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Abstract

DisplacementMapping is an effective techniquefor encodingthe
high levelsof detailfoundin today’s trianglebasedsurfacemodels.
Extendingthe hardware renderingpipeline to be capableof han-
dling displacementmapsasgeometricprimitives,will allow highly
detailedmodelsto beconstructedwithout requiringlargenumbers
of trianglesto bepassedfrom theCPUto thegraphicspipeline.We
presenta new approachbasedon recursive tessellationthatadapts
to thesurfacecomplexity describedby thedisplacementmap. We
alsoensurethat the resolutionof thedisplacedmeshis tessellated
with respectto thecurrentview point. Our tessellationschemeper-
forms all testsonly on triangle edgesto avoid generatingcracks
on thedisplacedsurface.Themaindecisionfor vertex insertionis
basedon two comparisonsinvolving the averageheightsurround-
ing the verticesand the normalsat the vertices. Individually, the
testswill fail to tessellatea meshsatisfactorily, but their combina-
tion achievesgoodresults.

We proposeseveral additionsto the typical hardwarerendering
pipeline in order to achieve displacementmaprenderingin hard-
ware.Themeshtessellationis placedwithin therenderingpipeline
sothatwecantakeadvantageof thepre-existingvertex transforma-
tion unitsto performthesetupcalculationsfor our view dependent
test. Our methodaddsonly simplearithmeticandcomparisonop-
erationsto thegraphicspipelineandmakesuseof existingunitsfor
calculationswherever possible.

CR Categories: I.3.1 [ComputerGraphics]: Hardware Archi-
tecture, GraphicsProcessors;I.3.3 [Computer Graphics]: Pic-
ture/ImageGeneration,DisplayAlgorithms

Keywords: DisplacementMapping,GraphicsHardware.

1 Intr oduction

Threedimensionalgraphicsrenderinghardwarecapableof render-
ing sceneswith alargenumberof polygonsis now widelyavailable.
Most systemssupporttexture mapping,which addssurfacedetail
via a two dimensionalcolour mapthat changesthecolour at each
pixel on a flat polygonalsurface. To make theflat surfacelook as
thoughtherearesmall changesin the surfacegeometry, Blinn in-
troducedBumpMapping[1], which is becomingastandardfeature
in modern3D graphicshardware.�
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Bump mappingdoesnot really alter the underlyinggeometry,
but only perturbsthenormalson thesurface. For small irregulari-
tieson a surface,bumpmappingis ideal,sinceit doesnot increase
the amountof geometry, but givesthe impressionof real textured
surfaces.The limitation of bumpmappingbecomesobviouswhen
thesurfaceis parallelto theviewer andtheBumpdoesnotcreatea
silhouette.Also asa surfacemovesin perspective spacetheshape
createdin theviewersmindby thebumpmapwill notoccludeother
objects.

To addrealgeometricdetail to a flat surface,displacementmap-
ping,first introducedby Cook[2], canbeused.As anexampleFig-
ure1(a)shows a flat planewith a colour textureapplied,which is
displacedusingthedisplacementmapin Figure1(b), wherewhite
representsa high displacementandblack representsno displace-
ment.Theapplicationof thedisplacementmapto theplaneresults
in the the displacedsurfaceshown in Figure1(c). An advantage
of usingdisplacementmapsis thathighly detailedtrianglesurface
models,suchasthosegeneratedby 3D scanningtechnologies,can
be modelledusing only a simple basesurfaceand displacement
maps. A compactsurfacerepresentationusingscalar-valueddis-
placementsoverasmoothdomainsurfaceis presentedby Lee[11].
Displacementmappinghasbeenusedfrequentlyto addgeometric
surfacedetailto objects[17,12, 9], andis commonlyfoundin com-
mercially available software renders. But unlike bump mapping,
displacementmappinghasnot beenimplementedin hardware,due
to thehigh computationalcost.

(a) (b) (c)

Figure1: A planedisplacedwith a text displacementmap.
.

Addingdisplacementmaprenderingto currentlyavailablehard-
warearchitecturespresentsseveralproblems.To applya displace-
mentmapto a trianglemeshinvolvesre-triangulatingthe original
meshanddisplacingthe verticesaccordingly. If the basetriangle
meshhasa coarserresolutionthanthedisplacementmapwe need
to re-tessellatethe meshaccordingto the surfacedefinedby the
displacementmap.This re-tessellationcanbeperformedwhile ras-
terizingthetriangleaspresentedby DoggettandKugler in [4] and
Gumhold[7]. The problemwith theseapproachesis that eithera
large numberof trianglesis generated[4] or new coordinatesys-
temsandcomplex calculationsin a non-standardrasterizerarere-
quiredto controlthepipeline[7].

We proposeto tessellatetheindividual trianglessequentiallyby
recursively addingverticesalongedgesin orderto achieveanadap-
tively tessellatedsurface.Wechecklocalsurfacevariationbetween
verticesby comparingnormals.At thesametime we checktheav-
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eragedisplacementover an areaaroundthe verticesto avoid the
aliasing� causedby samplingatverticesby usingSummed-AreaTa-
blesaspresentedby Crow [3]. Thesetwo testsappliedindividually
donotgenerategoodresults,sincethenormaltestresultsin aliasing
andtheaveragedheighttestmissessmalldetails,but thecombina-
tion of thetwo testsproducesgoodresults.To give theusercontrol
over thesizeof trianglesgeneratedwith respectto thecurrentview
point, we testthescreensizeof trianglesagainsta userthreshold.
Thisensuresthatrecursivetessellationwill stopwhentheuserdoes
not requirefurther detail. A displacementmapmodelsa discrete
surfacewhich hasa limit of resolution.We alsocheckif this limit
is reachedbeforegeneratingmoretriangles,to ensureno moretri-
anglesaregeneratedthenthereis detailin theoriginaldisplacement
map.

To minimisetheadditionalhardwarerequiredto renderdisplace-
mentmaps,weexploit existingpipelineunitswherever possible.A
bump mappingunit is usedfor displacedsurfacenormalcalcula-
tion andextraunitsarecarefullyplacedwithin thepipelineto make
useof the operationsperformedby the transformationunit. The
remainingcomputationsonly requiresimpleoperationssuchasad-
dition, divisionby two andcomparisons.

1.1 Previous Work

1.1.1 Bump Mapping

Bumpmapping,introducedby Blinn [1], perturbssurfacenormals
onasurfaceasif aheightfield displacedthesurfacein thedirection
of theoriginal surfacenormal. Sincebumpmappingonly changes
theappearanceof anobject,it makescertainapproximations.Stan-
dard techniquesfor bump mappingassumethat the bumpinessis
only microdisplacementsandhenceassumethe magnitudeof the
heightfield is negligible.

Severalhardwarebasedapproachesto implementingbumpmap-
pinghavebeenpresentedin recentyears[5, 13,10]. Peercy presents
an implementationfor high-end3D graphicshardware [13] that
supportsbump mappingwithin the context of per-fragmentlight-
ing operations.Kilgard presentsanapproachto bumpmappingthat
takesadvantageof currentlyavailablelow-costgraphicshardware
in [8]. Although our methodrequiresthe useof a bump mapping
unit, wewill not go into theimplementationdetailsin this paper.

1.2 Terrain Modelling

Terrainmodellingusingheightfields is closelyrelatedto the ren-
deringof displacementmaps. Many algorithmsare available for
approximatingterrainsandheightfields usingpolygonalmeshes.
Thesealgorithmsapproximatetheheightfield with ameshof trian-
gles,alsoknown asa triangulatedirregularnetwork, or TIN. Gar-
land [6] analysesseveral of thesealgorithmsincluding the greedy
insertionalgorithm. While very good resultsare achieved these
techniquesrelie on globalmeshinformationmakinghardwareim-
plementationexpensive.

1.3 Displacement Mapping

Displacementmapping[2] perturbsa parametricsurfacealongits
normalsbasedon a heightfield to createa new surface. Thebase
surfaceis definedby a bivariatevector function ���	��
��� that de-
fines3D points �	��
��
��� on the surface. The displacementsfrom
the surfacearedefinedby a bivariatescalarfunction ���	��
��� and
thenormalson thebasesurface ���	��
���� by �� �	��
���� . Thepointson
thenew displacedsurface �����	��
���� aredefinedasfollows

� � �	��
��� �!���	��
����#"$���	��
��� �� �	��
��� (1)

where �� �	��
���%�'&)(+*-, .0/1 &)(+*-, .0/ 1 .

A crosssectionof an exampledisplacementmappedsurfaceis
shown in Figure2, where

� � �	��
��� is the normalto the displaced
surface.
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Figure2: A crosssectionof a displacedsurface.

In Section2, we describethecalculationsrequiredfor ouradap-
tiveview dependenttessellationalgorithmandin Section3, we ex-
plainhow theseoperationsareimplementedin a graphicspipeline.
Section4 presentstheresultsandSection5 concludesandpresents
futurework.

2 Adaptive View Dependent Tessellation

Ouralgorithmrecursively tessellatesthetrianglesgivenin thebase
meshor surface ���	��
���� by insertingverticesalongedgesof trian-
gles.A basetrianglethathasbeenrecursively adaptively tessellated
to increasethe numberof verticesin the areaof heightchangeis
shown in Figure3.

SurfaceDisplaced Surface
Base

Normal

Base Surface Triangle

Figure3: A trianglefrom thebasesurfaceis recursively tessellated
to createa displacedsurface.

2.1 Tessellation based onl y on edge inf ormation

Displacementmappingrequiresacoarsetrianglemeshthatapprox-
imatesthe surfaceto be modelledwith a displacementmapcon-
taining the finer geometricdetail. A re-meshingstepis required
to generatea finer meshthat betterrepresentsthe desiredsurface.
While many re-meshingalgorithmsexist [6], few aresuitablefor
hardwareimplementation.Forexample,if tessellationdecisionsare
basedoninformationlocal to onetrianglethentheneighbouringtri-
angleswould needaccessto this informationrequiringprocessing
of eachtriangleto have accessto the entiretrianglelist. Random
accessto memoryof this natureis expensive whenimplementedin
hardware. To avoid suchmemoryrequirements,we limit our ver-
tex insertiondecisionto usingonly theinformationavailablewithin
the currenttriangle. Furthermoreif vertex insertiondecisionsuse
all threeverticesof a trianglethenthecommonedgebetweentwo
adjacenttrianglesmayhaveadifferentinsertiondecisiondueto the
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third trianglevertex. Verticesinsertedalongtheedgeof onetrian-
glebut2 not insertedonthesameedgeof aneighbouringtriangleare
known ast-vertices. To avoid crackingin the displacedsurfacet-
verticesmustbeavoided.To ensureno t-verticesaregeneratedwe
limit our vertex insertiondecisionto informationcontainedin only
the two verticesthat subtendtheedgein question.The tradeoff is
thatcalculationsfor eachedgeareperformedtwice.

Re-meshingis performedby insertingverticesat themidpointof
edgesif the midpoint meetsa seriesof conditions. First the new
vertex �4365 betweenthe two vertices �437
��85 of an edgeis calcu-
latedby averagingthe two vertices. The texture coordinates9 365
andthemeshnormal

� 365 aresimilarly calculated.Thenormalon
thedisplacedsurface,

� � canbecalculatedfrom theoriginal mesh
normal,

�
andthenormalcalculatedfrom the displacementmap,�;:

, using the bump mappingoperationsdescribedby Schilling
[15]. The normal to the displacementmap, ���	��
��� can be pre-
computedusingfinite differencingandstoredin a normalmapin
a similar fashionto <�=�> valuesstoredin texturemaps.Thedis-
placedsurfacesandnormalsareshown in Figure2.

2.2 Surface Normal Variance Test

Using thenew surfacenormal,
� � 365 , we compareit’ s components

with thoseof the two displacedvertex normals,
� � 3 and

� � 5 . If
thedifferencebetweenany of thecomponentsis greaterthana set
threshold,thenavertex is addedat �4365 (Normal Test). Theboolean
valuefor theNormalTest, ?A@ is definedas

?A@B� � � � 365�CED � � 3FC4G ?�@HJIK�ML+� � � 365�NOD � � 3FNPG ?A@�HJIK�ML� � � 365�Q D � � 3FQ G ?�@HRIS�ML+� � � 365�C D � � 5�C G ?�@�HJIS�ML� � � 365�N�D � � 5�NPG ?A@�HJIK�MLT� � � 365�QUD � � 5�QVG ?�@HJIK�
where ?�@HJI is thenormalthresholdandthe L symbolrepresents

thelogical or operation.
TheNormalTestis subjectto aliasingbecauseit usespointsam-

pling andcaneasilymisschangesin height. A simpleexampleof
this is shown in Figure5(a). Theadvantageof theNormalTestis
that it is extremelysensitive to small scalechangesin thesurface.
Theuseris requiredto predeterminethethresholdvalue ?�@HJI and
supplythis valuewith themeshto achieve therequiredlevel of de-
tail.

2.3 Local Area Average Height Test

To detectaveragechangesin the heightof the displacementmap,
a secondtest is performedthat comparesthe displacementover
an areausing Summed-AreaTables,introducedby Crow [3]. A
Summed-AreaTableis a two dimensionalarraycontainingat each
cell the sumof all valuesthat fall inside the rectangleformedby
that cell andonecornerof the array. To calculatethe sumof all
valueswithin a rectangularareain thetableonly thefour valuesat
thecornersof theareaareneeded.TheSummed-AreaTablecanbe
representedasa bivariatefunction WYX)ZV�	��
��R� thatreturnsthesum
of all heightswithin theregion ( []\^��
�[_\^� ), wheretheorigin
is in the bottomleft of the table. The sumof the valueswithin a
rectangularareaarecalculatedusingthefunction W`�6ab� definedas

W`�6ab�B� WYX)ZV�	��cedf
�ScedM� D WYX)ZV�	� ceg 
� ceg � DWYX)ZV�	��h d 
��Sh d �#"iWYXjZP�	�kh g 
�Sh g � (2)

where a is �	� ced 
� ced 
� clg 
� ceg 
��h d 
�Kh d 
�kh g 
��Sh g � , the cornersof the
rectangularareain the Summed-AreaTable,using the subscripts@�I top right, @m top left, n0I bottomright, nMm bottomleft for the four
cornersof therectangle.

A Summed-AreaTablecanbeprecalculatedfor thedisplacement
mapandthesumof all heightsover anareaat vertices�437
��85 and

� 365 canbe calculated.To calculatethe four cornerpointsof the
rectanglearoundtheverticesof theedgewe usethetexturecoordi-
natesat thevertices9 3 
�9 5 and 9 365 asshown in Figure4. Using

w = u   − u

2
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h = v   − v2 1
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Figure4: Using thetexturecoordinatesof theverticesto calculate
thesummedheight.

thetexturecoordinateswe cancalculatethedifferenceof theareas
andcomparethemwith a threshold.This testis calledtheSummed
Height Test andits booleanvalue, o7HR@ , is definedas

ofH�@%� p W`�rq 365 �s D �FWt�rq%3u��"$W`�rqY5M���v G o7HR@�HJI
whereofH�@HJI is thesummedheightthreshold.Thistestmissessome
casesthat theNormalTestdetectsasshown in Figure5(b). There
arecasesthatcannotbedetectedby bothtests.If thedisplacement
mapis highly regular, e.g.highfrequency suchasasinusoidalfunc-
tion, thenthe Normal Testcouldalwayssampleidenticalnormals
andthe heightaveragingwould cancelitself out. Typically a dis-
placementmapandassociatedtrianglemesharecreatedtogether
by the authorwith the purposeof modelling a particularsurface
so thesecasescan be avoided. The combinationof the Normal
Testand SummedHeight Test with appropriatethresholdsis ca-
pableof re-meshingthe small detail in a surfacewithout missing
heightchangesin smoothsurfacesresultingin effective filtering of
thedisplacementmap.

(b)(a)

P’1

P’12

P’2

1P’ P’12
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Figure5: The solid line representsa contourline acrossthe dis-
placementmapbetweenthe texture coordinatesof the verticesof
oneedgeof a trianglewith thenewly insertedpoint in themiddle.
The dashedlines indicatethe areaover which the height is aver-
agedto calculatetheSummedHeightvalue.In (a) theNormalTest
fails,but theSummedHeightTestsucceeds.In (b) theNormalTest
succeedsbut theSummedHeightTestfails.

2.3.1 Displacement Map Filtering

The standardapproachfor texture filtering is mipmappingaspre-
sentedby Williams [16]. This providesan effective meansof re-
trieving levelsof detailin colourtexturesthatmatchthescreensize
of an object. But for displacementmapping,the averagingeffect
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of mipmappingwill smoothoverareasof detailin thedisplacement
map. In [7], they proposeto usemipmapping,but with a maximal
filter to overcomethis. TheSummedHeightTestcanstill missde-
tails dueto averagingover theheight,but thenormaltestwill find
thesedetails.And conversely, whentheNormal testfails to detect
heightchangeover a smoothsurface,theSummedHeightTestwill
detectthechange.Thiscombinationresultsin aneffective filtering
of thedisplacementmap.

2.4 View Dependent Resampling

To achieveaview dependentre-samplingthatensuresnonew trian-
glesaregeneratedoncea certainscreensizehasbeenreached,we
performatestbasedonthesizeof thecurrentedgein ScreenSpace.
This testcan be performedafter the vertices ��� 3 and ��� 5 of the
currentedgearetransformedinto ScreenSpaceby carefully plac-
ing the re-meshinghardwarewithin an existing graphicspipeline.
Calculatingthe Euclideandistancerequiresexpensive squareand
squareroot operations,so we only usea Manhattandistancecal-
culation betweenthe two screenspacevertices. This Manhattan
distanceis comparedwith a thresholdmeasuredin numberof pix-
els. This testis calledtheView Test andif theManhattandistance
is greaterthena thresholdmeasuredin numberof pixels, �S@HRI then
thebooleanvalue �S@ is setto true.

2.5 Refinement Limit Test

Heightfieldscanberenderedby first generatingameshby inserting
thepointsdefinedby theheightfield into a meshusingalgorithms
suchastheGreedyInsertionAlgorithm [6]. Thesealgorithmspass
over thecompletemeshanddeterminethepointof maximumerror
andinsertthatpoint. In thealgorithmpresentedhere,weonly insert
pointscalculatedfrom theverticesof triangleedgesasthey areeasy
to computeandonly dependon the local informationof a single
edge. If we want to insertpoints insidea triangle, thenthe other
vertex in a triangleis requiredto calculatetheinterpolatednormal
at the point inside the triangle. Another problemoccrswhen an
adjacenttrianglecalculatesthata point to beinsertedis outsideits
triangleandis actuallyinsideanadjacenttriangle,thenthetriangle
needsaccessto thevertex in theadjacenttriangle.

The alternative of only insertingpoints on edgesleadsto the
problemthat thepointsdefinedby the displacementmapareonly
approximatedandseveralpointsmightbeinsertedcloseto theorig-
inal point due to this approximationerror. To stop the recursive
algorithmfrom over insertingpointswhenthe original resolution
of the displacementmapis reached,we performa teston the tex-
ture coordinatesof the new point. We comparethe integer values
of the texturecoordinatesafter they arescaledto theresolutionof
thedisplacementmap. If thevalueof bothintegerpartsof thetex-
turecoordinatesat thenewly insertedvertex 9w365 areequalto either
of thescaledvaluesof the two original vertices 9 3 and 9 5 , then
the new vertex is not insertedand the booleanvalue, xu@ is set to
false.Thetestis calledtheTex Coord Test. This teststopsrecursive
subdivision, 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 trianglecounts
by up to 50%by incorporatingthis simpletest.

An alternative to performingtheTex CoordTestis to precalcu-
latethepointson thenew surface � � �	��
��� andstorethemwith the
displacementmap. Thesevaluescan then be insertedinsteadof
insertingmidpointsresultingin a moreaccuraterepresentationof
theoriginal displacementmap.Theproblemwith this techniqueis
that the displacementmapcannotbe interactively scaledbecause
thenew surfacehasalreadybeenpre-calculated.

2.6 Tessellation

Onceall the testshave beenperformedfor an edgeof a triangle
thedecisionto split theedgeis calculatedusingthefollowing logic
equation oykmlz	@%�{�	?A@ML ofH�@���|��S@|�x}@
where L representsthelogicalor operationand | representsthelog-
ical and operation.This oykmlz	@ valueis calculatedfor eachedgeand
dependingon the numberof edgesthat have to be split an appro-
priatetessellationis chosenfrom Figure6(a-c).Figure6(d) shows
two otherpossibilitiesfor tessellatingcase6(c), but we foundthat
thesetwo triangulationsincreasedthe occuranceof long and thin
trianglessowe usedthetriangulationshown in (c) instead.

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

Figure6: Thethreetriangulationsusedfor tessellation.(a) is used
if threeedgesareto besplit, (b) is usedif two edgesaresplit and
(c) is usedwhenoneedgeis split. (d) Two otherpossibilitiesfor
splitting two edgesthatcanproducelong thin triangles.

2.7 Curved Surface rendering using Displace-
ment Maps

Oneproblemfor therenderingof displacementmapsin hardwareis
thatmodellersarenotusedto thinking in termsof generatingmod-
elsfrom displacementmaps.In orderto handlehigherorderprim-
itives suchas quadriccurves, beziersurfacesand NURBS using
our algorithm, we have incorporatedinto our displacementmap-
pingsoftwaresimulationthecapabilityto sampleaquadricsurface
and renderit usingdisplacementmapping. The currentsoftware
implementationhasonly limited capabilities,sinceit canonly ren-
derNURBSwhichonly elevatetheir parameterspace.

Theonly informationthatcanbestoredin theNURBSsurfaceis
theheightor displacementfrom a basemesh.Applied to a suitable
basemesh,thisalreadyprovidesenormousflexibility for designing
andmodellingby exploiting thehightriangleperformanceof avail-
ablegraphicscards.Althoughthissamplingapproachusesthehost
to computethedisplacementmap,it wouldberelatively straightfor-
wardto coupleahardwareimplementationof acurvedsurfaceeval-
uation– like thatusedin theOpenGLpipelineproposedby Rock-
wood [14] – with our hardware design,if they becomeavailable
in the future. This would enablethe renderingof curved surface
modelsat high speedandwithout theneedfor new andexpensive
scanlineconverters.

3 Hardware Architecture

To realisehardware renderingof displacementmaps,we suggest
the introductionof several units into a standardrenderingpipeline
suchastheOpenGLpipeline[18]. Thesenew unitsandtheir posi-
tioning relative to theusualunits in a pipelineareshown in Figure
7. The OpenGLClipping, Perspective, and Viewport Application
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stage is representedby ourTransformstage.TheOpenGLpipeline
places~ Lighting inside the Verticesoperationsunit before trans-
formationto screenspaceto achieve per-vertex lighting. Modern
implementationsof thegraphicspipelinesuchasNVIDIA ’s GPUs
placethe lighting calculationsafter the transformationto improve
per-fragmentlighting capabilities.We have alsomoved theLight-
ing stageafter the Transformstage,to allow our re-meshingand
normalcalculationsto occurin world space.

We addfour new units to thegraphicspipelineincludinga Get
Triangle, Calculate New P, Displace Vertex, Tessellation Tests and
Tessellation stage. Also storagefor the displacementmap and a
trianglequeueareaddedat thetop level. TheGetTriangleUnit is
responsiblefor retrieving trianglesfrom eitherthehostCPUor the
TriangleQueue.TheGetTriangleUnit alsocheckswhich vertices
andnormalsof incomingtriangleshave alreadybeentransformed
into screenspaceandonly sendsthenew verticesandtheirnormals
throughtheTransformunit.

TheCalculateNew P stagetakestwo verticesof a triangleand
averagesthemto find themidpoint. This midpointpassesthrough
the DisplaceVertex stagewhich calculatesthe new surfacepoint� � �r�%
�Y� asdefinedin Equation1. This requiresreadingthe dis-
placement� from thedisplacementmap,multiplying it by thesur-
facenormal �� andaddingthe result to the currentsurfacepoint� . This operationis only performedfor new verticeswhich are
extractedfrom the currenttriangle informationby the Get Trian-
glestage.Oncethedisplacementis performed,thenewly displaced
vertex is passedthroughtheTransformstageandtransformedinto
screenspace.The Tessellationstagetakes the vertex information
of the currenttriangle, the new verticesto be inserted,and con-
structsnew trianglesbasedon the triangulationsshown in Section
2.6. Thesenew trianglesare insertedinto the Triangle Queue,a
FIFO queue,wherethey arereadbackinto thepipelineby theGet
Triangle unit. The Triangle Queuerequireseither on-chipmem-
ory or off-chip memoryrequiringanadditionalreadingandwriting
unit. Either implementationis a significantrequirementfor this al-
gorithm.

3.1 Tessellation Tests Architecture

TheTessellationTestsunit calculatesnew texturecoordinatesand
normalsandthefour edgetests.Theunit is pipelinedandeachnew
vertex, �4365K
��85�� and �E�03 , is sentthroughthepipelinesequentially,
requiringonly onepipeline.If fasterperformancewasrequireddue
to multiple Transformpipelinesthen the unit could be replicated
threetimes.Thearchitectureof theTessellationTestsunit is shown
in Figure 8 with inputs and outputslabelledfor testingthe edge
betweenvertices�43 and �85 .
3.1.1 View Test

The simplesttest in the TessellationTestsis the View Test. This
testis donein screenspaceby calculatingtheManhattandistance
for thecurrentedgeusingthedisplacedtransformedvertices.For
trianglesthatarebeingre-tessellated,thetransformedvertex values
will have alreadybeencalculatedin thepreviouspass,sothis data
will beimmediatelyavailable.But for new triangles,thisstagewill
have to wait until thevaluesareavailableaftertheTransformstage.
This waiting time canbeeasilyaccommodated,sincefor eachnew
trianglethe testsmustwait until not only the original verticesare
transformed,but alsothe newly insertedverticesaretransformed.
Also theratioof new trianglesto re-tessellatedtrianglesis quitelow
so this wait time will happeninfrequently. The resultof theView
Test, �S@ is passedto thePassor Tessellateunit.

3.1.2 Tex Coor d Test

The calculationof the texture coordinatesfor the new verticesis
requiredby severalsubsequentunits. TheCalculate New U calcu-
latesthenew texturecoordinatesusinganaddanddivisionby two.
The integerpartof thenew texturecoordinateup to theresolution
of thedisplacementmaparecomparedwith the integerpartof the
original texturecoordinatesof theedge’svertices.Thetestis calcu-
latedby theTex Coord Test unit andtheresultpassedontothePass
or Tessellateunit.

3.1.3 Summed Height Test

The new texture coordinatesare usedby the Height Test to look
upandcalculateanaverageheightfrom theSummed Height Table.
First thedifferencebetweenthe texturecoordinatesat thevertices
arecalculatedanddividedby 4 and8 usinglogicalshift operations.
Theresultsarecombinedwith thevertex texturecoordinatesto cal-
culatethe four valuesrequiredto accessthe SummedHeight Ta-
ble. Thecalculationof theaverageheightfor eachpoint usingthe
SummedHeightTablewill take four cyclessinceeachvaluemust
bereadandcombinedusingEquation2. Thevaluesarethencom-
binedanddivided accordingto the SummedHeight Testand the
differencecomparedwith theshthr to determineif thereis asignif-
icantchangein height.Theresultis passedto thePassor Tessellate
unit.

3.1.4 Normal Test

Theotheroperationof theTessellationTestsunit is theNormalTest.
This testrequiresfirst thecalculationof thenew normal

� 365 using
an addand division by two. Then the new normal must be nor-
malisedbeforebeingbump mapped. Normalisationis an expen-
sive operation,but implementationsare available in most graph-
ics pipelines.Thenusingthe new texture coordinates,thenormal
to thedisplacement

�;:
is readfrom a precomputednormalmap.

Thenew surfacenormal,
� � 365 is calculatedby perturbingthe sur-

facenormal,
� 365 , by the displacementmap normal,

�;:
, using

a bump mappinghardwareunit. As mentionedearlierseveral ap-
proachesto bumpmappinghave beenproposedandcouldbeused
to provide the operationrequiredhere. After calculatingthe new
displacedsurfacenormalits componentsaresubtractedfrom those
of thenormalsfrom thedisplacedvertices

� � 3 and
� � 5 . Thediffer-

enceis comparedto ?A@�HJI resultingin thebooleanvalue ?�@ which
is passedto thePassor Tessellateunit.

3.1.5 Pass or Tessellate Unit

ThePassor Tessellateunit combinestheresultsof thefour teststo
determineif theedgeis to besplit. If theedgeis to besplit thenthe
new vertex � � 365 is indicatedfor insertioninto the currenttriangle
to theTessellationunit. For eachvertex thatwaspartof theorigi-
nal triangle,thePassor Tessellateunit passesthe following setof
valuesto theTessellationunit : �E�b
}���l��
 � 
 � �r
 � �l��
�9 wherethe
subscript� meansthevectoris in world spaceandthesubscript�
meansthevectoris in screenspace.For thenewly insertedvertices,
it hasall of theabove valuesexceptthe

� ��� valuewhich is calcu-
latedon thetrianglesnext passthroughthepipeline.If thetriangle
hasnonew verticesto insertthenonly thefollowing valuesaresent
to the Lighting unit � ��� 
 � ��� 
�9 . The Passor Tessellateunit can
alsoperformbackfaceculling on thenew trianglessincethey have
beengeneratedwith screenspacenormalvalues.

The mostcomplex unit in the TessellationTestsunit are those
requiredfor theNormalTestwhichincludeabumpmappingopera-
tion andanormalisation.Bothunitsexist in mostgraphicspipelines
andcanbeexpectedin mostpipelinesin thefuture. Also memory
anda controllerfor thebuffering in theTriangleQueueis required.
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Figure7: A graphicspipelinewith new unitsaddedto performdisplacementmaprendering.

Theotherunitsonly requireaddition,subtraction,divisionsby pow-
ersof two, compareoperationsandotherlogic functions. The la-
tency involvedin theTessellationTestsunit canbecompensatedby
thelatency of theTransformunit sincebothpipelinesrun in paral-
lel. Themajoradditionallatency to theoverall graphicspipelineis
in theDisplaceVertex unit which requiresa multiply andaccumu-
late.

4 Results

To demonstratetheeffectivenessof our adaptive tessellationalgo-
rithm, wehaveimplementedthearchitecturein Figure7 andFigure
8 usinga softwaresimulation.To take advantageof OpenGLfunc-
tionality, weusethefeedbackrendermodeto performthetransform
calculations.We have renderedseveralmodelswith our technique
to demonstratetherangeof datasetsthatit canhandleandpossibil-
itiesprovidedby displacementmapping.

To demonstratethe adaptive natureof the tessellationand the
effectivenessof combiningthe Normal TestandSummedHeight
Test,aflatplaneconsistingof only 18triangleswasdisplacedwith a
half donutdisplacementasshown in Figure10. In Figure10(a),we
canseethealiasingerrorsassociatedwith theNormalTest,while in
Figure10(b),someedgeshavenotbeensplit becausetheaveraging
effectof theSummedHeightTesthasnotdetectedthelocalchange
in surfaceorientation. The combinationof the two testsis shown
in Figure10(c) whereboth the local surfaceorientationandaver-
agechangein heightis detectedproducinganadaptively tessellated
displacedsurface.

The view dependentcapabilitiesof our algorithm are demon-
stratedusinga cyberware scannermodel of Volker Blanz’s head.
Thescannergeneratesatextureanddisplacementmapparametrised
in cylindrical coordinateswith aresolutionof ��� s`�E� ��� texels.We
usea cylinder for a basemeshconsistingof 1800 triangles. The
modelrenderedat threedifferentdistancesfrom the view point is
shown in Figure9. In Figures9(a,b,c),the imagerenderedshows
thedistanceof themodelfrom theview plane.In Figures9(d,e,f),a
wireframeclose-upof theregion aroundthenose,eyesandmouth
using the respective meshesfrom (a,b,c),canbe seen. In Figure

9(d) thehigh level of detail canbe seenin the tessellationaround
theeye including theeye brow. Both theview dependenttessella-
tion aswell astheeffective adaptive techniquesaredemonstrated.
The adaptive natureof the algorithm can be seenin the level of
detail aroundthe nose,eyes and mouth wherethereis increased
surfacedetail.

To evaluatethealgorithmon terrainmodels,we usedtheCrater
Lake (West half of CraterLake, Oregon) Digital Elevation Map
(DEM), which hasdimensionsof ���K� ��� ��� from Garland[6]. In
Figure11(a)wecanseethatasmallislandinsidethecraterandthe
edgeof the crateris representedwith a high level of detail, while
thewater level in thecrateris left at the resolutionof the original
mesh.

An exampleof thedonutdisplacementmapappliedto thewell-
known Utahteapotis shown in Figure11(b).Wearealsoinvestigat-
ing thepossibilitiesof saving themeshstatefrom onedisplacement
mapandaddinganotherdisplacementto it asshown in Figure11(c)
wherethe basedonutis a displacementmap. While this works in
our softwaresimulationwe arestill consideringthe hardwareim-
plicationsof suchanoperation.

5 Conc lusions and Future work

In this paper, we have proposedadditional units for a standard
graphicspipelineto enablethe renderingof displacementmapsin
hardware.Our techniqueencompassesadaptiveview dependentre-
meshing,drivenby thedisplacementmap’ssurfacecomplexity and
userdefinedthresholds. The additionsto the hardware pipeline
would only requirestandardfeaturessuchasbump mappingand
simplearithmeticunits. We have testedour algorithmon several
real andsyntheticdatasetsandit is capableof generatinglow tri-
anglecountmeshes,by adaptively subdividing triangles.Our tes-
sellationschemetakes into accountseveral factorsincluding dis-
placement,surfacevariation,view point andoriginal meshresolu-
tion. Backfaceculling cannotbeappliedto theoriginalbasemesh,
becausethedisplacementmight generatetrianglesthatarevisible.
Our tessellationresultsin normalsin screenspace,so backface
culling can be appliedafter tessellationand beforerasterization.
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Figure8: Architecturefor theTessellationTestsunit.

Our combinationof theNormalTestwith theSummedHeightTest
alsoprovidesaneffective filter for thedisplacementmap,which is
not possibleusingmaximalvaluedmipmapping. Using displace-
mentmappingasa renderingprimitive cansignificantlyreducethe
bottleneckof sendingtriangledatato thegraphicsengine.As dis-
placementmapsareusedincreasinglyto modelthe geometricde-
tail onsurfaces,hardwaresupportfor renderingthesedisplacement
mapswill becomea sought-afterfeaturein graphicsaccelerators.

5.1 Future work

Thereare several avenuesof future work that are possiblefrom
what hasbeenpresentedin this paper. Scalingthe displacement
mapby introducingascalingfactor o into equation1 is doneasfol-
lows ���6�	��
���������	��
���%"�o7���	��
��� �� �	��
��� . The capability to
scalethedisplacementmapalreadyexistswithin oursoftwaresim-
ulation, but requiresthat the displacementvalue usedin the Dis-
placeVertex unit is appropriatelyscaledandthatthenormalmapis
calculatedusingfinite differencesandis normalisedfor eachnew
scalevalueof the displacementmap. We arecurrentlyinvestigat-
ing the implementationdetailsfor this extensionto our approach.
Anotherinterestingextensionto ourwork includestestson thesur-
facenormalsto determinewhichtrianglesarelocatedwithin or near
thePhonghighlight to improve the tessellationof theseareawhen
per-vertex lighting schemesareused.
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[7] StefanGumholdandTobiasHüttner. Multiresolutionrender-
ing with displacementmapping.In Eurographics/SIGGRAPH
Workshop on Graphics Hardware, pages55–66,August1999.

[8] Mark J. Kilgard. A Practicaland Robust Bump-Mapping
Techniquefor Today’sGPUs.Technicalreport,NVIDIA Cor-
poration,www.nvidia.com,February2000.

[9] VenkatKrishnamurthyandMarc Levoy. Fitting smoothsur-
facesto densepolygonmeshes.Proceedings of SIGGRAPH
96, pages313–324,August1996.ISBN 0-201-94800-1.Held
in New Orleans,Louisiana.

[10] AndersKugler. IMEM: anintelligentmemoryfor bump-and
reflection-mapping.In Eurographics/SIGGRAPH Workshop
on Graphics Hardware, pages113–122,August1998.

[11] Aaron Lee, Henry Moreton,andHuguesHoppe. Displaced
subdivision surfaces. In Computer Graphics, Proc. of SIG-
GRAPH 2000. ACM, 2000.

[12] KazunoriMiyata.A methodof generatingstonewall patterns.
In Computer Graphics, Proc. of SIGGRAPH 90, pages387–
394.ACM, 1990.

[13] Mark Peercy, JohnAirey, andBrian Cabral. Efficient bump
mappinghardware. In Computer Graphics, Proc. of SIG-
GRAPH 97, pages303–306.ACM, 1997.

[14] Alyn P. Rockwood,Kurt Heaton,andTom Davis. Real-time
renderingof trimmedsurfaces.Computer Graphics (Proceed-
ings of SIGGRAPH 89), 23(3):107–116,July 1989. Held in
Boston,Massachusetts.

[15] AndreasSchilling. Towardsreal-timephotorealisticrender-
ing: Challengesandsolutions. In Eurographics/SIGGRAPH
Workshop on Graphics Hardware, pages7–15,August1997.

[16] LanceWilliams. PyramidalParametrics.In Computer Graph-
ics, Proc. of SIGGRAPH 83. ACM, 1983.

[17] Andrew Witkin and Michael Kass. Reaction-diffusion tex-
tures. In ThomasW. Sederberg, editor, Computer Graphics
(SIGGRAPH ’91 Proceedings), volume 25, pages299–308,
July1991.

[18] MasonWoo, JackieNeider, andTom Davis. OpenGL Pro-
gramming Guide. AddisonWesley, 1997.

8



To appear in 2000 SIGGRAPH/Eurographics Hardware Workshop

(a) (d) (a)

(b) (e) (b)

(c) (f) (c)
Figure9: Volker’s headdataset.(a), (b) and(c) show distance
from view plane,(d), (e) and(f) aremeshclose-upsfor corre-
spondingimages.

Figure10: (a) Normal Testonly. (b) Summed
HeightTestonly. (c) Both tests.

(a) (b) (c)
Figure11: (a) The CraterLake. (b) A half donutdisplacedteapot(c) The half donutwith texture andmoresurfacedetail addedusing
anotherdisplacementmap.
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