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ABSTRACT

We presentimethodfor real-timelevel of detailreductionthatis ableto displayhigh-compleity polygonal
surfacedata. A compactandef cient regular grid representatioiis used. The methodis optimizedfor
modernJow-endconsumeBD graphicscards.We avoid sudderchange®f thegeometry- alsoknown as
'popping’, whenreducingthe geometryby exploiting the low-level hardware programmabilityin orderto
maintaininteractive frameratesTerrainmodelsarerepolygonizedn orderto minimizing thevisible error.
FurthermorethemethodminimizesCPUusageduringrenderingandrequiresminimal pre-processingiVe
believethatthisis the rst timethatasmoothlevel of detailhasbeenimplementedn commodityhardware.
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1 Intr oduction

Height eld terrainrenderingand editing is animpor-
tant aspectof GIS, outdoorvirtual reality applications
suchas ight simulatorsand 3D-games. Suchscenes
may containthousand®f polygonsandalthoughmod-
erngraphicscardsallow thedisplayof mary thousands
of polygonsat real-timeframeratesmary applications
have modelswith geometriccompleities that, by far,
exceedthereal-timecapabilities.In thefuture,graphics
cardswill be ableto display more and more polygons
per second,but on the other handthe demandfor us-
ing more complex modelswill alsorise, and this gap
betweerthe performanceof graphicscardsandthe de-
sirefor displayingmorecomplex modelsis notlikely to
disappeain the foreseeablduture. In orderto reduce
thenumberof polygonsto berenderedandthusachiere
real-timeframeratemary researctpapershave dealt
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with differentlevel of detail (LOD) algorithmsandag-
gressve frustum culling. The main focus hasbeento
minimizethetotal numberof polygonsdisplayedonthe
screenat ary point in time. Famousmethodsfor ter
rain renderingarethe ROAM method[Duchaineau9J/
and the level of detail algorithm introducedby Lind-
stromet al. at SIGGRAPH'96 [Lindstrom9§. This
methodoperateon a regularly spacedcheight-mapand
memgestrianglesbasedon the visible errorin screen-
space Themethodcleverly avoids T-meshesndcracks
in the surfaceby propa@tingtrianglesplitsandmerges
in the height-map. In [Rottger9g the method origi-
nally developedin [Lindstrom9§ wasextendedwith a
rapid geomorphingalgorithmin orderto avoid vertex
popping. Hoppealso appliedgeomorphingo terrains
in [Hoppe98. This geomorphingmethodwasimple-
mentedn softwareonly.

Another methodcalled GeometricalMipMapping that
is highly optimizedfor moderngraphicscardswasre-
cently introducedby de Boor [deBoor2000 which is
very similarto [Lindstrom93. This methoddividesthe
height-mapinto smallertiles and createsa numberof
detail levels for eachtile. Basedon an approximated
screen-spacerror, a switch betweenthe differentde-
tail levelsis made.Whenswitchingbetweerdetail lev-
elsasudderchangean the height-map(vertex popping)
will occur which will be noticeableto the viewer. In
this article we will proposean algorithm for to solve
this problem,asthe geomorphingmethodproposedn
[Rottger9g and[Hoppe9g doesnotapplyto Geometri-



TriangleRenderingmethod | Trianglespersecond
Individualtriangles 3.5M
Connectedstripsandfans) 10.5M
Connectedn displaylists 24.5M

Tablel: Million trianglesrenderedper secondon a GeForce
2 usingdifferentrenderingmethods. (with light and texture
disabled)

cal MipMapping.

Furthermore we will addresshe problem of exploit-
ing the capabilitiesof 3D graphicscards. Becauseof
the architecturein moderngraphicscards,it is not al-
waysoptimalto sendasfew polygonsaspossibleto the
hardwarein the graphicscards. A far betterapproach
is to create x edchunksof homogeneougeometnythat
arerarely modi ed [El-Sana200p (seeSection2.5 for
a morein-depthexplanationof what a chunkis). Us-
ing this approachit is possibleto renderasmary as7
timesthe numberof trianglesper second comparedo
renderingindividual polygons(seeTable 1). Another
veryimportantissueis thatrenderingchunksof geome-
try is likely to behandledasynchronouslpy thegraph-
ics hardwarethusremoving theloadfrom the CPU.

2 The Algorithm

A terraincanbe de ned in severalways. First of all it
canbe de ned asan ordinary meshalsoknown astri-
angulatedrregular networks (TINs). This methoddoes
not putary restrictionon theterrain,andhasbeenused
by e.g.[Hoppe98 and[DeFloriani2000.
Anothermethodis to de ne theterrainasaheight eld,
whichis a grid thatis equallyspacedn thex andz di-
rections.They valueis usedasthe heightinformation.
This methodputs morerestrictionson the de nition of
theterrain.Neverthelessit is oftenthemethodof choice
for severalreasonsSomeof thesepropertiesare:

Easygeneratiorof height-mapswith mary algo-
rithmsalreadydeveloped.

Easycollision detectionbecausehe intersection
betweena ray and a height-mapcan be donein
o).

Fast and easyview-frustum culling becausehe
height-mapis suited for generatinga quad-tree
structurethatis relatively simpleto cull usinga
view-frustum.

Thus, we will de ne our terrain as a uniformly grid-
ded height eld and usea quad-treestructure. Many
othershave usedthat approach,e.g. [Lindstrom94,

Figure 1: A terrain of 9x9 heightvalues(left) and the 3D
representation(right)

[Duchaineau9rand[Rottger98.

The initial height eld is a surfacethat consistsof N
by M regularly spacedyrid points. Eachof thesegrid
pointshasa heightassignedo it. Firstwe de ne alevel
of subdvision which describesonv mary elementghe
height eld shouldbe divided into. Eachof theseele-
mentswe hereaftereferto asatile. Thetilesarelocated
asleavesin the quad-treedatastructure.This structure
is built asa preprocessThis approachs alsousedby
[Reddy99, [Lindstrom9§ and [Rottger98. The tiles
mustberegularly distributedover the entireheight eld
andmustcontain2¥ + 1 by 2% + 1 vertices.Thetiles
have to shareverticeswith neighbouringtiles in all di-
rectionsin orderto avoid gapsin the terrain. A height
eld of 9 by 9 will thusproduce4 tiles if thetile size
is chosento be 5 by 5 (seeFigurel1). For optimal per
formancethesetiles could be insertedinto a quadtree
for fastculling andspatialqueries.In Figure2 triangles
have beencreatedrom the height eld bothin theini-
tial resolutionanda lower resolutiontile which is one
level higher Thedifferencein the numberof polygons
betweentwo levelsis afactorof 4. We de ne thelevel
with the highestlevel of detailto belevel 0 andthe next
level with 4 times fewer polygonsto be level 1. The
numberof polygonsin alevel consequenthgumsup to
22w D*1 wherethetile sizeis 2¥ + 1 by 2" + 1, and|
is thelevel.

Thebasicideafor thereductionof thecomplity of the
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Figure2: Level 0 (left) andLevel 1(right)
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height eld is to displayall tiles atanappropriatdevel.
Calculatingthe visible differencebetweenthe current
level of the tile and a lower resolutiontile generates



screerspaceerror. If thiserroris smallerthana certain
threshold thenthe algorithmwill renderthe scenewith
thelower resolution.

Thisis thebasicideabut therearecertainproblemshat
needto be addressedvhen using this approach. The
problemsare:

Choosingthe level of detail. The level of detalil
hasto bechoserin anappropriatevayin orderto
minimize the visible errorintroducedby render
ing thetile atalowerresolution.Thevisible error
asseenonthescreershouldbe calculated.

Avoiding T-verticesand cracks. If two different
levels arerenderecdhext to eachother T-vertices
andcracksin the polygonalmeshwill occur

Makingasmoothtransitionbetweerdifferentlev-
els of detail. Whenswitchingdirectly from one
level to anotheran artefact known as 'popping’
will occur This hasto beavoided.

Solutionsto eachof theseproblemswill bedescribedn
thefollowing sections.

A height eld made up of evenly distributed grid
points can be triangulatedin several ways. The rea-
sonfor this is that a quad can be triangulatedin two
ways. Our triangulationschemeusesthe binary right-
angledtrianglemethod sometimeseferredto asRTIN,
bintree, or longest edge bisection [Lindstrom200]
[Duchaineau9J

It is notedthat our triangulationis different from the
methodproposedn [deBoor200(. We have choserto
triangulatethe surface differently becausenve want to
avoid long andthin triangleswhen connectingtiles of
differentlevels. Furthermorethe proposedstructurein
[deBoor2000 alsoneedsmodi cation whenmorethan
oneout of four neighbouringiles arerenderedusinga
differentresolution.An issuethatis notdescribedn the
paper

2.1 Choosingthe level of detail

Perspectie projectioncauseslistantpolygonsto beren-
deredsmallerthanpolygonscloseto theviewer. As the
distancebecomegreaterthe differencein pixels when
renderingthetile attwo successie levelsbecomeone
pixel. Therefordt will besafeto switchto ahigherlevel

when a certaindistanceis reached. Although unsafe,
it is desirableto switchto higherlevels of detail, even
whenthedifferencein pixelsis largerthanonein order
to minimize the numberof polygonsrendered.Several
optionsfor measuringhevisualdifferencebetweertwo

levels are naturalchoices. Two obvious choiceswould

Level | Reductionpercentagé%o)
0 0.00%
1 75.00%
2 93.75%
3 98.44%
4 99.61%

Table2: Reductionn numberof polygonsrenderedal-
culatedfor differentlevel of details.

be eithera certainnumberof pixelsor a x edpercent-
ageof thescreersize.

[Lindstrom9] explains that their experienceis that a
thresholdof up to 4 pixels canbe usedwithout signi -
cantlossof imagequality. In [deBoor2000 a threshold
valueof 6 pixelsis suggestedThesevaluesarenot di-
rectly comparableéo our solutionsincewe aremorphing
smoothlybetweensuccessie levels of detail andit is
thereforelik ely thatwe canusea largerthresholdvalue
withoutloosingsigni cantimagequality becausé¢hevi-
suallydisturbingartefactknown aspoppingis avoided.
Both [Lindstrom9g and [deBoor200(Q describemeth-
odsfor selectinglevel of detailsgiven a certainerror
bound. The error boundsare basedon a maximum
height differencebetweentwo successie level of de-
tailsasshavn in Figure3.

We have chosento implementthe methoddescribedn
[deBoor2000 andwe will notdescribehatmethodfur-
therin this paper We have choserthatmethodfor ease
of implementation. The numberof polygonsrendered

Figure 3: Error introducedwhenswitchingto a higher
level of detail

is reducedby a factorof 4 betweentwo levels. There-
ductionat eachlevel is thereforeeasily calculated(see
Table2). An importantpropertyto noteis thatby farthe
greatesteductionin thenumberof renderegolygonss
archivedbetweerievels0,1and?2.

2.2 Avoiding T-verticesand cracks

Whentwo elementaneeteachothet the polygonedge
length of the adjacentlower resolutiontile will be a
factor of 2P higher than the polygons of the higher
resolution, where p is the level difference between
adjacenttiles. This will causeboth cracks and T-

vertices,thatis a sourceof visual artefictseven when
the polygonsare aligned. This would occurif the two
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Figure4: A tile thathasa neighbouringtile of a lower
resolutionto the right. The differencein level is one
(left) andtwo (right)

tilesin Figure2 werejoinedtogether In orderto avoid

this, it is necessaryo modify the geometryof one of

two adjacenttiles slightly when these are rendered
next to eachother at a different level of detail. We

have chosento always modify the tile with the lower

resolutionof two neighbouringiles of uneven level of

detail. This modi cation is illustratedin Figure4 (left).

The methodworks by doublingthe sizeof the triangles
that are adjacentto the larger tile. It is necessaryo

extendthe quad-treewith pointersto adjacenguad-tree
nodesin orderto createthe right triangulationsof the
tiles. Whenthis methodis used,it is alwayspossibleto

connectwo elementf differentresolutionsandat the
sametime avoid cracksandT-vertices.We have chosen
only to allow the level of detail resolutionto differ by

a value of one betweenneighbouringtiles although,
asindicatedin Figure 4 (right), our methoddoesnot

demandhis restriction.

2.3 Morphing betweendetail levels

We will now describeour methodfor removing popping
artifactswhenswitchingbetweerdetail levels.
One solution for making the switch betweentwo suc-
cessvelevelsof detailnggligible, is to setthemaximum
screenspaceerrorto one. But this will have the effect
thatmostof thetiles will berenderedisinga very high
resolutionand thus almostno polygon reductionwill
take place. Choosinga highermaximumscreenspace
error will reducethe numberof polygonsmuch more
but ontheotherhandasudderchangewill happerwhen
atile is switchedfrom onelevel to another In thefol-
lowing, we will describea methodfor makinga smooth
morphbetweentwo differentlevels. We will usea tile
sizeof 3 x 3 for illustration purposesbut for ary practi-
cal purposest is advisedo useatile sizeof atleast9 x
9,17 x 17 or 33 x 33 (seeSection2.5for commenton
thisissue).

Whenmorphingfrom a higherresolutionto a lower
resolutionthe valuesb, d, e, f, h arelinearly interpo-
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Figure5: Beforeandafteramorph

Morph calculations
A=a

cB; =v@94 1 Vb
D=v&2+ @1 vyd
E=v@®Y 4@ ve
F=v@D i@ v
G=g
H=v&2+ @1 vh
I =i

Table 3: Morph calculationswherev is the morphing
variablein theintenval [0;1]

lated betweentheir original positionandthe valuesB ,
D, E, F, H respectiely. The calculationof the val-
uesin Figure5 is shavn in Table 3. Whenthe linear
interpolationis complete the higherresolutiontile will
look exactly likethelowerresolutiontile andthesimpli-
ed lowerresolutiontile maynow replacehegeometry
Morphing from a lower resolutionto a higher resolu-
tion is similar but the proceduranustbe inverted. The
very rst thingthathappenss thatthetile is renderedat
the higherresolution but geometricallyit is identicalto
thelower resolutiontile. Thisis achieved by settingthe
morphvariablev in theequationsn Table3 to be 1.
When morphing betweentwo levels of detail it is
not enoughto morph onetile at a time sinceary tile
can sharea number of edgeswith the neighbouring
tiles. Therefore,the borderareasmustbe modi ed if
the neighbouringtiles arerenderecat a differentlevel.
When the level of a tile is changed,all neighbouring
tiles areexamined,asthey may have to be modi ed in
orderto avoid T-verticesandcracks.In our currentim-
plementationwe have restrictedneighbouringtiles to
differ by atmostonelevel. In thefollowing, we will ex-
plainthe algorithmwe have developedin orderto avoid
T-verticesandcracksbetweerntwo tiles. In Figure6 it
is shavn thatundersomecircumstanceghe neighbour
ing tile is affected,andin Figure7 it is shavn thatunder
othercircumstancethe neighbouiis not affected:

All tiles have four neighboursexceptwhenthe tile is
locatedon the edgeof the height eld, in which case



Figure6: Initially: Bothtile X andtile Y arerendered
at the samelevel. After. Tile Y is renderedonelevel

higher Border morphdescription The point b is lin-

earlyinterpolatedbetweerits original valueand @

Whenthe morphis completedtile X is modi ed by re-

moving the triangles4 dab and 4 dbc and addingthe
triangle4 dac. The shadedareais the areaaffectedby

themorphing.

Level | X morphdirection | ShouldY morph?
X=Y up yes
X=Y down no
X>Y down yes
X<Y up no

Table4: Rulesto determinewhetherthe neighbouring
regionof Y shouldmorphwhenX is morphing

it hastwo or threeneighbours.All neighbourshave to
be examinedindividually in orderto nd out whether
their border region should be modi ed and morphed
alongwith the tile thatis changinglevel. In Figure 8
two tiles are shovn. The regionsthat can be affected
by a neighbouraremarked by thenumbers0 3. The
modi ed region of a neighbouringtile is easily shovn
to be (q+ 2)mod4, whereq is the label of the region.
The rulesthat determinewhetherthe region shouldbe
morphedarelistedin Table4.

All tiles are createdusing geometrychunks, as de-
scribedearlier which implies that the geometrydata
may be cachedon the graphicscard. As seenin Ta-
ble 1 thisis muchfasterthanrenderingndividual poly-
gons. The actualcalculationof the morph can there-

Tile X a Tile Y
[ ]
b
C
[ ] [ ] [ ]
Tile X a TileY
[ ] ®
b \ /
.7
[ / ‘ \
[ ] ®

Figure?: Initially: Bothtile X andtile Y arerenderecdht
thesamedevel. After: Tile Y is renderednelevel lower.
Border morphdescription The morphingin tile Y will
take placewithout affecting Tile X. The shadedareais
theareaaffectedby the morphing.

N X1 |0 yir
Vo= ( Mool .
! ! | !

! ! | !
xa X ix2qvo Y vz
: e :
/L 777777 J\ [ J\
O ox3 N v

Figure8: Morph affectedregions

fore be calculatedon the graphicscard. For that pur

posea vertex-programis used. A vertex-programis a
low level programwhich canbe executeddirectly in the
graphicshardware. Vertex programswere introduced
by Lindholm etal. [Lindholm200]. A vertex-program
hasmary uses,but herewe exploit its capabilitiesfor

modifying the position of a vertex. This vertex modi-

cation couldjust aswell be madein software,but the
adwantageof using the hardware in the graphicscard
for this purposeis thatit is optimizedfor the 3D math.
Furthermore a vertex programdoesnot put ary load
onthe CPUbecausét strictly runsonthegraphicscard
(onnewergraphicscardssuchasGeForce3 ATl Radeon
85000r better). Anotheradwantages thata vertex pro-

gramcanmodify thegeometryjocatedn thememoryof

the graphicscard, which in our caseis very important,
aswe wantto have all geometryjlocatedonthegraphics
card. Thus,softwaremorphingwill notbepossibleand
vertex programsare essentiafor beingableto morph



# Variables:

#v[OPOS]= vertex1 position
#V[NRML] = vertex2 position
#V[WGHT] = weight

#

# Thefunction:

# RO = weight*vertex1 + (1-weight)*vertex2
#

# Theactualcode:

ADD RO.x,c[4].x, VIWGHT].x;
MUL R1,v[WGHT].x, v[OPOS];
MAD RO,R1,R0.x,V[NRML];

Table5: OpenGLVertex Program

thegeometry

The programusedin our implementatioris rathersim-
ple sincethe only functionality of the programis to in-
terpolatebetweentwo vertex coordinatesThe codefor
interpolatingbetweerntwo verticesis shovn in Tableb.
Whencalculatingthelighting it is alsonecessaryo use
the normalsandthesehave to beinterpolatedn a simi-
lar way. But wheninterpolatingnormalsit maybenec-
essaryto normalizeafter the interpolation,as a linear
interpolationbetweertwo vectorsdoesnot presere the
length. A normalizationon currenthardwarerequires3
instructionsandtherefore3 clock cyclesasall instruc-
tionsarecurrentlyimplementedoasto only requireone
clock cycle. 1t is very likely that a normalizationwill
be implementedasa singleinstructionon the graphics
cardsin thefuture.

As previously describedhe morphingis triggeredei-
ther when the screenerror becomestoo large and a
higherresolutionneedgo berenderedor whenit is safe
to switchto a lower resolution. The morphis basically
ananimationandtherearesereral methodsor control-
ling the timing of the animation. The optionswe have
consideredre:

Time contolled. The animationis purely con-
trolled by timing andthe durationof the anima-
tion is setto a certainnumberof milliseconds.

Framente contolled. Theanimationis setto last
aceratinnumberof frames.

User speedcontrolled. The speedof the anima-
tion is setto beafunctionof the movementof the
user

In [Hoppe9§ the geomorphsare scheduledo lastone
second.

We have chosento make our morph animationuser
speedcontwlled. Theadwantageof usingthis approach
is thatthe terraindoesnot animatewhenthe useris not
moving, andwhentheusermovesquickly it seemsnore

naturalto let the terrainchangemorequickly. Further
more,thetriggeringof a switchbetweerdifferentlevels
of detail only occursasthe usermoves a certaindis-
tance.

2.4 Tile Considerations

As mentioneckarlier thetile mustbeof size2V + 1 by
2% + 1. Thequestionis how to choosew in orderto get
the optimal performance.Someargumentsfor usinga
largevaluefor w are:

Thelargerthetiles, the fewer callsto the API are
necessary

Usinglargertiles makesthequad-treesmallerand
thusfasterto traverse.

Someof the agumentsfor usinga smallervaluefor w
are:

Tilescanberenderedata higherlevel whenusing
asmallertile size.Especiallyif theterrainis very
rough.

It is fasterto regeneratethe triangulation of a
smallertile, andthe frameratewill thereforenot
differ muchfrom frameto frame.

Visually it is more pleasingthat only a smaller
areaof theterrainis morphing.

It is thereforeclearthatthe choiceof tile sizedepends
on both the structureof the terrainandthe capabilities
of the CPU andgraphicshardware. It is suggestedy
[Corpes200]Lthat all mutationsof the detail levels are
precalculated.We have testedhow much memorywe
could usein displaylists beforewe experienced per
formancedrop. As seenin Table6, a performancalrop
occurswhenusingbetweer8 and4 Megabyteof display
lists (the numberof vertex lists wasshawn to beirrele-
vant). This suggestshatit is not appropriateo precal-
culateall mutationsandpre-loadtheseontothememory
of thegraphicscardwhenvisualizinglargeterrains.

We consideratile to be madeof a collectionof geome-
try - achunk.Thischunkcanbeeitheradisplay-listor a
vertex-arrayin OpenGL.In DirectX a chunkwould in-
steadbe createdusinga locked Vertex Buffer. Onedis-
adwantageof usingdisplaylists is thatit is not possible
to modify the geometryafter the list hasbeencreated.
Thisis possibleusingvertex-arrays but displaylists are
currentlyfaster Our methodrequiresthata neighbour
ing tile mayhaveto beslightly modi ed duringamorph.
We have thereforechoserto divide our tile into several
displaylists in orderto avoid a completeregeneration



duringamorph.In thiswaywe achieve thefastespoly-
gonrenderingwith only minimalregeneratiorof display
lists.

Figure 9: A terrain renderedin wireframe seenfrom
above. Thevieweris locatedat the centerof theterrain.

Figurel0: A simpleterrainwith abackgroundleft) and
renderedusingwireframe

Memoryused | Trianglesdisplayed
0.5MB 24.5M
1.0MB 24.5M
3.0MB 24.5M
4.0MB 20.6M
6.0MB 16.0M

12.0MB 13.7M

Table6: Timingsfor memoryusedfor displaylistscom-
paredto numberof trianglesdisplayedpersecondnea-
suredin millions.

3 Results

We have implementedour terrain-renderingalgorithm
usingtheOpenGLAPI. Sincevertex programsurrently

Figurell: A 1025by 1025terrainrenderedisingatile
sizeof 17.

only exist asa vendorspeci ¢ extensionto OpenGLwe
usedthe NVidia API. We have testedthe systemon a
Windows PC P3 800 Mhz with an NVidia GeForce 3
graphicscard. We have chosento createa prede ned
pathandto usethis pathfor ying throughthe land-
scapewhile recordingthe framerates Someresultscan
be seenin Table7. It is notedthatthereis no signi -
cantdifferencan theframeratesvith or withoutmorph-
ing which indicatesthat the morphingfeaturedoesnot
causea performanceenaltywhenvertex programsare
implementedn hardware. The samemeshwasusedin
differentresolutionaneaningthatthe smallheight-map
was very rough andthe large one fairly smooth. It is
notedthatwhenusingthe roughheight-mapit is bene-
cial to useasmalltile size,while the oppositeis true
whenusinga smoothheight-map.

Oneof the morecostly operationds the creationof the
geometrychunks. This canbe a problemif by coin-
cidencemary geometrychunkshave to be regenerated
in the sameframe. Our solutionwasto make a queue,
andonly allow one geometrychunkto be resubmitted
perframe. Thisis actuallynot very restrictive sincethe
expectednumberof initiated morphsperseconds very
low whenthe obserer moveswith a moderatespeed.
This is moreaninsurancen orderto avoid worst case
behaiour, whereby coincidencevery largenumberof
tiles initiate amorphat exactly the sameframe.

4 Conclusionand Futur e Work

Thoughwe nd the approachvery promisingthereis
spacefor improvementsin the future. The error metric
is notsocritical in our algorithmasin otheralgorithms,
but so far we have useda very crudeone from the lit-



Terrainsize | Tile size | With morph | No morph
513x513 17x17 66.25fps. | 67.07fps.
513x513 33x33 39.49fps. | 38.17fps.

1025x1025| 17x17 28.31fps. | 28.51fps.

1025x1025| 33x33 39.71fps. | 38.12fps.
2049x2049| 17x17 8.65fps. | 7.66fps.
2049x2049| 33x33 18.59fps. | 18.05fps.

Table7: Timingsfor terrainrendered.

eratureand thereforethe error metric should probably

be re-evaluated. Furthermore,as the viewer changes

position, the numberof polygonsrenderedper frame
may uctuate signi cantly. The numberof polygons
is determinedby the structureof the height eld and
it is thus not possibleto predictthe numberof poly-
gonsto render In real-timeapplicationst is oftenvery
importantto have a x ed frameratewhich the applica-
tion is not allowed to drop belav. This approachhas
beenimplementedn mary otherterrainalgorithmse.g.
[Duchaineau9ly and [Rottger98. In orderto achieve
this, it is necessaryo modify the algorithmfor choos-
ing the level of detail so thatthe allowed pixel erroris
dependentn the currentnumberof renderedpolygons.
Althoughgraphicshardwareis notvery sensitve to ren-
deringafew thousandrianglesmoreor less.
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