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Abstract

A longstandingchallengefor computergraphicshas been
capturingimagesof real-world objectsandbuilding their 3D
digital representationaccuratelyand ef ciently. Recently
rapid advancementsn laserrangescanninghardware have
muchimprovedtheaccurag andef ciency of 3D scanning.
In meetingtheneedof variousapplicationsthemaingraph-
icsissuesarehow to procesghe paramounsizeof scanned
raw dataandto build conciseand accurate3D representa-
tions so that scannedobjectsor ervironmentscan be ef -
ciently visualizedandmanipulated.

In this paperwe describea systemdubbedActivePoints,
for acquiringimagesof large outdoorenvironmentsby em-
ploying oneof themostadvancedscanninglevicescurrently
available: Riegl USA's LMS Z-360 3D imagesensor We
have designedand developedalgorithmsfor creatingef -
cient3D representationandrenderingtoolsfor ef cient in-
teractionwith the data. EventhoughActivePointssharesa
commonscanningpipelinewith mostexisting scanningys-
tems, it featuresseveral uniqueapproaches.First, Active-
Pointsaims to generatea hierarchical point-basedmodel
asthe nal representationSecond.to build this hierarchi-
cal model, ActivePointsemplgys an interactive segmenta-
tion and object organizationtool coupledwith automatic
segmentationalgorithms.And nally , ActivePointsbene ts
from a novel algorithmthat can capitalizeon new features
in moderngraphicshardwarefor efcient and high quality
point-basedrendering We offer examplesto demonstrate
thatpoint-baseanodelsarebettersuitedfor representingnd
visualizinglarge outdoorervironmentsthanearliermethods
andthat ActivePointsprovesto be an ef cient systemthat
providesa platformfor continuingexploration.

Keywords: 3D scanningjaserrangeacquisition,3D pho-
tography point-basedenderingjnteractive 3D graphics.

1 Introduction

For enhancinghe realismof graphicrepresentationssom-
putergraphicspractitionershave beenemploying real-world

2D photographsas texturesmappedon objects. Recently
researchertiave shavn anincreasinginterestin capturing
andprocessingeal-world 3D objectsandscenego achieve
the ultimaterealisticvirtual experience.Many applications,
suchasin architecturedesign,entertainmenfgamesmaovie
specialeffects), telepresenceanddocumentatiorof ancient
architectureand archeologysites,would bene t from such
work. To theseends,new ways of digitizing existing ervi-
ronmentsandviewing themarerequired.

However, capturingreal-world objectsand scenesgspe-
cially in outdoorernvironments,posesgreatchallengesre-
quiring the developmentof new softwareandhardwaresys-
tems. Currentsoftware systemgake animage-baseanod-
elingapproachpftenemploying computevision techniques
for scenamodelconstructior[8], thatcanbe combinedwith
interactve modelingtools [3]. Thesemethodsareinexpen-
sive, as no specialscanninghardware is needed,and they
can captureobjectsand scenesf ary size. However, the
constructedepresentationareofteninaccurateasthemeth-
ods are sensite to lighting conditions. Presenthardware
systemsemploy 3D scanningdevicesfor measuringobject
distanceswhich until recentlywerelimited to smallobjects
(e.g.toysorstatuespndindoorsceneg6, 5, 1]. In addition,
traditional scannersonly recordrangeimagesof the scene;
therefore colorimagesmustalsobetakenwith digital cam-
eras,andregistrationof therangeandcolorimagesmustbe
conducted.

In this project,we employ oneof the currentlymostad-
vancedacquisitiondevicesfor acquiring3D modelsof out-
door scenesn orderto meetour objectie of fast,accurate,
and high resolutionscanningandinteractie virtual naviga-
tion of the scannedscenes. Our scanningdevice is Riegl
USA's LMS-Z3603D imagingsensorwhich canmeasure
distanceup to 200mwith 12 mm precisionandobtainrange,
intensity andcolor imagessimultaneously This eliminates
the needto registerseparateangeand color images,hence
improving scanningaccurag and speedingup the acquisi-
tion process.Scanningoutdoorsceness more challenging
than scanningindoor objectsfor a couple of reasons.For
one, outdoor scenescanningis more constrainedn terms
of settingup scanninglocations; natural landscapeobsta-



cles like bushesand treescan make it impossibleto ob-
tain a completeimage of the ervironment. The mostsig-
ni cant challengeof outdoorscenescannings the unprece-
dentedamountof datathatneedgo be acquiredprocessed,
and renderedef ciently. Becausethe scanningresolution
mustbe high enoughto acquiresufcient details,capturing
1cm detailsat 100m distance,for example, requiresscan-
ning over 6000 points for 360 degrees. A full panoramic
scan( ) takes about4 minutesto do, producing
over5 million points.

To processscannediata,mostof the existing systemge-
constructscannedsamplepointsinto polygon meshesgx-
tract correspondingexture mapsout of camera-takn im-
ages, and then rendertextured polygonson corventional
graphicshardware. The justi cation for constructingpoly-
gons hasbeenthe renderingsupportoffered by the avail-
able hardware. But in fact, this usually resultsin an ex-
cessve numberof triangles. The high resolutionnecessary
for scannindargeervironmentdeadsto a high triangle-per
pixel ratio during the novel view rendering. Furthermore,
tting meshednto points, especiallythoseof naturalphe-
nomena,may createunwantedartifactsby producingnon-
existing structureor jaggedboundariebetweerobjects6].

In this system,we insteadconstructpoint modelsfrom
scannedsamples. Using points as an alternatve modeling
primitive hasbeenexploredfor over a decadeand hasre-
centlyrecevvedincreasedittentionfrom researchersPoints
have beenshowvn to be advantageousver polygonswhen
representindnighly detailedfeatureqg10], andthusasmod-
erngraphicshardwareprovidesmoresupportfor therender
ing of point primitives,point-basedenderingwill undoubt-
edly continueto gainin popularity[7]. Besidegheef ciency
they provide for rendering pointsarealsomore e xible for
visualizing and modeling scannedarge ervironment. Al-
thoughsubstantiafurtherresearchvill beneededo develop
afull- edged point-basedystem(with necessarpolygons)
for processin@cquiredarge outdoorscansherewe present
two majoreffortswe aremakingin thatdirection.The rst is
aninteractive sggmentationand objectorganizationprocess
coupledwith traditionalautomaticsegmentatiorapproaches.
Theaim of thisprocesss to build up ahierarchicakepresen-
tationof theenvironment.This modelingprocesss designed
to alsocomputeadditionalgeometridnformationfor points.
The secondeffort is an ef cient and high-qualityrendering
systemcapableof renderingan ervironmentof millions of
pointsinteractively on commoditygraphicshardware. The
renderedscenesreof a high quality andpresentheappear
anceof solid surfaces.

We will begin our discussionof this systemwith a re-
view of arepresentatie scanningpipeline.We thendescribe
our scanningsystemin section3, point-basednodelingin
section4, and point-basedenderingin section5. We will
presentur resultsin section6, and nally concludewith a
discussiorandplanfor futurework (section?).

2 A Representative
Pipeline

Scanning

Although different scanningapproachesand applications
have resultedin scanningpipelinesthatemphasizalifferent
operationsaindvary in their order, in this sectionwe present
a representatie pipeline consistingof four main steps: (1)

denoisingand multi-channelregistration(of a single scan);
(2) multi-scanregistration;(3) segmentationpbjectediting,

andorganizationand(4) rendering.

Stepl: Dependingon which rangescandeviceis used,

noise may be prominentin the scannedsamplesand

hencehasto be removed from the rangeimages,a

procedurecalled denoising. And as noted, because
mostlaserscannerganobtainonly rangeimagesgolor

imagestaken separatelymust be registeredwith the

scannedangedmages.

Step2: To obtainanintegratedmodel,asufcient num-
ber of scanshasto be taken and then registeredand
meigedinto asingle3D representation.

Step 3: In this step, individual objectsmay be sey-
mentecdbutandthentransformedgopied,or deleted9].
Variouseditingoperationcanalsobeapplied(e.g., ll-
ing holes).

Step4: Oncethecompletemodelsareobtainedthelast
stepis to performrenderingfor manipulationrandnavi-
gation.

Thegoalof mostprevioussystemsasbeento reconstruct
polygonmesh. Therefore,in the rst step,afterregistering
colorimageswith rangeimages texture mapsare extracted
from color imagesfor constructedbolygons[1]. The main
task in the secondstepis removing redundancieamong
overlappingscanswheremeshedrom differentscanshave
to be seamlesslgonnected5]. Lastly, in thethird step,the
renderingof textured polygon modelsis straightforvardly
performedon corventionalgraphicshardware.

There are also existing systemsthat do not reconstruct
polygonmesh.In the systemdescribedn [6], image-based
renderings usedto producethe color depthimagesthatare
thedesirednal representationn this systemstepl resam-
plescolorimageson rangeimagegrids sothateachsample
containsboth color and rangeinformation. In step2, after
melging, points are still storedin their original imagefor-
mat and redundantpoints are removed as groups(or tiles).
During the rendering,multiple color depthimagesare di-
rectly projectedontothenovel view to form anew rendering
through3D warpingor projectingregular meshconstructed
outof thedepthimage.

Our scanning system also follows this representatie
pipeline,but aimsto generatean organizedpoint set,which
is differentfrom [6]. Becauseour scanningdevice canob-
tain colorandrangeimagessimultaneoushandoffersahigh
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Figurel: Scanninglevicesandimagesacquiredthrougha singlescanof a corneronthe University of Minnesotacampus.The

imageshavethe sameresolutionof 5 million points.

level of precision,we do not needto take the operationsn
stepsl. Thusthefollowing presentatiorof our systemwill
includeonly the operationsn step2 to 4. We will begin this
descriptiorby introducingour scanninghardwaresystem.

3 Scanning Hardware System

Our scanningdevice is the Riegl LMS-Z360 3D Imaging
Sensoroneof themostadvancedD laserscannersurrently
available, which recordsrange, intensity and RGB color.
The scanneffeaturedong-rangemeasuremerdand high ac-
curagy (12mmprecisionup to 200m),a large eld of view
( ), anda high scanningspeed(24,000pts/sec).
Figurel illustratesthe scanningequipmentscanningaction,
andsampleimagesof a singlescan.Thelower left imageof
Figurel shows the systemsetupduring the scan. The scan-
neris mountedon a tripod, which can be further mounted
onacartfor moving aroundeasily Thelaptopis connected
to the scannethroughanenhancegbarallelport for collect-
ing scannediata,which canalsobereplacedvith awireless
connectiorfor unpleasaniveatheiconditionsor avoidingthe
operatorappearingn thescannedcene.

The laptoprunsthe interfacesoftware RiScanto control
the scanningprocess suchas settingthe scanningstarting
point, angles(vertical and/orhorizontal), and speed. The
scannerscansthreechannelsof information: color (RGB),
range,and intensity In the scannedraw data,eachRGB
channels representedsing16 bits. In RiScan,onecande-

ne colortransformatiorto changethe 16 bits color channel
to 8 bits for display The top andright imagesof Figure 1
shaw the color, range andintensityimagesof onescan.The
brightspotatthetopleft cornerof thecolorimageis thesun.
The rangevalueis pseudacolor-encoded.Eventhoughthe
manuficturerspeci esthemaximumrangeof thisscanneas
200m,ascanbeseenfrom Figurel, sometimesheacquired
rangecanbe beyondthat. Air conditionsdo have somein-
uence on the scanningquality, asthe bestquality canbe
obtainedin clearanddry weatherconditions. The scanning
resolutionhasto be high enoughto acquiresufcient details.
In this reportwe demonstrat®ur systemusingscansof two
locationson the University of MinnesotaCampusall scans
have high resolutionof 5 million points.

4 Point-Based Modeling

We have devisedalgorithmsandtoolsthatdirectly operateon
point setsto obtainan optimizedpoint representationOur
approachinvolvestwo mainoperations.The rst is to com-
pute additionalgeometricinformation for eachpoint, such
assize and normalvector The secondis to group points
into clustersbasedn scenesemantica&ndtheirlocal geom-
etry, afterwhich redundanpointsareremovedfor optimiza-
tion. In this approachno connectvity informationis nec-
essarilybuilt up betweenpoints. The following details ve
procedureghat areinvolvedin creatingpoint-basedepre-
sentation:seggmentation point geometrycalculation,multi-



Figure2: Exampleof sgmentationprocedue: (a) original image; (b) invalid data (withoutrange information)remaed; (c)

searchingareade ned; (d) automaticseggmentatiorwith mis-classi edregion (red)andunclassi edpart of thebuilding (green);
(e) assistantines drawn to indicate boundaries;(f) updatedsegmentation;(g) combinedwith other part of the building; (h)

the sggmenteckentire building remavedand addedto objectlist; (i) in userinterfaceof sggmentationtool, sggmentedbjects
listedin the "SegmentationManager” windowwhele they canbe selecteddeleted,and grouped;(j) completedsegmentation
ofascene



ple scanregistrationandmerging, hierarchicadatastructure
constructionandpoint modelediting.

4.1 Segmentation

Sgymentationis animportantstepin extracting objectsfor
building anindividual objecthierarchy For example,points
for eachbuilding are sggmentedout and collectedinto a
group; within eachbuilding group, points can be further

groupedtogetheraccordingto local geometricstructures.

The nal representatiofs essentiallya datahierarchy with
individual pointsatleaf nodesandclustersof surfaceswalls,
andbuildingsatintermediatenodes.
Althoughsophisticatedggmentatiormethodsarealready
available for rangeimages(e.g., [6]), thesemethodsare
fully automaticandnot reliable for complex ervironments.
Therefore we emplgy interactve operationgo enhancehe
resultsof segmentatiorandspeedup the process.Figure2i
shaws the sggmentationtool interface. A typical sggmenta-
tion procedurean our systemis demonstrateéh Figure 2a-
h. First, the systemloadsin the scannedmages(Figure
2a (only the color imageis shavn and hereand hereafter).
Thensampleswith invalid rangevaluesareremoved(Figure
2b). Next, the userdraws a closecurve (Figure2c, marked
asblue) on the imagearoundthe building that needsto be
segmentedsothatthe searchs constrainedvithin the close
cunvefor ef ciency. Theuserselectsary pointon the build-
ing by clicking onit. An automaticsggmentatioralgorithm
is performedo completethis operationthe systemprovides
several sggmentationalgorithmsto choosefrom. The user
may alsochoosewhetherto run the sggmentationoperation
on the range,color, or intensityimage,asonechannelmay
provide bettersegmentatiorthananotherfor a givenobject.
For example, using the color imagefor sggmentationmay
give poor resultsfor a building in relative darkness;how-
ever, usingthe rangeor depthimagesmay producebetter
segmentation.Figure 2d shaws the intermediatesggmenta-
tion resultbasedon rangeimage. The automaticsegmenta-
tion algorithmsusually needfurther re nement, especially
for large complex ervironments. As shown in Figure 2d,
pointsinsidethe red circle are misclassi ed,and pointson
the building insidethe greencircle arenot classi ed. To re-
movethemisclassi edpoints,assistantinesaredravntoin-
dicateboundariesFigure2f shavs the selectionupdatedaf-
tertwo assistantines(bluelinesin Figure2e). For pointsnot
classi ed, the usercanselecta new point and continuethe
segmentation. The additionally classi ed points are added
to the existing ones.Figure2g shavs the nal segmentation
of the building. In this processa setof additionalfunctions
like separationundo,andredoareprovidedto ensureanef-
cient anduserfriendly processFinally, theuserinsertsthe
segmentedbuilding into an objectlist (lower right window
of Figure 2i), removesthe building from the scene(Figure
2h), andthencontinuesworking on therestof the sceneun-
til all objectsaresggmented Figure2j shavsthe completed
segmentatiorof thescan.Noticethatthegroundis manually

partitionedfor ef cient view frustumculling asdiscussedn
5.3.

4.2 Point Geometry Calculation

The secondprocedurein creatingan optimized point rep-
resentationis point geometrycalculation. Although it is
not our objective to reconstructa completepolygonmodel,
point geometricinformationis necessaryor estimatingthe
on-screerprojectionsize of a point, performingback-face
culling andresamplingandso on. Typically, the size,tan-
gent,andnormalvectorsarecalculatedor eachpoint.

Eachpixel scannedepresents 3D point with a certain
size. Thepixel azimuthangleis  andaltitudeangleis
which canbecalculatedbasecbn the scanningeld-of-view
andimageresolution.Sinceangles and aresmall,the
horizontaldistance  andverticaldistance in 3D space
betweentwo points -distanceaway from the scannercan
beapproximateas and , correspond-
ingly. Usually and areequal;therefore, .
For two adjacentpoints representinghe samesurface,we
requirethattheir geometrieqcircular disks) cover the local
surfacewithout holesin between.To ensurethis, the disk of
thepointmusthave aminimumradiusof —  or —

We take advantageof theregularity of theinitial scanned
imagesfor computingnormalsand tangentplanes. Point
adjacenyg (even connectvity) information can be obtained
from pixel adjacenyg in the scannedmages. Thena local
geometry(e.g.,a planeor curved patch)canbe tted into
the pointswithin the small neighborhoodspace)of a point.
Thegeometry(normalandtangent)of the point canthenbe
computedrom this tted local geometry

4.3 Multiple  Scan

Merging

Registration and

Thethird proceduren creatinganoptimizedpointrepresen-
tationis multiple scanregistrationandmeming. To build up
auni ed representatioof a comple ervironment,we have
to take multiple scansand register and meige points from
theminto one point set. Thereare numerousmethodsthat
have beendevelopedfor registrationof multiple scans. In
this systemwe usePolyWborks, softwaresoldwith the scan-
ner, to performthis registrationand obtain the transforma-
tion matrix for transformingeachscaninto a centralcoor
dinatesystem.Differently thanin a polygonreconstruction
approachpur meming is donedirectly on points. Generally
speakingmegingis achievedby removing redundanpoints
with a lower samplerate. For example,whentwo scansof
the samebuilding arememed,thebuilding is representedly
thescantakenclosestoit (i.e.,with higherpointresolution).
The sampleratesof pointsfrom two rangeimagesarecom-
paredby computingthedeterminanof the Jacobirmatrix of
thetransformatiorbetweenthetwo rangeimagesa method
similar to measuringthe local areachangein imagewarp-



ing. A samplingrate comparisorbetweentwo points that
comefrom differentreferencamagesandcorrespondo the
sameregionin the scends thenemployed. Two pointswith
similar 3D positionsandnormalsaredeterminedo becorre-
spondingpoints.Unlike theapproactof [6], ourredundang
testandremoval is operatedon every samplepoint, rather
thanontiles.

4.4 Hierarchical Data Structure

Construction

The fourth procedurein creatingan optimized point rep-
resentations the constructionof a hierarchicaldatastruc-
ture. A hierarchicaldatastructurebasedon sggmentedob-
jectsis essentiaffor point model editing (discussechext).

Moreover, it allows view frustum culling to be performed
efciently. Segmentedobjects,with already-computedd-
ditional local geometryinformation, are either further par

titioned or groupedto form the datahierarchy Partitioning
or groupingis determinedautomaticallyby the localities of

the objectsor manuallyby the user For example,a building

may be partitionedasseveralcomponentge.g.,walls). The
usermaythengroupit with otherbuildingsin the samespa-
tial neighborhoodisa singleobjectnodein the hierarchical
structure. This groupingcontinuesuntil a singleroot group
is obtained. To facilitate ef cient view frustumculling, for

eachintermediatenode we calculateits boundingbox and
storetheinformationin the datastructure.

4.5 Point Model Editing

Thelastproceduran creatingan optimizedpoint represen-
tationis point modelediting. Herewe emphasizevisual at-
tributesediting ratherthan geometryediting [9]. We have
developeda tool that allows usersto edit the color value
(brightnessgcontrastlandhue of a selectedbject. Thetool
alsoallowsfor cloningcolors,whichsometimegprovesto be
the easiestvay to correctlocal color problems.This kind of
color editing is alsovery importantfor correctinglight and
colorinconsistenciesausedy themovemenbf thesundur-
ing the long scanningprocess.This is alsoa very practical
tool for dealingwith suchcolor inconsisteng problemsbe-
causeanautomatianethodstill takesalongway to achiee.
This is a problemuniqueto outdoorscanningasin indoor
scannindight conditionscanbecontrolled.We canusesim-
ilar imageeditingtoolsto conformthe colorsof two images
to oneanother We are corvincedthat more suchtools will
beuseful.

5 Rendering

For point rendering, we employ the traditional splatting
method[10], wherea point is represente@dsa disk of cer
tain size (termedsplats). We employ efcient view frus-
tum culling for eliminatinginvisible points, therebyspend-
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ing computationmostly on visible points, resultingin ac-

celeration. We also leveragemoderncommaodity graphics
hardware, e.g., point sprite primitive, for accelerategoint

rendering.Usingthe point primitive, pointscanberendered
asatexturedpoint with texture coordinateg0,0) in the top

left cornerand (1,1) in the bottom right corner Our ren-

dering systemutilizes hardware-supportegboint spritesto

performsurfacesplattingwith alphablending[10] andcon-

ductsa two-passrenderingapproachmuchlike [7]. Such
renderedmagespromisehigh quality, but are expensve to

compute gspeciallyfor complex ervironments We have de-

velopedseveral stratgjiesto enableinteractve renderingon

commoditygraphicshardwarewhile compromisindittle on

imagequality.

Two-pasgenderings usedto ensurecorrectalphablend-
ing for pointspriterendering(sortingpointprimitivesfor this
purposes impracticaldueto the size of the data). The rst
renderingpassgenerates depth buffer of visible objects.
Thenin the secondpassthe depthsof pointsare compared
with thecorrespondingaluesin thedepthbuffer. Only point
spriteshaving comparablalepthvaluesareblendedwith the
currentframehuffer. In this passno depthbuffer is updated.
Below we will discussn moredetailthetwo-passendering
proces@ndthestratgiesdesignedor acceleratedendering.

5.1 Two-Pass Rendering

In the rst passadepthbuffer is generatedyy renderingthe
sceneas opaquepoints (visibility splatting). In the second
pass,the depth buffer is initiated as the depth buffer ob-
tainedin the rst passandthe depthbuffer updatingis dis-
abled. Thenpointsarerenderedas point spriteswith alpha
blendingenabled During therenderingonly pointspassing
throughdepthtestingareblendedwith theframebuffer. One
implementationissueis making sure points on the visible
surfacesget pastthe depthtesting. One solutionis to push
thevisible surfacesslightly away from the viewpointduring
the rst-passrendering. Simply increasingall depthvalues
by the sameamountwill not work becausedependingon
the point's distancefrom the view, the samedepthdeviation
translatego differentdistancedn 3D space. The solution



proposedn [7] is to calculatea z offsetfor eachvertex using
avertex shaderWe employ asimplerapproactere.Rather
thanusingcostlycomputatiorto translatea depthbuffer by a
smallthresholdwe simply pushthefar clipping planeaway
from the cameraby a certaindistancebeforeperformingthe
second-pasendering Accordingto the projectionformula,
the calculateddepthvalueswill becomeslightly smallerso
thatpointsonvisible surfacescanpasshroughdepthtesting.
This methodwas usedin shadev renderingas an alterna-
tive to hardware-supported-biastechniqueswhich arenot
widely supported.

Theremay be a problemwith this approactor somedis-
tant objectsin a scene. The problemis causedby the un-
evendistribution of the traditionalperspectie-correctdepth
within the depthbuffer range. Whenthe far/nearclipping
planeratiois large,asin our outdoorscenesalarge percent-
ageof thedepthbuffer rangeis usedonthescenalepthrange
of shortdistanceobjects.For example,for afar/nearratio of
100,90 percentof the depthbuffer rangeis usedon the rst
10percenbf thescenadepthrange.Thismeanslepthvalues
for distantobjectsare sparselyquanti ed. Therefore push-
ing the far planeby a certaindistanceresultsin little depth
deviationfor distantobjects.To addresshis problem weuse
aw bufferin placeof atraditionaldepthbuffer. In aw buffer,
thehomogeneous-coordinatdrom thepoint's (x,y,z,w)lo-
cationin projectionspaceis used,ratherthan perspectie-
correctz (i.e.,z/w). Usingaw buffer, thebuffer bitsaremore
evenly allocatedbetweerthe nearandfar clipping planesin
world space Thereforeaw buffer is idealfor ourlargeervi-
ronmentscenerenderingsinceit allows applicationgo sup-
portlargerangeswhile still gettingrelatively accuratedepth
value. Thew-buffer is supportedby mostgraphicshardware
today

Theperformancef therenderingcanbefurtherimproved
whenscenesrerenderedrom front to backbecausa point
failing the depthtestwill not berasterized Althougha pre-
cisesortingon pointsis impossiblefor eachframe,we can
sort sggmentedobjectsbasedon their distancesfrom the
camera.

Hardware-supportegoint spritesallow a pointto beren-
deredasatexturedpointwith texturecoordinate40,0)in the
top left cornerand (1,1) in the bottomright corner In the
secondpass,we combinethis techniquewith a traditional
alphablending methodto approximatescreenspacesplat-
ting for eachpoint. Thetexture of thepointis pre-generated
alphatexture. Figure 3 shows the alphatexturesthat we
have experimentedwith. Imagesin the resultssectionare
renderedusing the cosine-basedalphatexture (Figure 3c),
which seemgo provide betterresultsmostof thetime.

5.2 Rendering Point Primitives

When renderinga point sprite, its screensize needsto be
speci ed in additionto its coordinatescolor, and texture.
Oncethe point's 3D sizeis calculated,its screensize can
be calculated We seekhardwaresupportfor this calculation

E (Viewpoint)

Figure4: Estimationof point's screenprojectionsize

asmuchas possible. Figure 4 illustratesa point  in 3D
spacewhere is theviewpoint; is the distancebetween
theviewpoint andthepoint ; isthe eld of view;
theanglebetweereyeray ; andthecenterview direction

;  isthescreemnresolution.Thepointsize in 3D space
is thediameterof the pointdisk, whoseradiusis providedin
sectiord.2.

Most moderngraphicshardwarecancalculate us-

ing thefollowing formula:

@)

whereparameters, ,and areuserprede nedconstants;
is calculatedby hardwarebasedon the point's 3D coordi-
nates.
Let us computetheseconstants.Basedon similar trian-
glesandwith slight approximationwe have

, Where — and . Thus,we

have
(2)
Comparingquationl and2, we have , ,and

—. It is expensveto compute
for every pointandto passit to hardware. Thereforewe use
theaverageangle — asanapproximatiorandobtaina
constanparameter :

— — @)

Unfortunately most currentgraphicshardware doesnot
take 3D size asone of the point's attributes (like co-
ordinatesand color), but simply take it as a place holdet
For example, in DirectX8.1, the 3D point size hasto be
speci ed by calling function SetRenderStatgith parameter
D3DRSPOINTSIZE. However, it is not applicableto call
SetRenderStat®r every point to setits 3D size,asit will



slow down the renderingsigni cantly. We solwe this prob-

lem by specifyingan averagepoint sizefor eachsegmented
objectinsteadof eachpoint. Consideringthat the number
of objectsrangesfrom only tensto hundredsthe overhead
of calling SetRenderStatenction is almostnegligible. As

we areusingan averaged3D point size,to ensurea reason-
ableapproximatiorfor eachpoint, we have to group points
tightly together As discussedn 4.2, the size of a point is

decidedmainly by the distancebetweenthe point and the

scannessincethe perpixel azimuthangleandaltitudeangle
are nearly constant. Therefore,this size averagingis only

reasonablavhen the variation of distancevaluesof points
within a segmentedobjectis small correspondindo the ob-

ject's distanceo the viewer.

In the currenthardwareimplementationthe point's orien-
tation is not consideredvhen evaluatingthe point's screen
size, as can be seenfrom the equationl. We expectthat
futuregraphicshardwarewill eventuallyaddresshisissue.

5.3 Visibility Culling

We performbothbackfaceculling andview frustumculling
for speedingup therendering.The backfaceculling is per
formedusingthe calculatedpoint normals.To performview
frustumculling, a boundingbox is calculatedfor eachnode
in the datahierarchy(section4.4). During therenderingwe
performef cient view frustumculling beforesendingpoints
to hardware. Startingfrom the root node, we testthe in-
tersectionbetweenits boundingbox andthe view frustum.
If the boundingbox is totally outsidethe view frustum, all
pointsinsidethe box arediscardedptherwise|f it is totally
insidethe view frustum,all pointsarerendered.If thereis
only partial intersectionbetweenthe boundingbox andthe
view frustum,we thentestlower level nodesin the datahi-
erarchyuntil leaf nodesarereachedthey thenareeitherdis-
cardedor rendered.

6 Results

We have implementedur scanningpipelineon an800MHz
Pentiumill PCwith DirectX 8.1 underWindows 2000. The
mainmemoryis 1 GB. We usedannVidia GeForce4Ti 4600
graphicscardwith 128MB video memory All imagesare
renderedising resolution.

We demonstratghe renderingquality of our systemin
Figure5 and 6. Evenfor close-upviews (e.g.,Figure5band
Figure 6¢),theobjectshaveasolidappearancdn Figure5b,
the FraserHall building is pulled closeto about20m from
the cameraalthoughit was originally scannedrom about
100maway. Therenderingquality canbe betterappreciated
by comparingFigure 6(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-
ure 6(e)is renderedusingpoint sprite splatting,wheregaps

Table 1: Rendering performance (image resolution:
800x600)
View | #of Points| # of Points| fps
Culling | Rendered| Discarded
Figureba | 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 andthetexts onthewall becomeclearlyreadable.

As we try to leverage graphics hardware to evaluate
points'screerprojectionsizeswe arespecifyingone3D size
for a groupof points,asdiscussedn 5.2. This approxima-
tion performswell for distantobjects,but is susceptibleo
unwantedartifactsfor closeobjects. This is demonstrated
in Figure5a. As we canseein the greencircle area,holes
appeabetweerpoints. Anotherphenomenoiis the obvious
boundarnybetweenwo regions,eachof which usesa differ-
entaveraged3D point size. Evenif we systematicallyin-
creasdahe averagepoint sizeto avoid holes(e.g.,by setting
the average'sizeasthelargestonein theregion),thebound-
ary betweenadjacentregionswill still be visible asthe av-
eragepoint sizechangesThe ultimatesolutionto this prob-
lemis to calculateeachpoint's screersizeusingits own 3D
pointsize,afeaturewe hopefor in new-generatiocommod-
ity hardware.

Finally, we demonstratghe renderingefciency of our
systemin Table 1. The performancds evaluatedwhenin-
teractingwith scenesn Figures 5 and6. Theframerateis
calculatedbasedon time spentat eachframe. Eventhough
the speedis reportedfor four speci ¢ frames,they aread-
equatelyrepresentatie and demonstratehe rangeof frame
rate that we normally experience. Our systemcan sustain
comfortableinteractiity when exploring fairly large ervi-
ronmentgabout2 million points)on middle-level hardware.
We also demonstratahe effectivenessof performingview
frustumculling. An averageof a two times speed-uphas
beenachiezed. Whenthe ervironmentgetslarger, this ap-
proachwill becomemoreeffective.

7 Conclusions and Future Work

We have presentea scanningsystemfor large outdooren-
vironmentacquisitionemploying one of the mostadwanced
scanninglevicestoday To copewith thecompleity of such
sceneswe have proposedand experimentedwith a point-
basedmodelingapproach. In particulay we have demon-
stratedaninteractive sgmentatioranddata/objecbrganiza-



tion tool thatcanef ciently build a hierarchicalrepresenta-
tion of scannecervironment. Given an unprecedentedata
sizeanddynamicscanningscenariothis dataorganizationis
extremelyeffective andimportantfor future objectindexing,
updating andediting. We have alsoinvestigatediovel meth-
odsof interactvely renderinghigh-qualitylarge point-based
scenesconsistingof millions of points. This is achieved
partially by leveragingnew featuresof currentcommodity
graphicshardware.

The above efforts have formedthe framework for our fu-
ture researchin this domain. We alreadyhave a few inves-
tigationsundervay on differentaspectof the system.First,
we will extendthe purely point-basednodelingto a hybrid
modelingusingbothpointsandpolygons[2]. The polygons
are naturally more ef cient for representingat surfaces,
while pointsaregenerallymoreef cient for highfeaturesur
faces.In the samedirection,we will investigatevaysof op-
timizing point-basednodelsfor ef cient modeling,.Second,
wewill developtoolsfor xing someof theholes.Againwe
emphasizehe developmentof an array of interactive tools
for tasksrangingfrom simpletransformatiorand copingto
editing to texture synthesis.Third, to further speedup ren-
dering,we will incorporateef cient occlusionculling meth-
ods(e.qg.,[4]) to our renderingframework. We will alsoex-
plorelevelsof detailin additionto our currentdatahierarchy
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(a) (b)
Figure5: Two novelviewsof Walter Library andFraserHall (1,319,214p0intsand
image resolution):(a) usingaveraged 3D point sizefor ead region leadsto visible boundary
betweerregionsand/orholes(within greencircles). Theregion sggmentatioron the groundis
shownin Figure 2j; (b) a close-upview of FraserHall (segmentedn Figure 2(a-h)).

(a)
(b) (c)
(d) (e)
Figure6: Northrop Mall (1,317,903pointsand resolution): (@) original scannedhano@micimage (only

color image shown); (b) treesand grounds(looking south); (c) Northrop Auditorium (looking north); (d) rendering
usingraw pointsof marked area of (c) with holesand incorrectvisibility (bad pointsleakingthroughfront points);
(e) renderingusingpoint spritesof markedareaof (c) clearly depictingsolid appeaance(readabletextsonwall) and
correctvisibility.
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