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Abstract

In this paperwe presenta methodto achieve inter-
active renderingof smoothterrainbasedon coarse
data. Thereforewe useadaptive subdivision sur-
faceswhich arecalculatedon the fly by using in-
formationfrom thedirectededgebasedmeshof the
previouslyrenderedframeandthrowing awaytrian-
glesnot usedany longer. This way we areableto
gainfast,highqualitymesheswhicharerefinedde-
pendingonthepointof view with marginalmemory
consumption.Additionally, this techniqueis com-
patibleto traditionaldatastructureslikeprogressive
meshes.

1 Introduction

Althoughterrainrenderinghasimproveda lot with
regard to quality and speedin the recent years,
therearestill someshortcomingswhenapproach-
ing a surface. Massive use of texturesmay give
a terrain a naturalappearanceand this works fine
whenviewedfrom afar, but whenclosinguptheflat
facetsof a terraincanbeclearlyspottedin general
cases.This maybeannoying, e.g.in flight simula-
tors which show a smoothsurfacefrom above but
coarsehills when in low level flight or rolling on
theground.Low resolutioncanoriginatefrom sev-
eralfacts.Renderingspeedshouldnotbethebottle-
neck,sinceprogressive meshesand level-of-detail
overcomethisproblem.Themainaspectis memory
consumption,bothmainmemoryandharddrive or
CD/DVD capacity. It seemsimpossiblenowadays
to save the elevation dataof the whole world with
a resolutionof 1m � 1m � 1m. When disregarding
theoceansthis still yieldsabout ��� ���	��

��� bytesof
uncompressed,difficult to managedata. Therefore
eithertherangeof interactionor theresolutionhas

to be restricted.In many casesthe latter is chosen
andthetypical distancebetweentwo samplepoints
is about100m,and30mor below for moreinterest-
ing regions.

This resultsin thementionedvisualdefectwhen
approachingtheground.Wewantto show a way to
polish roughedgeswith almostno supplementary
useof memorybyadaptively subdividing theterrain
dataon thefly. This strategy meetstoday’s typical
computerequipment,e.g. consoleplatforms,pro-
viding a low- to mid-endgraphicsboard,relatively
little memory, andneverthelessa quite fastproces-
sor.

2 Related Work

In recentyearsa lot of researchhasbeenconducted
in simplification of complex meshes. In a first
preprocessingstepthesetechniques[14, 9] canbe
usedto reducehighresolutiondatato amanageable
amountof samples.In a secondpreprocessingpass
a progressive meshstructure[3] maybecalculated.
Duringinteractiontheseprogressivemeshesor sim-
ilar algorithms[8, 10, 11, 15] canbeusedto build
up a view-dependentlevel-of-detail representation
of thescene.

In our scenariowe adaptdatastructuresbased
on thesemethods.However, whenapproachingthe
groundwe want to switch the directionandrefine
the mesh. Sincewe had to drop most of the de-
tailed“smooth” informationdueto lackof memory,
we must find a way to regain or reinvent the lost
data. For this purposewe usesubdivision patches
originally developedasanenhancementto B-spline
surfaces.In generaltheseareusedto describeob-
jects,e.g. in CAD, with just a few control points.
The possibility to usesubdivision algorithmsasa
methodto reconstructsurfacesis shown in [12].
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So far subdivision approacheswere too slow to
allow interactive framerates.In the following sec-
tionswe will presenta way to overcomethis prob-
lem, thereforeallowing smooth looking surfaces
evenon low-memoryplatforms.

3 Subdivision Surfaces

Therearemany formsof subdivision surfaces[17].
Thesesurfacesare generatedby consecutively di-
viding an initial coarsemesh,converging againsta
smoothsurface. The subdivision is controlledby
a subdivision mask or stencil. This mask deter-
mineswhich coordinatesof neighboringpointsare
combinedto calculatethe newly insertedpoint of
an edge. Loop andCatmull-Clarksurfaces[5] are
approximatingsubdivision surfaces. Similar to B-
splines,thesesurfacesarecloseto thecontrolpoints
but do not containthem. Due to this propertywe
cannotusethis kind of surfacesbecausewe want
to keeptheoriginal coordinatesandnot alter them.
We useaninterpolatingschemeinstead,thebutter-
fly surface[6], whoseinitial mask(the solid lines
of Figure1) lookslike a butterfly. For betterresults
this maskcanbeextendedby two additionalpoints
[7, 18], asshown in Figure1. Thepointsaremulti-
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Figure1: Butterfly subdivision maskfor the white
point in themiddle

pliedby differentweights����� , with theparameter� allowing a more subtlecontrol of the resulting
surface:
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Setting �(' 
 results in the original butterfly
mask. The tangentspacecan be calculatedusing
thecomplete1- and2-ringneighborhoodof a point
asshown in Figure 4 and with this information it
is easyto obtain the normalat this point. For the
weightspleasereferto [17].

Wehave implementedanadaptive algorithmthat
only subdivides a trianglewhen this will result in

a visible change. This can be either a changein
heightby onepixel or moreor it canbe a signifi-
cantchangein normaldirection.As afirst orderap-
proximationfor bothcaseswe canusethedistance
betweentheyet to be insertedpoint andthecenter
pointof thecorrespondingedge.Scaledby theratio
of window sizeto z depth,it is a qualitymeasurein
screenspacedimensions.Settingtheerrorboundto
1 pixel or below will produceanadaptive meshthat
looksthesameasaninfinitely subdividedsurface.

During the subdivision processa red-greentri-
angulationstrategy [1, 2] is usedto avoid cracks
betweenneighboringtriangles. Thereforewe per-
mit only adifferenceof onelevel in subdivisionbe-
tweentwo neighboringtriangles. This procedure
also guaranteesthe easyregistrationof the subdi-
visionmaskatany time.

The )*� continuity at the borders permits a
smoothtransitionto thesurroundingoriginalcoarse
mesh.Subdivisionof theborderwill notbeallowed
until it is neededdue to higher order divisions of
neighboringtriangles. In this casethe border is
subdivided linearly to guaranteethat therewill not
beany cracksbetweenthesubdividedpartsandthe
original surroundingmesh.

4 On-the-Fly Control

The key to achieve interactive frame rateslies in
an efficient algorithmfor insertinganddestroying
newly subdivided triangleswhich are not needed
any more. The main datastructureis basedon a
leanversionof directededges[4]. Hereahalf-edge
is representedby the addressof the vertex where
the directededgepoints to. Thusa triangle is de-
fined by threeconsecutive half-edges.The neigh-
boring triangleof an edgecanbe accessedvia an-
otherpointerthataddressestheopposinghalf-edge.
Progressive meshesusethe sameor a similar data
organizationin generalwhich facilitatesthecombi-
nationwith ouralgorithm.If a neighboringtriangle
is subdivided onelevel lessthantheoriginal trian-
gle, thenits half-edgepointsto only oneof thejux-
taposedhalf-edgeascanbeseenin Figure2.

Thisis onereasonwhyweintroducemid-vertices
to the original half-edgestructure. Thesemid-
verticesbelongto every edgeandcontaintheposi-
tion whichwouldarisewhensubdividing this edge.
Additionally we can attachthe pointer to the sec-
ond neighboringhalf-edgeto it and thereforewe
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Figure2: Half-edgestructurewith whitemid-vertex

cansave thecostlysearchfor this secondedge.
Anotheradvantageof mid-verticesis theeaseto

calculatethe next subdivision level of a triangle.
In regions of high curvaturewe can benefit from
theseprecalculatedverticesbecausetheregistration
of the subdivision maskis more favourable. The
calculationof the mid-verticesitself is quite sim-
ple sincetheneighboringtrianglesdo not have the
strongfragmentationthey may have onesteplater.
In somecasessuchafragmentationmayinduceala-
borioussearchfor thebutterfly maskverticesalong
thehalf-edges,asshown in Figure3a.Theretrieval
is straightforwardif themid-verticeshavebeenpre-
calculatedon acoarserlevel (Figure3b).

a)

b)

Figure3: a)Thewayalongthedirectededgesto the
outergraypointscanbelengthy
b) Usingprecalculatedmid-verticesmaysave work

Themid-verticesarealsousefulwhencalculating
thetangentvectorssincewe needthe1- and2-ring
neighborhood.Themid pointshelpto limit theex-
pansion,sincethey arealreadysubdividedonelevel
higheras can be seenin Figure 4. In most cases
this preventsthe needfor virtual vertices(seebe-
low) andallows a fastercalculationof the tangents
andaccordinglythenormals.

Finally, we need the mid-vertices for the fast
qualityevaluationin screenspace.As mentionedin
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Figure4: Butterfly tangentmaskof thewhite point
usingprecalculatedmid-vertices

Section3 we usethis asanoverestimatedapproxi-
mationof theexpensive Hausdorff distance,which
would betheexacterrormeasure.

Another improvementto the original half-edge
structureconcernsto bordervertices. Sometimes
it canbedifficult or impossibleto find all edgesbe-
longingto a bordervertex by simply moving along
neighboringtrianglesandedges.A separatepointer
to theincomingborderedgesolvesthisproblemand
resultsin a speedup.

Butterfly surfacesneedthe1-ring of thevertices
definingtheedgeto besplit (seeFigure1). At bor-
dersit is not possibleto find a 1-ring that fulfills
the requirementsfor thesubdivision maskbecause
abordervertex doesnothaveavalenceof 6 in most
cases.Thereforewehaveto mirror verticesfrom in-
sidealongtheborderto definevirtual verticesout-
sidesoweregainavalenceof 6. Whenthesubdivi-
sionsurfaceis embeddedin a surroundingprogres-
sive mesh,it is possibleandadvisableto useneigh-
boringverticesfrom theoutermeshsincethis will
mostly result in a betterquality thanusingvirtual
vertices.

A topologicaloperatormanagesthe reorganiza-
tion of triangleandedgerelationships.Whena tri-
angleneedsto besubdivided,a dyadicsplit is per-
formed,which dividesthis triangleinto four trian-
gles. The middle triangle becomesthe new mas-
ter triangle, which reusesthe memoryof the par-
ent triangle. The surroundingthree slave trian-
glesarenewly created. The mastertrianglesaves
the informationaboutthe subdivision depthor the
level, respectively. Theslave trianglesdo not need
this informationbecausethey will eitherbe of the
samedepthor they will get their own mastertri-
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angledefiningtheir level of subdivision if they are
subdivided further. If the differenceof levels be-
tweenneighboringtrianglesis greaterthanone,the
coarsertriangleneedsto besubdividedtoo. In these
casesthe storeddepthcanbe usedfor a fastcom-
parison.Whenrefiningit is reasonableto first split
all coarsetrianglesandsubsequentlythemoreand
morerefinedones.This leadsto thefollowing algo-
rithm:

for all triangles T (increasing level)
{
if needed then subdivide(T)

}

procedure subdivide(Triangle T)
{
for all neighboring triangles N of T
{

if subd_level(N) < subd_level(T)
{

subdivide(N)
}

}
dyadic_split(T)

}

However, beforethe refinementprocessis per-
formed, the meshis investigatedin areaswhereit
canbesimplifiedagainif thenew pointof view per-
mits it. Simplificationis only possiblewhenall tri-
anglesin theneighborhoodhavethesameor smaller
subdivision level becauseotherwisethe condition
that only a differenceof 1 level is allowed would
be broken. If the trianglesmeetthe condition,the
informationof themastertrianglewill beusedto re-
build theold, onelevel coarsertriangleandto undo
the dyadic split. It makes senseto start with the
finest trianglesascendingto the coarsesttriangles,
resultingin thepseudocode:

for all mastertriangles TMid
(decreasing level)

{
if quality is too good then
{

get_slaves T1,T2,T3 of TMid
undivide(TMid,T1,T2,T3)

}
}

undivide(Triangle TMid,T1,T2,T3)
{
for all neighboring triangles N of

TMid,T1,T2,T3
{

if subd_level(N) > subd_level(TMid)
{

return
}

}
undo_dyadic_split(T)

}

Finally the surfacecan be rendered. Although
we useda red-greentriangulationstrategy, we al-
low differencesin subdivisiondepthof level 1. This
mayresultin gapswheredifferentlevelsmeet.But
fortunatelyit is easyto fill thesegapswith a final
“just in time” subdivisionwhichdoesnotneedto be
stringentlydyadicin analogyto a greensplit. Ba-
sically therearethreecaseswhich needa patchto
avoid holesshown in Figure5.

Figure5: Temporarysplit to avoid cracks

Thetexturecoordinatesarecalculatedduringthe
renderingprocessby a simpleorthographicprojec-
tion of thetexturealongtheheightaxisontothefine
mesh.This is valid sinceterraintexturesaregained
mostlyfrom picturestakenfrom verticallyaboveby
satellitesor planes,which also correspondsto an
approximatelylinear mappingfunction. Addition-
ally texturesmaybeusedfor hardwareaccelerated
lighting calculationsof smalldetails[16].

5 Results

The frame ratesof Table 1 were obtainedon an
Athlon K7C 1.33GHzwith a GeforceII-MX graph-
ics boardby rotatingtheheightfield—whichcanbe
seenon the color platesin the appendix—around
variousaxesandaveragingthetimes.

Whenusinguniform subdivision, thenumberof
trianglesis the same,for a viewport size of both
640� 480 and 1280� 960 pixels. The frame rates
for higherresolutionsarelimited by thefill rateof
the graphicsboard. The appearancedoesnot im-
prove very much at subdivision level 5 or higher,
goodresultscanbeachievedat level 3 or 4.

Accordingly, the adaptive methodwith an error
boundof 2 or 1 pixels yields the samequality but
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viewport x�
viewport y

640�
480

1280�
960

level of
subdiv.

numberof
triangles

framesper
second

0 128 300 125
1 512 273 121
2 2048 154 93
3 8192 51 43

u
n

if
o

r
m

4 32768 14 13
5 131072 3.5 3.5

errorin
pixels

numberof
triangles

framesper
second

250-320 275+
3 680-810 117

440-540 273+
2 1280-1400 108

a
d

a
p

ti
v

e

1300-1450 150+
1 2800-3300 61

Table 1: Frameratesof terrain datastartingwith
8 � 8 facets

is 2.5 up to 10 times fasterthanthe uniform divi-
sion. Here the lower valuesin higher resolutions
arecausedby fill ratelimits aswell. Additionally
therearemore trianglesto be rendereddue to the
dependency of the error limit on the viewport di-
mensions.

6 Conclusions and Future Work

In this paperwe have presenteda fastandefficient
implementationof the butterfly subdivision algo-
rithm. By using a modified directededgesdata
structureand by introducing mid-vertices,which
areeasierandfastertocalculateonacoarserlevel, it
is possibleto achievehighly interactive framerates.
Thecompatibilitywith conventionaltechniqueslike
progressive meshesalleviatesthe handlingandal-
lows theuseof bothmethodsat thesametime. The
fieldof applicationmaybeanimprovementof tradi-
tional terrainrenderingor LOD-renderingof CAD
modelsdescribedassubdivision surfaces.

In the future we would like to study if an im-
plementationvia hardwareacceleratedvertex pro-
gramming is possible. This would result in an
enormousspeedburst on contemporaryPC graph-
icshardware.
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Color Plate“On-the-Fly AdaptiveSubdivisionTerrain”
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