesoperationsunit before trans-
formationto screenspaceto achieve pervertex lighting. Modern
implementation®f the graphicspipelinesuchasNVIDIA's GPUs
placethe lighting calculationsafter the transformatiorto improve
perfragmentlighting capabilities.We have alsomoved the Light-
ing stageafter the Transformstage,to allow our re-meshingand
normalcalculationgto occurin world space.

We addfour new unitsto the graphicspipelineincluding a Get
Triangle, Calculate New P, Displace Vertex, Tessellation Tests and
Tessellation stage. Also storagefor the displacemenmap and a
trianglequeueareaddedat thetop level. The Get TriangleUnit is
responsibldor retrieving trianglesfrom eitherthe hostCPU or the
TriangleQueue.The Get TriangleUnit alsocheckswhich vertices
andnormalsof incomingtriangleshave alreadybeentransformed
into screerspaceandonly sendghenew verticesandtheirnormals
throughthe Transformunit.

The CalculateNew P stagetakestwo verticesof a triangleand
averageghemto find the midpoint. This midpoint passeshrough
the DisplaceVertex stagewhich calculatesthe new surface point
P’(u,v) asdefinedin Equationl. This requiresreadingthe dis-
placementD from thedisplacementap,multiplying it by thesur
facenormal N and addingthe resultto the currentsurface point
P. This operationis only performedfor new verticeswhich are
extractedfrom the currenttriangle information by the Get Trian-
gle stage .Oncethedisplacemenis performedthenewly displaced
vertex is passedhroughthe Transformstageandtransformednto
screenspace. The Tessellatiorstagetakes the vertex information
of the currenttriangle, the new verticesto be inserted,and con-
structsnew trianglesbasedon the triangulationsshawvn in Section
2.6. Thesenew trianglesareinsertedinto the Triangle Queue,a
FIFO queuewherethey arereadbackinto the pipelineby the Get
Triangle unit. The Triangle Queuerequireseither on-chip mem-
ory or off-chip memoryrequiringanadditionalreadingandwriting
unit. Eitherimplementatioris a significantrequiremenfor this al-
gorithm.

3.1 Tessellation Tests Architecture

The TessellatiorTestsunit calculatesnew texture coordinatesand
normalsandthefour edgetests.Theunit is pipelinedandeachnewn

vertex, P12, Pog andP3;, is sentthroughthepipelinesequentially
requiringonly onepipeline.If fastemperformancavasrequireddue
to multiple Transformpipelinesthenthe unit could be replicated
threetimes. Thearchitectureof the Tessellatiorestsunit is shavn

in Figure 8 with inputs and outputslabelledfor testingthe edge
betweerverticesP; andP».

3.1.1 View Test

The simplesttestin the TessellationTestsis the View Test. This
testis donein screenspaceby calculatingthe Manhattandistance
for the currentedgeusingthe displacediransformedvertices. For
trianglesthatarebeingre-tessellatedhetransformedrertex values
will have alreadybeencalculatedn the previous pass sothis data
will beimmediatelyavailable.But for new triangles this stagewill
have to wait until thevaluesareavailableafterthe Transformstage.
This waiting time canbe easilyaccommodatedsincefor eachnew
triangle the testsmustwait until not only the original verticesare
transformedput alsothe newly insertedverticesare transformed.
Also theratio of new trianglesto re-tessellatettianglesis quitelow
sothis wait time will happeninfrequently Theresultof the View
Test, vt is passedo the Passor Tessellatainit.

3.1.2 Tex Coord Test

The calculationof the texture coordinatesfor the new verticesis
requiredby several subsequentnits. The Calculate New U calcu-
latesthe new texture coordinatesisinganaddanddivision by two.
Theinteger partof the new texture coordinateup to the resolution
of the displacemenmaparecomparedwith theinteger partof the
originaltexturecoordinate®f theedges vertices.Thetestis calcu-
latedby the Tex Coord Test unit andtheresultpassedntothe Pass
or Tessellateinit.

3.1.3 Summed Height Test

The new texture coordinatesare usedby the Height Test to look
up andcalculatean averageheightfrom the Summed Height Table.
First the differencebetweerthe texture coordinatesat the vertices
arecalculatechnddividedby 4 and8 usinglogical shift operations.
Theresultsarecombinedwith the vertex texture coordinatego cal-
culatethe four valuesrequiredto accesghe SummedHeight Ta-
ble. The calculationof the averageheightfor eachpoint usingthe
SummedHeight Tablewill take four cyclessinceeachvaluemust
be readandcombinedusingEquation2. Thevaluesarethencom-
bined and divided accordingto the SummedHeight Testand the
differencecomparedvith theshthr to determinef thereis a signif-
icantchangen height. Theresultis passedo the Passor Tessellate
unit.

3.1.4 Normal Test

Theotheroperatiorof theTessellatiorTestsunitis theNormal Test.
Thistestrequiredfirst the calculationof thenew normalN;; using
an add and division by two. Thenthe nev normal mustbe nor

malisedbefore being bump mapped. Normalisationis an expen-
sive operation,but implementationsare available in most graph-
ics pipelines. Thenusingthe new texture coordinatesthe normal
to the displacemeniN p is readfrom a precomputedhormal map.
The new surfacenormal, N, is calculatedoy perturbingthe sur

facenormal, N2, by the displacementmap normal, Np, using
a bump mappinghardware unit. As mentionedearlierseveral ap-
proachego bump mappinghave beenproposedandcould be used
to provide the operationrequiredhere. After calculatingthe new

displacedsurfacenormalits componentsiresubtractedrom those
of the normalsfrom thedisplacedverticesN’ andIN%. Thediffer-

enceis comparedo nthr resultingin the booleanvaluent which
is passedo the Passor Tessellatainit.

3.1.5 Pass or Tessellate Unit

The Passor Tessellateinit combinegheresultsof the four teststo
determindf theedgeis to besplit. If theedgeis to besplitthenthe
new vertex P, is indicatedfor insertioninto the currenttriangle
to the Tessellatiorunit. For eachvertex thatwas partof the origi-
nal triangle,the Passor Tessellataunit passeghe following setof
valuesto the Tessellatiorunit: P,,, P’'s, N, N’, N', U wherethe
subscript, meanghe vectoris in world spaceandthe subscript;
meanghevectoris in screerspace For thenewly insertedvertices,
it hasall of the above valuesexceptthe N’ valuewhich is calcu-
latedon thetrianglesnext passthroughthe pipeline. If thetriangle
hasno new verticesto insertthenonly thefollowing valuesaresent
to the Lighting unit P’s, N, U. The Passor Tessellateunit can
alsoperformbackfceculling onthe new trianglessincethey have
beengeneratedvith screerspacenormalvalues.

The mostcomple unit in the TessellationTestsunit are those
requiredfor theNormalTestwhichincludeabumpmappingopera-
tion andanormalisation Both unitsexistin mostgraphicipelines
andcanbe expectedin mostpipelinesin the future. Also memory
anda controllerfor the bufferingin the TriangleQueueis required.
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Figure7: A graphicsipelinewith new unitsaddedo performdisplacemenmaprendering.

Theotherunitsonly requireaddition,subtractiondivisionsby pow-

ersof two, compareoperationsand otherlogic functions. The la-

teng involvedin the TessellatiorTestsunit canbe compensatetly

the lateng of the Transformunit sinceboth pipelinesrunin paral-
lel. Themajoradditionallateng to the overall graphicspipelineis

in the DisplaceVertex unit which requiresa multiply andaccumu-
late.

4 Results

To demonstratéhe effectivenessof our adaptve tessellatioralgo-

rithm, we haveimplementedhearchitectureén Figure7 andFigure
8 usinga softwaresimulation.To take adwantageof OpenGLfunc-

tionality, we usethefeedbackendemodeto performthetransform
calculations.We have renderedseveral modelswith our technique
to demonstrat¢herangeof datasetshatit canhandleandpossibil-
ities provided by displacemeninapping.

To demonstratehe adaptive natureof the tessellationand the
effectivenessof combiningthe Normal Testand SummedHeight
Test,aflat planeconsistingof only 18triangleswasdisplacedvith a
half donutdisplacemenasshavn in Figure10. In Figure10(a),we
canseethealiasingerrorsassociatedvith theNormalTest,while in
Figure10(b),someedgesave notbeensplit because¢he averaging
effect of the SummedHeightTesthasnot detectedhelocal change
in surfaceorientation. The combinationof the two testsis shavn
in Figure 10(c) whereboth the local surfaceorientationand aver-
agechangen heightis detectegroducinganadaptvely tessellated
displacedsurface.

The view dependentapabilitiesof our algorithm are demon-
stratedusing a cyberware scannemodel of Volker Blanz’s head.
Thescannegenerateatextureanddisplacementmapparametrised
in cylindrical coordinatesvith aresolutionof 512 x 456 texels. We
usea cylinder for a basemeshconsistingof 1800triangles. The
modelrenderedat threedifferentdistancedrom the view point is
shavn in Figure9. In Figures9(a,b,c),theimagerenderedshavs
thedistanceof themodelfrom theview plane.In Figures9(d,e,f),a
wireframeclose-upof the region aroundthe nose,eyesandmouth
using the respectie meshedrom (a,b,c),canbe seen. In Figure

9(d) the high level of detail canbe seenin the tessellatioraround
the eye including the eye brow. Both the view dependentessella-
tion aswell asthe effective adaptve techniquesiredemonstrated.
The adaptve natureof the algorithm can be seenin the level of
detail aroundthe nose,eyes and mouth wherethereis increased
surfacedetail.

To evaluatethe algorithmon terrainmodels,we usedthe Crater
Lake (Westhalf of CraterLake, Oregon) Digital Elevation Map
(DEM), which hasdimensionf 366 x 459 from Garland[6]. In
Figurell(a)we canseethatasmallislandinsidethecraterandthe
edgeof the crateris representedvith a high level of detail, while
the waterlevel in the crateris left at the resolutionof the original
mesh.

An exampleof thedonutdisplacementapappliedto thewell-
known Utahteapotis shavn in Figurel1(b). We arealsoinvestigat-
ing thepossibilitiesof saving the meshstatefrom onedisplacement
mapandaddinganotherisplacemento it asshavn in Figurell(c)
wherethe basedonutis a displacementnap. While this worksin
our software simulationwe arestill consideringthe hardware im-
plicationsof suchanoperation.

5 Conclusions and Future work

In this paper we have proposedadditional units for a standard
graphicspipelineto enablethe renderingof displacementapsin
hardware. Ourtechniqueencompassemdaptve view dependente-
meshingdrivenby the displacemeninap’s surfacecompleity and
userdefinedthresholds. The additionsto the hardware pipeline
would only requirestandardfeaturessuchas bump mappingand
simple arithmeticunits. We have testedour algorithmon several
real andsyntheticdatasetsandit is capableof generatingow tri-
anglecountmesheshy adaptvely subdviding triangles. Our tes-
sellationschemetakes into accountseveral factorsincluding dis-
placementsurfacevariation,view point andoriginal meshresolu-
tion. Backfaceculling cannotbe appliedto the original basemesh,
becausehe displacemenimight generatdrianglesthatarevisible.
Our tessellationresultsin normalsin screenspace,so backfce
culling can be applied after tessellationand before rasterization.
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Figure8: Architecturefor the TessellatiorTestsunit.

Our combinationof the Normal Testwith the SummedHeight Test
alsoprovidesan effective filter for the displacemeninap,which is
not possibleusing maximal valuedmipmapping. Using displace-
mentmappingasarenderingprimitive cansignificantlyreducethe
bottleneckof sendingtriangledatato the graphicsengine.As dis-
placemenmmapsare usedincreasinglyto modelthe geometricde-
tail on surfaceshardwaresupportfor renderinghesedisplacement
mapswill becomea sought-aftefeaturein graphicsaccelerators.

5.1 Future work

There are several avenuesof future work that are possiblefrom
what hasbeenpresentedn this paper Scalingthe displacement
mapby introducinga scalingfactors into equatioril is doneasfol-
lows P’ (u,v) = P(u,v) 4+ sD(u,v)N(u,v). The capabilityto
scalethedisplacemenmapalreadyexistswithin our softwaresim-
ulation, but requiresthat the displacemenvalue usedin the Dis-
placeVertex unit is appropriatelyscaledandthatthe normalmapis
calculatedusingfinite differencesandis normalisedfor eachnew
scalevalue of the displacementnap. We are currentlyinvestigat-
ing the implementationdetailsfor this extensionto our approach.
Anotherinterestingextensionto our work includestestson the sur
facenormalsto determinevhichtrianglesarelocatedwithin or near
the Phonghighlight to improve the tessellatiorof theseareawhen
pervertex lighting schemesreused.
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Figure9: Volker's headdataset.(a), (b) and(c) shav distance Figure10: (a) Normal Testonly. (b) Summed
from view plane,(d), () and(f) aremeshclose-upgor corre- HeightTestonly. (c) Bothtests.
spondingmages.

@) (b) (©
Figure11: (a) The CraterLake. (b) A half donutdisplacedteapot(c) The half donutwith texture and more surface detail addedusing
anotherdisplacementmap.



