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Abstract

The paperpresentghe resultsof the project GISMO, which
aimedon generatingandinteractively visualisinga 3D urban
landscapemodel of the city of Stuttgart,Germary. With re-
spectto the desired e xibility to supportwalkthroughand y-
overapplicationsacombinedapproactusingcontinuoudevel
of detail,theimpostortechniqueandamethodfor generalizing
3D building modelswasusedto speedup thevisualization.To
reducethe costsof theproject,thedatacollectiontoolsandthe
visualizationervironmentwas built solely with open-source
software.
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1 Intr oduction and RelatedWork

Theadwancesn automaticdataacquisitionof urbansceneries
have leadto anincreasingamountof datacoveringlargeareas.
Better and larger modelsare importantfor applicationareas
like urbanplanning,emegeny responsetourism, entertain-
ment,traf c managementonstructiorof large-scalgrojects,
andeducation. In theseareasthe interactive visualizationof
the urbanmodelsis of greatimportancefor anin-depthanaly-
sisof thedataset.

In the recentpast,mainly threemethodsto managereal-time
visualizationof entirecity modelshave beendescribed.First
the moretraditional systemseducegeometriccompleity by
appropriate OD selectionand managemenfl3]. Secondly
thereexist a variety of imagebasedalgorithmswhichimprove
renderingperformance Herethe impostor[6, 7, 8] basedap-
proacheg9] arevery populardueto their simplicity andhigh
performance. And nally, efcient occlusionculling algo-
rithms[11, 12] have beendevised for the specialapplication
areaof urbanlandscapes.

2 Motivation

In public institutionsthe needfor high-performanceisualiza-
tion systemsat low costhasbeengrowing in the last years.
Mary of the larger cities (suchas Graz, Vienna,Saarbiicken
andStuttgartto nameonly afew in CentralEurope)have been
collectingdigital urbandata,but do not have efcient visual-
izationenvironmentsthatcould easeurbanplanningfor exam-
ple.

In our speci ¢ casethe city of Stuttgarthasacquireda large
city modeland now hasthe demandfor visualizing the city
modelatlow cost.Optimally, thevisualizationsoftwareshould

run on every up-to-datePC equippedwith sufcient memory
anda commoditygraphicsaccelerator

In orderto evaluatethe applicability of our aims, the project
GISMOwassetupfor the”Real-Time Visualizationof 3D Ur-
banLandscapes’The projectwascarriedoutasa cooperation
of theVIS Groupandtheifp attheUniversity of Stuttgart.For
thereductionof costswe plannedo useopen-sourcsoftware
andcommoditygraphicshardware. With respecto thedesired
e xibility the supportfor bothwalkthroughand yo ver appli-
cationswasanadditionalgoal. Sinceocclusionalgorithmsare
efcient for walkthroughsbut do not yield high performance
gainsfor yo vers,wereckonedthattheuseof impostorsvould
be the mostpromisingtechniquefor our projectasoutlinedin
Section6. We alsochooseto gain performancey usinggeo-
metrical simpli cation algorithmsfor the buildings, but since
our buildings consistof only oneto a few dozenof triangles
on the average,it is dif cult to gain signi cantly more per
formancewithout alteringthe buildings' appearancéseeSec-
tion 8 for moreinformationon this topic).

3 Data Acquisition

The datasetthat we usecontainsthe visual representatiomf
thecity of Stuttgartandthesurroundingareaof thesize50 50
km. It includesa 3D city modelprovidedto usby theCity Sur
veying Of ce of Stuttgartdigital terrainmodelsataresolution
of 10 meterfor the extentof theinnercity and30 meterfor the
surroundings. The correspondingaerial and satelliteimages
have agroundpixel resolutionof 0.8 and5 meter respectiely.
The coveredareais chosenso that the visualizationstretches
asfarasthevirtual horizon.

The 3D city modelof Stuttgartwas photogrammetricallye-
constructedn a semi-automatigrocess.For datacapturing,
the building groundplansfrom the public AutomatedRealEs-
tateMap (ALK) andthe 3D shapesneasuredrom aerialim-
ageswereused[10]. Theresultingwireframemodelcontains
the geometryof 36,000buildings covering an areaof 25 km?
meaningthatalmostevery building of the city andits suturbs
is included (alsocompareFigure 1). The overall compleity
of the modelamountsto 1.5 million triangles. In additionto
themajority of relatively simplebuilding models,somepromi-
nentbuildings like the historical New Palaceof Stuttgartare
representetly 3,000(andmore)triangles.

To improve thevisualappearancaye capturedhefacadeex-
turesof 500 buildings that arelocatedin the main pedestrian
area.Approximately5,000groundbasectlose-umphotographs
of the building facadeswere taken using a standarddigital
camera. The textureswere extractedfrom the images,per
spectvely corrected,recti ed, and manually mappedto the



Figure 1: Overview of the Stuttgart city model. A total
of 36,000 building models are available for the densely
populated area bordered by the woods at the top and
bottom of the image.

correspondingplanarfacadesggments. To simplify the task
of texture placementwe decidedto extend our visualization
ervironmentwith a specializedcomponent. The userselects
the facadeand the correspondingexture, which is thenini-
tially snappedo the boundingbox of the geometry A user
controlledaf ne transformatiorpreciselyadjuststhe nal tex-
ture coordinatesUsingthis approachwe managedo process
the aforementioned00 buildingsin roughly 20 man-months.
Becauseof the large size of the original texture datasetwe
down-sampledhetexturesto aresolutionof approximatelyl5
centimeterger pixel. Buildingswith no real capturedfacade
textureswere nally coloredrandomlywith differentcolorsfor
thefacadeandtheroof.

4 Visualization Techniques

Due to the large amountof geometryand texture data, a
brute force renderingapproachis not suitedeven for current
high performance8D graphicsacceleratorslt is thereforein-
evitable to useacceleratiortechniquedike visibility culling,
level-of-detail(LOD) representationandimagebasedender
ing in orderto speedup thevisualizationprocess.
Occlusionculling is a very populartechniquefor urbanwalk-
throughs.lt is especiallyef cient in situationswherelarge ar-
easareoccludedby close-bybuildings. Sincethis is not our
main applicationscenario,this techniquewas, however, not
realized. Insteadwe decidedto usean image-basedender
ing approactfor the visualizationof the building objects. By
the useof impostors boththe geometryandthe amountof the
highly detailedfacadeexturesthatarevisible in thesceneare
reducedduringrendering.

5 OpenSceneGraph

The Open SceneGraph (OSG), which recently hasbecome
a pawerful alternatve to traditionaltools like Performey in-
tegratesthe impostorconceptas a specializedevel-of-detail
nodewhich is usableright out of the box. The OpenScene
Graphis a cross-platformC++ / OpenGL library for real-
time visualization. It is developedand maintainedmainly by
RobertOs eld andis freely available underthe GNU LGPL

at[3]. WeuseOSGbecausehelibrary notonly featureshigh-
performancerenderingcapabilitiesand excellent supportfor
PC graphicsacceleratorsput also offers a variety of utility
classedike GUI support,cameramanipulatorspicking func-
tionality andloadersfor mary commondataformats.
Themostimportantreasorfor choosingOSGhowever wasits
cleandesign,the extensibility and alsothe OSG sourcecode
which wasavailableright from the startof our project. Hav-
ing the codeon-handwe were ableto develop a rst impos-
tor implementatiorfor OSGbasedon the original paperof G.
Schau er[6]. Ourprototypeperformedwell enougtsothatthe
impostorswerelaterintegratedinto the of cial OSGrelease.

6 Impostors

Impostorsareanimage-basedenderingechnique Like abill-
board,animpostorreplacesa comple objectby animagethat
is projectecbnatransparenquadrilateral A commonexample
for the useof billboardsis the visualizationof trees.Provided
thatthe viewer stayscloseto the groundlevel, theimageof a
treeis a goodapproximatiorof the realgeometryfor all view
points. As the viewer movesaroundthe scenethe quadrilat-
eralis rotatedsothattheimagealwaysfacedorward. Because
billboard imagesare createda priori and arethereforestatic,
this techniquecan only be usedfor objectsthat look similar
underrotation. In contrasto that,theimagesof impostorsare
dynamicallygeneratedy renderinghe objectsthemselesfor
the currentpoint of view. If consecutie viewpointsareclose
together the impostorimagesof slownly moving objectsthat
are locatedfar from the viewer do not changenotably with
every frame. Fromthis it follows thatthoseimpostorimages
can be reusedfor several framesand thereforespeedup the
overall renderingprocess.In OSGthe impostortechniqueis
implementedasa discreteLOD nodeclass. Dependingon a
userde ned distancethreshold,the objectis eitherrendered
traditionally or asan impostorimage. The recomputatiorof
theimpostorimageis performedautomaticallyby OSGusing
a very similar error ciriterion asthe one proposedby Schau-
er. Texture managemeris alsodoneautomaticallyby OSG,
so that the userbasicallyonly hasto add an impostornode
above theappropriateobjectsin thescenegraph.

A 3D city modelconsistsof vastamountsof building objects.
In an urbanscene theseinnately static objectsextend over a
largeareasothatonly afractionof theobjectsis actuallyclose
to the viewer. It canbe assumedhatin this context the ma-
jority of the building objectsis locatedfar enoughfrom the
viewer to causefew imageupdatesand canthereforebe visu-
alized ef ciently by impostors. The useof impostorsresults
in a texture memoryoverhead,however, becausghe impos-
tor imagesadditionally occupy valuabletexture spaceon the
graphicshardware. To limit the additionalmemoryusagejm-
postorsmustconsequentiyiot replacesinglebuilding objects,
but ratherseveralbuildingsthatarelocatedclosetogether

We usedavery simpleapproacho arrangehebuilding datain
our scengyraph.Thetestareais dividedinto aregular2D grid
andbuilding objectswhosecentroidsare locatedin the same
cellsaregroupedtogether We alsodid sometestingwith hi-
erarchicallyorganizedimpostors,but did not nd themto be
superiorin our context. Theadditionalhierarchylevelsnotice-
ablyreducedheimagequality dueto multiple Itering andthe
texture memoryoverheadncreasedavenfurther



7 Terrain Rendering

For the visualizationof the digital terrainmodelon which the
buildingsareplaced a continuoudevel-of-detail(C-LOD [2])

approachs used.We developedaterrainrenderindibrary us-
ing C-LOD in a previous project, which was namedlibMini.

In the meantimethe library hasbecomeopensourceandin-
tegrateseasily with OSG (by calling the terrain renderright
beforethe main OSGrenderaction).

Thelibrary is licensedunderthe termsof the GNU LGPL and
canbedownloadedfrom thehomepageof theauthor[5]. The
library implementsthe C-LOD approachas describedn [4].
It alsoallows suppressinghe poppingeffect which is dueto
theview-dependensimpli cation of the C-LOD schemeThe
suppressiorof the poppingeffect is achieved by a technique
calledgeomorphing.This is importantsincethe renderingof
the buildings consumesnostof thetime slice andthereis lit-
tle time left to rendertheterrain. As a consequencehe error
thresholdof the view-dependensimpli cation hasto be setto
high valuesto produceasfew trianglesas possible. Without
geomorphingherathercoarseriangulationwould leadto ex-
cessve popping.

Themainadwantageof the useof thementionederrainrender
ing library is thatthe original terraindata,thatis high resolu-
tion height elds, canbe usedwithout a conversionto triangle
meshesDueto the availability of terraindatafor a large area
(2,500km?) the viewer is ableto seethe real horizonbeyond
thecity model.

Becausef the ultra high resolutionof the original datawe or-
ganizedthe terrainasa 12 by 12 regular grid. Eachtile of
the grid hasa resolutionof 10, 20, 40, or 80 meterdepend-
ing on the distanceto the city center The texture resolution
is approximatelyl meterfor the city center andis decreasing
graduallyto 2, 5, and10 metersin the perimeter The C-LOD
library supportdiled terrainswith differentgrid resolutionsn
anefcient way andtakescareof cracksthat might appearat
thetile borders.The correspondindexturesof eachtile were
down-sampledn a similar fashionto a maximalresolutionof
approximatelyl meter With S3TC texture compressiorthe
texturesaccountedor approximately62 MB of graphicamem-
ory (208 MB uncompressed).

8 Generalization

As notedpreviouslythesimpli cation of the3D building mod-
elsis dif cult toyield betterrenderingoerformanceSincethe
vast majority of the buildings consistof only a few quadri-
laterals,the buildings cannotbe simpli ed ary further with-
out alteringthe appearanceoticeably However, someof the
mostprominentbuildingsin thecity centerof Stuttgartconsist
of a substantiahumberof triangles. For thosebuildings we
have devised an automaticgeneralizationprocess[1] which
eliminatesdataacquisitionartifacts, groupselementshat lie
in nearlythe sameplane,andthrowns away small protrusions
while keepingthe building symmetries(see paperfor more
details). As an example, we reducedthe 2930 trianglesfor
thehistoricalNew Palaceto 1837trianglesaftergeneralization
(seealsoFigure?2).

Figure2: Before and after generalization of a 3D building
model. Removed protrusions of the facade of the histori-
cal New Palace of Stuttgart.

9 Results

The experimentalresultshave beenmeasuredn a standard
PC equippedwith a 2.0 GHz Intel PentiumP4 processqr512
MB of memoryandan NVIDIA GeForce4Ti 4200graphics
acceleratowith 64 MB of graphicsmemory

Without impostors(frustumculling alone)we achieved 2 fps
brute force renderingperformancefor the entire datasetin-
cluding terrainrendering. EnablingOSG impostorsled to a
speedup thatdepend®n the sizeof theregularimpostorgrid,
andthusthe numberof usedimpostors.In principle, the per
formancencreasesvith thenumberf usedmpostorsputone
should not usetoo mary impostors,since OSG hasa com-
putationaloverheadfor each. Onealso hasto keepin mind
thateachmpostorconsumesdditionaltexturememorywhich
may have to be pagedin and out of the dedicatedgraphics
memory On the other hand, decreasinghe numberof im-
postorsby increasinghetile sizeof the regularimpostorgrid
hasthe effects that too mary objectsare groupedinto a sin-
gle large impostor In sucha setupthe recomputatiorof the
impostorsis triggeredtoo frequently so thatthe performance
dropssigni cantly.

Thebestresultswereachieved with aregularlayoutof 60 60
impostors(seeTable 3). EnablingOSGimpostorswith a dis-
tancethresholdof 1 km boostedhe performanceo 11 fps on
the average but therecomputationoad for the impostorswas
still quite high in somecaseswhich led to occasionaframe
drops.Increasingheimpostordistancehresholdo 1.5km re-
maved mostof theframedrops,but sincefewer buildingswere
replacedy impostorgheframeratedroppedo approximately
9 fps. With a distancethresholdof 2 km the occasionaframe
dropswereeliminatedcompletely but the frameratewasonly
7 fps. But evenin the last casewe experienceda speedup of
350%whichis quite notablefor the seeminglysimplestrateyy.

grid layout | impostordistancethreshold | framerate
11 bruteforce 2fps
60 60 bruteforce 2-3fps
60 60 1,000m 11fps
60 60 1,500m 9fps
60 60 2,000m 7 fps

Figure3: Rendering performance with and without impos-
tors.

Figures4 and5 shaw screershotsof thecity centerof Stuttgart
renderedvith the describedmpostortechnique Thevisibility
of an impostorupdateis very low sincethe updatehappens
quitefaraway (> 1 km). In mary casesheupdatedmpostors
areoccludedby non-impostorbuildings, so thatthe updateis



Figure 4: View southwards from the Old Castle of
Stuttgart.

Figure5: View from the city center toward the virtual hori-
zon.

hardly noticeable. For the samereasonghe z- ghting of the
impostorswith the underlyingterrainis hardlyvisible aswell.

10 Conclusionand Futur e Work

The GISMO projecthasdemonstratethatreal-timevisualiza-
tion of largeurbansceness possibleusingmerelyopensource
software. ThelibMini and OSGlibrariesare both capableof

renderinghugedatasetsat interactve frameratesandarethus
good alternatves for commercialproducts. In combination
with commodity PC hardware, cheapbut powerful visualiza-
tion systemscanbe built. Due to the increasingavailability

of spatial3D data,a detailedurbanlandscapanodelwasre-

alizedin GISMO that coversa very large area. The usercan
experiencethe virtual scenethat stretchesasfar asthe virtual

horizonbothin yo verandwalkthroughmode.In orderto ac-
complishthis task,we combinedthe C-LOD terrainrendering
approachwith theimpostortechniqueo improve therendering
performance.

In futurework we strive to optimizetheimpostorimplementa-
tion of OSGto circumwentthe mentionedproblems.We also
planto includevegetationanddynamicobjects(cars,pedestri-
ans). Anothergoalis to apply the automaticgeneralizatiorof

the building modelsto the entire datasetand not only a few

prominentbuildings.
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