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Abstract

A longstandingchallengefor computergraphicshasbeen
capturingimagesof real-world objectsandbuilding their3D
digital representationsaccuratelyandef�ciently . Recently,
rapid advancementsin laserrangescanninghardwarehave
muchimprovedtheaccuracy andef�ciency of 3D scanning.
In meetingtheneedsof variousapplications,themaingraph-
ics issuesarehow to processtheparamountsizeof scanned
raw dataand to build conciseandaccurate3D representa-
tions so that scannedobjectsor environmentscan be ef�-
ciently visualizedandmanipulated.

In this paper, we describea system,dubbedActivePoints,
for acquiringimagesof largeoutdoorenvironmentsby em-
ploying oneof themostadvancedscanningdevicescurrently
available: Riegl USA's LMS Z-360 3D imagesensor. We
have designedand developedalgorithmsfor creatingef�-
cient3D representationsandrenderingtoolsfor ef�cient in-
teractionwith the data. Even thoughActivePointssharesa
commonscanningpipelinewith mostexistingscanningsys-
tems,it featuresseveral uniqueapproaches.First, Active-
Points aims to generatea hierarchical point-basedmodel
as the �nal representation.Second,to build this hierarchi-
cal model, ActivePointsemploys an interactive segmenta-
tion and object organizationtool coupledwith automatic
segmentationalgorithms.And �nally , ActivePointsbene�ts
from a novel algorithmthat cancapitalizeon new features
in moderngraphicshardwarefor ef�cient and high quality
point-basedrendering. We offer examplesto demonstrate
thatpoint-basedmodelsarebettersuitedfor representingand
visualizinglargeoutdoorenvironmentsthanearliermethods
andthat ActivePointsprovesto be an ef�cient systemthat
providesa platformfor continuingexploration.

Keywords: 3D scanning,laserrangeacquisition,3D pho-
tography, point-basedrendering,interactive3D graphics.

1 Intr oduction

For enhancingthe realismof graphicrepresentations,com-
putergraphicspractitionershavebeenemploying real-world

2D photographsas texturesmappedon objects. Recently,
researchershave shown an increasinginterestin capturing
andprocessingreal-world 3D objectsandscenesto achieve
theultimaterealisticvirtual experience.Many applications,
suchasin architecturedesign,entertainment(games,movie
specialeffects),telepresence,anddocumentationof ancient
architectureandarcheologysites,would bene�t from such
work. To theseends,new waysof digitizing existing envi-
ronmentsandviewing themarerequired.

However, capturingreal-world objectsandscenes,espe-
cially in outdoorenvironments,posesgreatchallenges,re-
quiring thedevelopmentof new softwareandhardwaresys-
tems. Currentsoftwaresystemstake an image-basedmod-
elingapproach,oftenemploying computervisiontechniques
for scenemodelconstruction[8], thatcanbecombinedwith
interactivemodelingtools [3]. Thesemethodsareinexpen-
sive, as no specialscanninghardware is needed,and they
can captureobjectsand scenesof any size. However, the
constructedrepresentationsareofteninaccurate,asthemeth-
ods are sensitive to lighting conditions. Presenthardware
systemsemploy 3D scanningdevicesfor measuringobject
distances,which until recentlywerelimited to smallobjects
(e.g.,toysor statues)andindoorscenes[6, 5, 1]. In addition,
traditionalscannersonly recordrangeimagesof the scene;
therefore,color imagesmustalsobetakenwith digital cam-
eras,andregistrationof therangeandcolor imagesmustbe
conducted.

In this project,we employ oneof the currentlymostad-
vancedacquisitiondevicesfor acquiring3D modelsof out-
doorscenesin orderto meetour objective of fast,accurate,
andhigh resolutionscanningandinteractive virtual naviga-
tion of the scannedscenes.Our scanningdevice is Riegl
USA's LMS-Z3603D imagingsensor, which canmeasurea
distanceup to 200mwith 12mmprecisionandobtainrange,
intensity, andcolor imagessimultaneously. This eliminates
theneedto registerseparaterangeandcolor images,hence
improving scanningaccuracy andspeedingup the acquisi-
tion process.Scanningoutdoorscenesis morechallenging
thanscanningindoor objectsfor a coupleof reasons.For
one, outdoorscenescanningis more constrainedin terms
of settingup scanninglocations; natural landscapeobsta-



cles like bushesand treescan make it impossibleto ob-
tain a completeimageof the environment. The most sig-
ni�cant challengeof outdoorscenescanningis theunprece-
dentedamountof datathatneedsto beacquired,processed,
and renderedef�ciently . Becausethe scanningresolution
mustbehigh enoughto acquiresuf�cient details,capturing
1cm detailsat 100m distance,for example,requiresscan-
ning over 6000 points for 360 degrees. A full panoramic
scan(

���������	�����

) takesabout4 minutesto do, producing
over5 million points.

To processscanneddata,mostof theexisting systemsre-
constructscannedsamplepoints into polygon meshes,ex-
tract correspondingtexture mapsout of camera-taken im-
ages,and then render textured polygonson conventional
graphicshardware. The justi�cation for constructingpoly-
gonshasbeenthe renderingsupportoffered by the avail-
able hardware. But in fact, this usually resultsin an ex-
cessive numberof triangles. The high resolutionnecessary
for scanninglargeenvironmentsleadsto ahigh triangle-per-
pixel ratio during the novel view rendering. Furthermore,
�tting meshesinto points, especiallythoseof naturalphe-
nomena,may createunwantedartifactsby producingnon-
existingstructuresor jaggedboundariesbetweenobjects[6].

In this system,we insteadconstructpoint modelsfrom
scannedsamples.Using points asan alternative modeling
primitive hasbeenexplored for over a decadeandhasre-
cently receivedincreasedattentionfrom researchers.Points
have beenshown to be advantageousover polygonswhen
representinghighly detailedfeatures[10], andthusasmod-
erngraphicshardwareprovidesmoresupportfor therender-
ing of point primitives,point-basedrenderingwill undoubt-
edlycontinueto gainin popularity[7]. Besidestheef�ciency
they provide for rendering,pointsarealsomore�e xible for
visualizing and modelingscannedlarge environment. Al-
thoughsubstantialfurtherresearchwill beneededto develop
a full-�edged point-basedsystem(with necessarypolygons)
for processingacquiredlargeoutdoorscans,herewepresent
two majoreffortswearemakingin thatdirection.The�rst is
an interactive segmentationandobjectorganizationprocess
coupledwith traditionalautomaticsegmentationapproaches.
Theaimof thisprocessis to build upahierarchicalrepresen-
tationof theenvironment.Thismodelingprocessis designed
to alsocomputeadditionalgeometricinformationfor points.
The secondeffort is an ef�cient andhigh-qualityrendering
systemcapableof renderingan environmentof millions of
points interactively on commoditygraphicshardware. The
renderedscenesareof ahighqualityandpresenttheappear-
anceof solidsurfaces.

We will begin our discussionof this systemwith a re-
view of a representativescanningpipeline.Wethendescribe
our scanningsystemin section3, point-basedmodelingin
section4, andpoint-basedrenderingin section5. We will
presentour resultsin section6, and�nally concludewith a
discussionandplanfor futurework (section7).

2 A Representative Scanning
Pipeline

Although different scanningapproachesand applications
have resultedin scanningpipelinesthatemphasizedifferent
operationsandvary in their order, in thissection,wepresent
a representative pipelineconsistingof four main steps:(1)
denoisingandmulti-channelregistration(of a singlescan);
(2) multi-scanregistration;(3) segmentation,objectediting,
andorganization;and(4) rendering.


 Step1: Dependingonwhich rangescandevice is used,
noisemay be prominentin the scannedsamplesand
hencehas to be removed from the range images,a
procedurecalled denoising. And as noted, because
mostlaserscannerscanobtainonly rangeimages,color
imagestaken separatelymust be registeredwith the
scannedrangedimages.


 Step2: To obtainanintegratedmodel,asuf�cient num-
ber of scanshas to be taken and then registeredand
mergedinto asingle3D representation.


 Step 3: In this step, individual objectsmay be seg-
mentedoutandthentransformed,copied,or deleted[9].
Variouseditingoperationscanalsobeapplied(e.g.,�ll-
ing holes).


 Step4: Oncethecompletemodelsareobtained,thelast
stepis to performrenderingfor manipulationandnavi-
gation.

Thegoalof mostprevioussystemshasbeento reconstruct
polygonmesh. Therefore,in the �rst step,after registering
color imageswith rangeimages,texturemapsareextracted
from color imagesfor constructedpolygons[1]. The main
task in the secondstep is removing redundanciesamong
overlappingscans,wheremeshesfrom differentscanshave
to beseamlesslyconnected[5]. Lastly, in thethird step,the
renderingof textured polygon modelsis straightforwardly
performedonconventionalgraphicshardware.

Thereare also existing systemsthat do not reconstruct
polygonmesh.In thesystemdescribedin [6], image-based
renderingis usedto producethecolor depthimagesthatare
thedesired�nal representation.In thissystem,step1 resam-
plescolor imageson rangeimagegridssothateachsample
containsboth color andrangeinformation. In step2, after
merging, pointsarestill storedin their original imagefor-
mat andredundantpointsareremoved asgroups(or tiles).
During the rendering,multiple color depth imagesare di-
rectlyprojectedontothenovel view to form anew rendering
through3D warpingor projectingregularmeshconstructed
outof thedepthimage.

Our scanning system also follows this representative
pipeline,but aimsto generateanorganizedpoint set,which
is differentfrom [6]. Becauseour scanningdevice canob-
taincolorandrangeimagessimultaneouslyandoffersahigh
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Figure1: Scanningdevicesandimagesacquiredthrougha singlescanof a cornerontheUniversityof Minnesotacampus.The
imageshavethesameresolutionof 5 million points.

level of precision,we do not needto take the operationsin
steps1. Thusthe following presentationof our systemwill
includeonly theoperationsin step2 to 4. We will begin this
descriptionby introducingourscanninghardwaresystem.

3 Scanning Hardware System

Our scanningdevice is the Riegl LMS-Z360 3D Imaging
Sensor, oneof themostadvanced3D laserscannerscurrently
available, which recordsrange,intensity, and RGB color.
The scannerfeatureslong-rangemeasurementandhigh ac-
curacy (12mmprecisionup to 200m),a large �eld of view
(

���
�
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�

), anda high scanningspeed(24,000pts/sec).
Figure1 illustratesthescanningequipment,scanningaction,
andsampleimagesof a singlescan.Thelower left imageof
Figure1 shows thesystemsetupduringthescan.Thescan-
ner is mountedon a tripod, which canbe further mounted
on a cart for moving aroundeasily. Thelaptopis connected
to thescannerthroughanenhancedparallelport for collect-
ing scanneddata,whichcanalsobereplacedwith awireless
connectionfor unpleasantweatherconditionsor avoidingthe
operatorsappearingin thescannedscene.

The laptoprunsthe interfacesoftwareRiScanto control
the scanningprocess,suchassettingthe scanningstarting
point, angles(vertical and/orhorizontal),and speed. The
scannerscansthreechannelsof information: color (RGB),
range,and intensity. In the scannedraw data,eachRGB
channelis representedusing16 bits. In RiScan,onecande-

�ne color transformationto changethe16bits colorchannel
to 8 bits for display. The top andright imagesof Figure1
show thecolor, range,andintensityimagesof onescan.The
brightspotat thetop left cornerof thecolor imageis thesun.
The rangevalueis pseudocolor-encoded.Even thoughthe
manufacturerspeci�esthemaximumrangeof thisscanneras
200m,ascanbeseenfrom Figure1, sometimestheacquired
rangecanbe beyond that. Air conditionsdo have somein-
�uence on the scanningquality, as the bestquality can be
obtainedin clearanddry weatherconditions.Thescanning
resolutionhasto behighenoughto acquiresuf�cient details.
In this reportwe demonstrateour systemusingscansof two
locationson theUniversityof MinnesotaCampus,all scans
havehigh resolutionof 5 million points.

4 Point-Based Modeling

Wehavedevisedalgorithmsandtoolsthatdirectlyoperateon
point setsto obtainan optimizedpoint representation.Our
approachinvolvestwo mainoperations.The�rst is to com-
puteadditionalgeometricinformation for eachpoint, such
as size and normal vector. The secondis to group points
into clustersbasedonscenesemanticsandtheir localgeom-
etry, afterwhich redundantpointsareremovedfor optimiza-
tion. In this approach,no connectivity information is nec-
essarilybuilt up betweenpoints. The following details� ve
proceduresthat are involved in creatingpoint-basedrepre-
sentation:segmentation,point geometrycalculation,multi-
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Figure2: Exampleof segmentationprocedure: (a) original image; (b) invalid data (without range information)removed; (c)
searchingareade�ned; (d)automaticsegmentationwithmis-classi�edregion(red)andunclassi�edpart of thebuilding (green);
(e) assistantlinesdrawn to indicateboundaries;(f) updatedsegmentation;(g) combinedwith other part of thebuilding; (h)
thesegmentedentire building removedandaddedto objectlist; (i) in userinterfaceof segmentationtool, segmentedobjects
listed in the”SegmentationManager” windowwhere they canbeselected,deleted,andgrouped;(j) completedsegmentation
of a scene.
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plescanregistrationandmerging,hierarchicaldatastructure
construction,andpointmodelediting.

4.1 Segmentation

Segmentationis an importantstepin extractingobjectsfor
building anindividual objecthierarchy. For example,points
for eachbuilding are segmentedout and collectedinto a
group; within eachbuilding group, points can be further
groupedtogetheraccordingto local geometricstructures.
The �nal representationis essentiallya datahierarchy, with
individualpointsat leafnodesandclustersof surfaces,walls,
andbuildingsat intermediatenodes.

Althoughsophisticatedsegmentationmethodsarealready
available for rangeimages(e.g., [6]), thesemethodsare
fully automaticandnot reliablefor complex environments.
Therefore,we employ interactive operationsto enhancethe
resultsof segmentationandspeedup theprocess.Figure2i
shows thesegmentationtool interface.A typical segmenta-
tion procedurein our systemis demonstratedin Figure2a-
h. First, the systemloads in the scannedimages(Figure
2a (only the color imageis shown andhereandhereafter).
Thensampleswith invalid rangevaluesareremoved(Figure
2b). Next, theuserdraws a closecurve (Figure2c, marked
asblue) on the imagearoundthe building that needsto be
segmented,sothatthesearchis constrainedwithin theclose
curve for ef�ciency. Theuserselectsany point on thebuild-
ing by clicking on it. An automaticsegmentationalgorithm
is performedto completethisoperation;thesystemprovides
several segmentationalgorithmsto choosefrom. The user
mayalsochoosewhetherto run thesegmentationoperation
on the range,color, or intensityimage,asonechannelmay
provide bettersegmentationthananotherfor a givenobject.
For example,using the color imagefor segmentationmay
give poor resultsfor a building in relative darkness;how-
ever, using the rangeor depthimagesmay producebetter
segmentation.Figure2d shows the intermediatesegmenta-
tion resultbasedon rangeimage. Theautomaticsegmenta-
tion algorithmsusually needfurther re�nement, especially
for large complex environments. As shown in Figure 2d,
points insidethe red circle aremisclassi�ed,andpointson
thebuilding insidethegreencircle arenot classi�ed. To re-
movethemisclassi�edpoints,assistantlinesaredrawn to in-
dicateboundaries.Figure2f shows theselectionupdatedaf-
tertwo assistantlines(bluelinesin Figure2e).For pointsnot
classi�ed, the usercanselecta new point andcontinuethe
segmentation. The additionally classi�ed pointsareadded
to theexistingones.Figure2g shows the�nal segmentation
of thebuilding. In this process,a setof additionalfunctions
like separation,undo,andredoareprovidedto ensureanef-
�cient anduser-friendly process.Finally, theuserinsertsthe
segmentedbuilding into an object list (lower right window
of Figure2i), removesthe building from the scene(Figure
2h),andthencontinuesworking on therestof thesceneun-
til all objectsaresegmented.Figure2j shows thecompleted
segmentationof thescan.Noticethatthegroundis manually

partitionedfor ef�cient view frustumculling asdiscussedin
5.3.

4.2 Point Geometr y Calculation

The secondprocedurein creatingan optimizedpoint rep-
resentationis point geometrycalculation. Although it is
not our objective to reconstructa completepolygonmodel,
point geometricinformationis necessaryfor estimatingthe
on-screenprojectionsize of a point, performingback-face
culling andresampling,andso on. Typically, the size,tan-
gent,andnormalvectorsarecalculatedfor eachpoint.

Eachpixel scannedrepresentsa 3D point with a certain
size. Thepixel azimuthangleis

���

andaltitudeangleis
���

,
whichcanbecalculatedbasedon thescanning�eld-of-view
andimageresolution.Sinceangles

���

and
���

aresmall, the
horizontaldistance�

�

andverticaldistance�

�

in 3D space
betweentwo points � -distanceaway from the scannercan
beapproximatedas �

�	�

�

� �

and �

�
�

�

� �

, correspond-
ingly. Usually

�
�

and
�

�

areequal; therefore,�
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�

�

.
For two adjacentpoints representingthe samesurface,we
requirethat their geometries(circulardisks)cover the local
surfacewithout holesin between.To ensurethis, thedisk of
thepointmusthavea minimumradiusof


 �

�

�

�

or

 �

�

�

�

.
We take advantageof theregularity of the initial scanned

imagesfor computingnormalsand tangentplanes. Point
adjacency (even connectivity) informationcan be obtained
from pixel adjacency in the scannedimages. Thena local
geometry(e.g., a planeor curved patch)can be �tted into
thepointswithin thesmallneighborhood(space)of a point.
Thegeometry(normalandtangent)of thepoint canthenbe
computedfrom this �tted localgeometry.

4.3 Multiple Scan Registration and
Merging

Thethird procedurein creatinganoptimizedpoint represen-
tationis multiple scanregistrationandmerging. To build up
a uni�ed representationof a complex environment,we have
to take multiple scansand register and merge points from
theminto onepoint set. Therearenumerousmethodsthat
have beendevelopedfor registrationof multiple scans. In
thissystem,we usePolyWorks,softwaresoldwith thescan-
ner, to performthis registrationandobtain the transforma-
tion matrix for transformingeachscaninto a centralcoor-
dinatesystem.Differently thanin a polygonreconstruction
approach,our merging is donedirectly on points.Generally
speaking,mergingis achievedby removing redundantpoints
with a lower samplerate. For example,whentwo scansof
thesamebuilding aremerged,thebuilding is representedby
thescantakenclosestto it (i.e.,with higherpoint resolution).
Thesampleratesof pointsfrom two rangeimagesarecom-
paredby computingthedeterminantof theJacobinmatrixof
thetransformationbetweenthetwo rangeimages,a method
similar to measuringthe local areachangein imagewarp-
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ing. A samplingrate comparisonbetweentwo points that
comefrom differentreferenceimagesandcorrespondto the
sameregion in thesceneis thenemployed. Two pointswith
similar3D positionsandnormalsaredeterminedto becorre-
spondingpoints.Unliketheapproachof [6], ourredundancy
testand removal is operatedon every samplepoint, rather
thanon tiles.

4.4 Hierar chical Data Structure
Construction

The fourth procedurein creatingan optimized point rep-
resentationis the constructionof a hierarchicaldatastruc-
ture. A hierarchicaldatastructurebasedon segmentedob-
jects is essentialfor point model editing (discussednext).
Moreover, it allows view frustum culling to be performed
ef�ciently . Segmentedobjects,with already-computedad-
ditional local geometryinformation,areeither further par-
titionedor groupedto form the datahierarchy. Partitioning
or groupingis determinedautomaticallyby the localitiesof
theobjectsor manuallyby theuser. For example,a building
maybepartitionedasseveralcomponents(e.g.,walls). The
usermaythengroupit with otherbuildingsin thesamespa-
tial neighborhoodasa singleobjectnodein thehierarchical
structure.This groupingcontinuesuntil a singleroot group
is obtained.To facilitateef�cient view frustumculling, for
eachintermediatenodewe calculateits boundingbox and
storetheinformationin thedatastructure.

4.5 Point Model Editing

The last procedurein creatinganoptimizedpoint represen-
tation is point modelediting. Herewe emphasizevisualat-
tributesediting ratherthangeometryediting [9]. We have
developeda tool that allows usersto edit the color value
(brightness,contrast)andhueof a selectedobject. Thetool
alsoallowsfor cloningcolors,whichsometimesprovesto be
theeasiestway to correctlocal color problems.This kind of
color editing is alsovery importantfor correctinglight and
colorinconsistenciescausedby themovementof thesundur-
ing the long scanningprocess.This is alsoa very practical
tool for dealingwith suchcolor inconsistency problemsbe-
causeanautomaticmethodstill takesa longway to achieve.
This is a problemuniqueto outdoorscanning,asin indoor
scanninglight conditionscanbecontrolled.Wecanusesim-
ilar imageeditingtoolsto conformthecolorsof two images
to oneanother. We areconvincedthatmoresuchtoolswill
beuseful.

5 Rendering

For point rendering, we employ the traditional splatting
method[10], wherea point is representedasa disk of cer-
tain size (termedsplats). We employ ef�cient view frus-
tum culling for eliminatinginvisible points,therebyspend-

(a) (b) (c)

Figure3: Alpha textures: (a) Gaussion���
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�
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����	������
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�

is the radiusand
alphais 0 if

��� 	

.

ing computationmostly on visible points, resulting in ac-
celeration. We also leveragemoderncommoditygraphics
hardware,e.g.,point spriteprimitive, for acceleratedpoint
rendering.Usingthepoint primitive,pointscanberendered
asa texturedpoint with texturecoordinates(0,0) in the top
left cornerand (1,1) in the bottom right corner. Our ren-
dering systemutilizes hardware-supportedpoint spritesto
performsurfacesplattingwith alphablending[10] andcon-
ductsa two-passrenderingapproach,much like [7]. Such
renderedimagespromisehigh quality, but areexpensive to
compute,especiallyfor complex environments.Wehavede-
velopedseveralstrategiesto enableinteractive renderingon
commoditygraphicshardwarewhile compromisinglittle on
imagequality.

Two-passrenderingis usedto ensurecorrectalphablend-
ing for pointspriterendering(sortingpointprimitivesfor this
purposeis impracticaldueto thesizeof thedata).The �rst
renderingpassgeneratesa depthbuffer of visible objects.
Thenin thesecondpass,thedepthsof pointsarecompared
with thecorrespondingvaluesin thedepthbuffer. Only point
spriteshaving comparabledepthvaluesareblendedwith the
currentframebuffer. In this pass,no depthbuffer is updated.
Below we will discussin moredetailthetwo-passrendering
processandthestrategiesdesignedfor acceleratedrendering.

5.1 Two-Pass Rendering

In the�rst pass,a depthbuffer is generatedby renderingthe
sceneasopaquepoints(visibility splatting). In the second
pass,the depth buffer is initiated as the depth buffer ob-
tainedin the �rst passandthe depthbuffer updatingis dis-
abled. Thenpointsarerenderedaspoint spriteswith alpha
blendingenabled.During therendering,only pointspassing
throughdepthtestingareblendedwith theframebuffer. One
implementationissueis making surepoints on the visible
surfacesget pastthe depthtesting. Onesolutionis to push
thevisible surfacesslightly away from theviewpoint during
the �rst-passrendering.Simply increasingall depthvalues
by the sameamountwill not work because,dependingon
thepoint'sdistancefrom theview, thesamedepthdeviation
translatesto differentdistancesin 3D space. The solution
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proposedin [7] is to calculateaz offsetfor eachvertex using
avertex shader. We employ asimplerapproachhere.Rather
thanusingcostlycomputationto translateadepthbuffer by a
smallthreshold,we simplypushthefarclipping planeaway
from thecameraby a certaindistancebeforeperformingthe
second-passrendering.Accordingto theprojectionformula,
the calculateddepthvalueswill becomeslightly smallerso
thatpointsonvisiblesurfacescanpassthroughdepthtesting.
This methodwas usedin shadow renderingas an alterna-
tive to hardware-supportedz-biastechniques,which arenot
widely supported.

Theremaybea problemwith this approachfor somedis-
tant objectsin a scene. The problemis causedby the un-
evendistribution of thetraditionalperspective-correctdepth
within the depthbuffer range. When the far/nearclipping
planeratio is large,asin ouroutdoorscenes,a largepercent-
ageof thedepthbuffer rangeis usedonthescenedepthrange
of shortdistanceobjects.For example,for a far/nearratioof
100,90 percentof thedepthbuffer rangeis usedon the�rst
10percentof thescenedepthrange.Thismeansdepthvalues
for distantobjectsaresparselyquanti�ed. Therefore,push-
ing the far planeby a certaindistanceresultsin little depth
deviationfor distantobjects.To addressthisproblem,weuse
aw buffer in placeof atraditionaldepthbuffer. In aw buffer,
thehomogeneousw-coordinatefrom thepoint's(x,y,z,w)lo-
cation in projectionspaceis used,ratherthanperspective-
correctz (i.e.,z/w). Usingaw buffer, thebufferbitsaremore
evenlyallocatedbetweenthenearandfar clipping planesin
world space.Therefore,aw buffer is idealfor ourlargeenvi-
ronmentscenerenderingsinceit allows applicationsto sup-
port largerangeswhile still gettingrelatively accuratedepth
value.Thew-buffer is supportedby mostgraphicshardware
today.

Theperformanceof therenderingcanbefurtherimproved
whenscenesarerenderedfrom front to backbecauseapoint
failing thedepthtestwill not berasterized.Althougha pre-
cisesortingon pointsis impossiblefor eachframe,we can
sort segmentedobjectsbasedon their distancesfrom the
camera.

Hardware-supportedpoint spritesallow a point to beren-
deredasatexturedpointwith texturecoordinates(0,0)in the
top left cornerand(1,1) in the bottomright corner. In the
secondpass,we combinethis techniquewith a traditional
alphablendingmethodto approximatescreenspacesplat-
ting for eachpoint. Thetextureof thepoint is pre-generated
alpha texture. Figure 3 shows the alpha textures that we
have experimentedwith. Imagesin the resultssectionare
renderedusing the cosine-basedalphatexture (Figure 3c),
whichseemsto providebetterresultsmostof thetime.

5.2 Rendering Point Primitives

When renderinga point sprite, its screensize needsto be
speci�ed in addition to its coordinates,color, and texture.
Oncethe point's 3D size is calculated,its screensize can
becalculated.We seekhardwaresupportfor this calculation
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Figure4: Estimationof point'sscreenprojectionsize.

as much as possible. Figure 4 illustratesa point
�

in 3D
space,where � is the viewpoint; � is the distancebetween
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�
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�

; andthecenterview direction
�
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� in 3D space
is thediameterof thepointdisk,whoseradiusis providedin
section4.2.

Most moderngraphicshardwarecancalculate	������������ us-
ing thefollowing formula:
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Unfortunately, most currentgraphicshardwaredoesnot
take 3D size 	



� as one of the point's attributes(like co-
ordinatesand color), but simply take it as a placeholder.
For example, in DirectX8.1, the 3D point size has to be
speci�edby calling functionSetRenderStatewith parameter
D3DRSPOINTSIZE.However, it is not applicableto call
SetRenderStatefor every point to set its 3D size,as it will
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slow down the renderingsigni�cantly. We solve this prob-
lem by specifyinganaveragepoint sizefor eachsegmented
object insteadof eachpoint. Consideringthat the number
of objectsrangesfrom only tensto hundreds,the overhead
of calling SetRenderStatefunction is almostnegligible. As
we areusinganaveraged3D point size,to ensurea reason-
ableapproximationfor eachpoint, we have to grouppoints
tightly together. As discussedin 4.2, the sizeof a point is
decidedmainly by the distancebetweenthe point and the
scannersincetheperpixel azimuthangleandaltitudeangle
are nearly constant. Therefore,this sizeaveragingis only
reasonablewhen the variationof distancevaluesof points
within a segmentedobjectis smallcorrespondingto theob-
ject'sdistanceto theviewer.

In thecurrenthardwareimplementation,thepoint'sorien-
tation is not consideredwhenevaluatingthe point's screen
size, as can be seenfrom the equation1. We expect that
futuregraphicshardwarewill eventuallyaddressthis issue.

5.3 Visibility Culling

We performbothbackfaceculling andview frustumculling
for speedingup therendering.Thebackfaceculling is per-
formedusingthecalculatedpointnormals.To performview
frustumculling, a boundingbox is calculatedfor eachnode
in thedatahierarchy(section4.4). During therendering,we
performef�cient view frustumculling beforesendingpoints
to hardware. Starting from the root node,we test the in-
tersectionbetweenits boundingbox andthe view frustum.
If the boundingbox is totally outsidethe view frustum,all
pointsinsidethebox arediscarded;otherwise,if it is totally
insidethe view frustum,all pointsarerendered.If thereis
only partial intersectionbetweenthe boundingbox andthe
view frustum,we thentestlower level nodesin thedatahi-
erarchyuntil leafnodesarereached;they thenareeitherdis-
cardedor rendered.

6 Results

We have implementedour scanningpipelineon an800MHz
PentiumIII PCwith DirectX 8.1underWindows2000.The
mainmemoryis 1 GB.WeusedannVidia GeForce4Ti 4600
graphicscardwith 128MB video memory. All imagesare
renderedusing

����� � �����

resolution.
We demonstratethe renderingquality of our systemin

Figure5 and 6. Evenfor close-upviews(e.g.,Figure5band
Figure 6c),theobjectshaveasolidappearance.In Figure5b,
the FraserHall building is pulled closeto about20m from
the cameraalthoughit was originally scannedfrom about
100maway. Therenderingquality canbebetterappreciated
by comparingFigure6(d) and(e), zoom-insof the marked
region in Figure 6(c). Figure 6(d) is renderedusing sim-
plestpointswithout splatting,leadingto holesandincorrect
visibility (backpointsleakthroughfront points),while Fig-
ure6(e) is renderedusingpoint spritesplatting,wheregaps

Table 1: Rendering performance (image resolution:
800x600)

View # of Points # of Points fps
Culling Rendered Discarded

Figure5a Yes 531,490 787,724 16.0
No 1,319,214 0 7.1

Figure5b Yes 141,628 1,177,586 22.6
No 1,319,214 0 6.6

Figure6b Yes 450,593 867,310 16.9
No 1,317,903 0 7.1

Figure6c Yes 565,472 752,431 14.1
No 1,317,903 0 7.1

are�lled andthetextson thewall becomeclearlyreadable.
As we try to leverage graphics hardware to evaluate

points'screenprojectionsizes,wearespecifyingone3Dsize
for a groupof points,asdiscussedin 5.2. This approxima-
tion performswell for distantobjects,but is susceptibleto
unwantedartifactsfor closeobjects. This is demonstrated
in Figure5a. As we canseein the greencircle area,holes
appearbetweenpoints.Anotherphenomenonis theobvious
boundarybetweentwo regions,eachof which usesa differ-
ent averaged3D point size. Even if we systematicallyin-
creasetheaveragepoint sizeto avoid holes(e.g.,by setting
the`average'sizeasthelargestonein theregion),thebound-
ary betweenadjacentregionswill still be visible asthe av-
eragepoint sizechanges.Theultimatesolutionto this prob-
lem is to calculateeachpoint's screensizeusingits own 3D
pointsize,afeaturewehopefor in new-generationcommod-
ity hardware.

Finally, we demonstratethe renderingef�ciency of our
systemin Table1. The performanceis evaluatedwhenin-
teractingwith scenesin Figures 5 and6. The framerateis
calculatedbasedon time spentat eachframe. Eventhough
the speedis reportedfor four speci�c frames,they aread-
equatelyrepresentative anddemonstratethe rangeof frame
rate that we normally experience. Our systemcan sustain
comfortableinteractivity when exploring fairly large envi-
ronments(about2 million points)onmiddle-level hardware.
We also demonstratethe effectivenessof performingview
frustum culling. An averageof a two times speed-uphas
beenachieved. Whenthe environmentgetslarger, this ap-
proachwill becomemoreeffective.

7 Conc lusions and Future Work

We have presenteda scanningsystemfor largeoutdooren-
vironmentacquisitionemploying oneof themostadvanced
scanningdevicestoday. To copewith thecomplexity of such
scenes,we have proposedand experimentedwith a point-
basedmodelingapproach. In particular, we have demon-
stratedaninteractivesegmentationanddata/objectorganiza-
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tion tool thatcanef�ciently build a hierarchicalrepresenta-
tion of scannedenvironment. Given an unprecedenteddata
sizeanddynamicscanningscenario,thisdataorganizationis
extremelyeffectiveandimportantfor futureobjectindexing,
updating,andediting.Wehavealsoinvestigatednovelmeth-
odsof interactively renderinghigh-qualitylargepoint-based
scenesconsistingof millions of points. This is achieved
partially by leveragingnew featuresof currentcommodity
graphicshardware.

Theabove efforts have formedtheframework for our fu-
ture researchin this domain. We alreadyhave a few inves-
tigationsunderwayon differentaspectsof thesystem.First,
we will extendthepurelypoint-basedmodelingto a hybrid
modelingusingbothpointsandpolygons[2]. Thepolygons
are naturally more ef�cient for representing�at surfaces,
while pointsaregenerallymoreef�cient for highfeaturesur-
faces.In thesamedirection,we will investigatewaysof op-
timizing point-basedmodelsfor ef�cient modeling,.Second,
wewill developtoolsfor �xing someof theholes.Againwe
emphasizethe developmentof an arrayof interactive tools
for tasksrangingfrom simpletransformationandcopingto
editing to texturesynthesis.Third, to further speedup ren-
dering,we will incorporateef�cient occlusionculling meth-
ods(e.g.,[4]) to our renderingframework. We will alsoex-
plorelevelsof detailin additionto ourcurrentdatahierarchy.
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(a) (b)

Figure5: Twonovelviewsof Walter Library andFraserHall (1,319,214pointsand
����� � �����

image resolution):(a) usingaveraged3D point sizefor each region leadsto visibleboundary
betweenregionsand/orholes(within greencircles).Theregionsegmentationon thegroundis
shownin Figure2j; (b) a close-upview of FraserHall (segmentedin Figure2(a-h)).

(a)

(b) (c)

(d) (e)

Figure6: Northrop Mall (1,317,903pointsand
����� � �����

resolution): (a) original scannedpanoramicimage (only
color image shown);(b) treesandgrounds(lookingsouth); (c) Northrop Auditorium(lookingnorth); (d) rendering
usingraw pointsof markedareaof (c) with holesand incorrectvisibility (back pointsleakingthroughfront points);
(e) renderingusingpointspritesof markedareaof (c) clearlydepictingsolidappearance(readabletextsonwall) and
correctvisibility.
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