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Abstract

\We describea new 3D scenestreamingapptoad for remotewalkthoughs.In a remotewalkthrough,a useron
a client madine interactivelynavigateghrougha scenethat resideson a remoteserver Our approad allowsa
userto walk througha remote3D scenewithoutever havingto downloadthe entire scenefrom the server Our
algorithmachievesthis by selectivelytransmittingonly small parts of the sceneandlower quality representations
of objects,basedon the user's viewing parametes and the availableconnectiorbandwidth.An online optimiza-
tion algorithm selectswhich objectrepresentationso send,basedon theintegral of a benefitmeasue alongthe
predictedpathof movementTherenderingquality at the clientdepend®ntheavailablebandwidth but practical
navigationof the scends possiblesvenwhenbandwidthis low.

1. Intr oduction

During the pastfew yearswe have witnessedan explo-
sive growth in the performanceandcapabilitiesof inexpen-
sive 3D graphicsacceleratorsgConsequentlystate-of-the-art
homePCsarenow capableof interactively displayingfairly
comple virtual 3D worlds.Concurrentlystandardgsuchas
VRML %) have emegedfor describingthe geometryandthe
behaior of 3D virtual worlds on the Internet,and applica-
tions and plug-ins capableof displayingonline 3D content
aboundDespitethesedevelopmentshowever, therearestill
disappointinglyfew sitesonthe WWW onwhichinteresting
3D contentsuchascompellingandcomplex 3D scenescan
be found. Undoubtedly one of the major reasondor thatis
the latencyproblem Compelling3D scenesontaina large
numberof objectmodels,eachwith detailedgeometry as
well asmary textures.Suchmodelstake up large amounts
of storagespaceandtake along time to dovnloadfrom the
sener to a browserrunningon a remoteclient. As aresult,
the “download-and-play’paradigmusedin todays VRML
browsersis impracticalwhenit comesto such3D scenes.

In this paper we describea 3D scenestreaming ap-
proach that almost entirely eliminateslateny in remote
walkthroughsof complex static 3D scenes(In a remote
walkthroughthe user/clientinteractively navigatesthrough
a 3D scenehatresideson a remotesener.) Datastreaming
solutionsarecommonlyusedfor transmissiorof audioand
videocontentoverthelnternet.However, in thecaseof audio
andvideothe orderin which datais playedon the receving

(© TheEurographicsAssociatiorandBlackwell Publisher22001.Publishedy Blackwell
Publishers108 Cowley Road,Oxford OX4 1JF UK and350 Main Street,Malden, MA
02148,USA.

endis known in adwvance.In contrastwhena userinterac-
tively navigatesthrougha 3D world, no a priori transmis-
sionordercanbedeterminedinstead our approachutilizes
the factthatthe userat the client sidetypically seesonly a

very limited view of theworld atary giventime, aview that
changedn a continuousmanner The sener is notified of

ary changesn thevelocity of the users virtual cameraand
decidesvhatto transmitbasedn thatinformation.

The streamingsener regardsthe sceneasa collectionof
3D objects,eachof which may have one or morerepresen-
tations.For example,an objectcanberepresente@dsa pro-
gressie mesh,a precomputectollection of modelsat dif-
ferentlevelsof detail,or aview-dependenimage-basetn-
postorthatis generatedn demand.The goal of the sener
is to selecta transmissionsequenceof object representa-
tionsthatwill providethehighestrenderingguality through-
out the walkthrough,subjectto the limitations imposedby
the available bandwidth.This transmissiorschedules de-
terminedby an online optimizationalgorithm that decides
whichrepresentatioto sendatary givenmomentbasecbn
theimagequality improvementpredictedfor the restof the
walkthrough.

Our approacthutilizes several techniqueghat were origi-
nally usedfor acceleratiorof interactive local walkthroughs
of complex 3D scenes.However, it significantly departs
from local renderingframevorks in the natureof the opti-
mizationthatis taking place.In thelocal walkthroughcon-
text the performanceottleneckis therenderingengine,and
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existing approacheattemptto maximizethe quality of each
frame,while maintaininga certainframerate.Eachframeis
consideredseparatelyand almostindependentlyof the oth-
ers.In our contet, the bottleneckis the connectionband-
width betweerthe sener andthe client; we assumehatthe
clientis ableto interactvely renderwhatever the sener has
managedo transmitsofar. Any objectthathasalreadybeen
transmittedto the client canbe renderedrom thatpoint on
without consumingfurther bandwidth.Thus, our optimiza-
tion algorithmignoresframe ratescompletely andis con-
cernedwith maximizingquality overtime. Our resultsshav
thatin a variety of bandwidthconditions,a usercan start
traversinga scenealmostimmediately The quality of the
renderingdepend®ntheavailablebandwidth of courseput
practicalnavigationof thescends possiblesvenwhenband-
width is low.

It should be noted that this paper describeswork in
progressThe main contrikution of this paperis a new gen-
eralformulationfor the problemof streaminga sceneacross
a limited bandwidthconnectionwhich usesthe novel con-
ceptof cumulatize benefitintegral. In particular our formu-
lationsupportdothgeometriandimage-basednpostorsn
a singleonline optimizationframework. The actualstream-
ing systemdescribedn this papersenedasatestbedor our
ideasit is notyetreadyfor realworld applicationssinceour
currentimplementatiormakes several simplifying assump-
tions.

2. Background
2.1. Acceleration of local rendering

Interactve navigation throughcomplex 3D worlds requires
the ability to renderthe sceneat an acceptabldramerate,
while keepingthe image quality as high as possible.Over
the years,quite a few effective techniquedfor accelerated
renderingof complex objectsand sceneshave beendevel-
oped, most of which can be easily incorporatedinto our
framavork. One classof accelerationtechniquesare visi-
bility culling algorithms,which attemptto avoid rendering
objectsthatcannotbevisible in theimagé- 11.26.29. Another
approachis to uselevel-of-detail(LOD) modelsof objects
in the scené& and/orimage-basedmpostos (e.g., texture
mappingthe imageof a complex objectonto somesimple
geometry3 17.20.23,

Acceleratedenderingof complex objectsandscenesan
also be achieed by pure image-basedendering 18 (IBR)
andlight-field rendering® 15, whereanobject/scenés repre-
sentecentirelyasacollectionof imageswithoutary kind of
explicit geometricmodel. An IBR-basedremoterendering
systemhasrecentlybeendescribedy YoonandNeuman#g.
However, it appeargthat pure image-basedenderingand
light-field renderingarenotreadilyapplicablein the context
of remotewalkthroughsof complex scenessincethe size
of the representatiortan still be quite large, and thus the
lateny problemremains.Also, it is not at all obvious how

to extend theserepresentationin orderto allow dynamic
scenes.

Most of theotherlocal renderingacceleratiortechniques,
however, can be easily incorporatedinto remote walk-
throughsFor example,if the sener knows (or canestimate)
theviewing parametersf thevirtual cameraateachpointin
time, variousvisibility culling approachesanbeutilized by
letting the sener perform the culling. Culled objectsneed
not be transmittedto the client, and the resultingavailable
bandwidthcan be spenton transmittingmore information
aboutthoseobjectsthatarevisible. Similarly, whena com-
plex objectis far away from the virtual camerathe sener
neednot transmitthe full model of the object. Instead,a
coarseilgeometricmodel,or ary otherkind of impostorcan
be transmitted.Again, the sazed bandwidthcan be better
spenton objectsthat are nearerto the virtual camera.ln
our system,so far we have implementedhierarchicalfrus-
tumculling®, simpleLODs, andimage-baseé@mpostorsa la
Shadeetal.?3.

2.2. Benefit/costoptimization

Funkhouserand Sequifi (F&S) describea predictive ap-

proach to local rendering.Basedon measuregerformance
parameter®sf the renderingengine they predicthon much

geometrycanberenderedn a frames time. Heuristicsare
usedto definea benefitfor eachLOD of eachobject,and

constrainedoptimizationis usedto selectthe most bene-
ficial LODs (including “object not rendered”)for the esti-

matedrenderingbudget. Maciel and Shirley” (M&S) ex-

tendedhis predictive approacho considerentireclustersof

objects,andintroducedwaysto simplify objects,otherthan
geometrid_OD models.

The predictive approachis not readily applicableto 3D
scenestreamingln theremoterenderingparadigmthe bot-
tleneckis not the client’s renderingrate, but ratherthe rate
at which object representationarrive at the client. There-
fore a notion of optimizing for a “frame” or anotherclient-
relatedperiod of time is not useful. The client can always
usetechniquessuchasthe predictive approachto acceler
atelocal rendering,but renderingquality will still only be
ashigh asthe datathat hasarrived from the sener so far.
In remoterenderingdatais transmittedcontinuouslyandis
notsynchronizedwith therenderingof theframes.Network
lateng, andthe amountof time it takesto transmitan ob-
jectrepresentatiormeanthatthe sener cannotoptimizefor
thecurrentframetheclientis rendering Thesenerdoesnot
know the exact viewing parametersat the client side, and
mustestimatehem.As aresult,it mustoptimizefor thefu-
ture, insteadof for a particularmomentin time. A further
differences thatoncearepresentatiohasbeentransmitted,
it canbereusedoy the client for theremainderof the walk-
through.For example,if thefull geometryof the objecthas
beensent,it neednever be sentagain.This is in contrastto
local renderingwherethe objectneedsto be consideredas
partof the“renderingbudget” of every frame.
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2.3. Graphics over network

Distributed virtual ervironments have attracted a con-
siderable amount of researchattention during the past
decad@ 1624, However, mostof the researchn this areais
concernedvith efficient messaggassingandmanagement
of multiple interactingdynamicusers,anddoesnot address
the problemsof streaminglarge numbersof geometrically
complex objectmodels.

The F&S approachhasbeenextendedto the contet of
remoterenderingoy HesinaandSchmalstig!? 21. Thelatter
approachis basedon continuousLODs with the sener at-
temptingto transmitto the client all of the objectswithin a
circularareaof interestaroundthe currentviewing position.
Our approachis somavhat more generalin thatit supports
both geometricandimage-basedbjectrepresentationde
alsopresentinew onlineoptimizationframework for remote
renderingwhich usegpathpredictionanda cumulatie ben-
efit functionin orderto moreefficiently exploit the available
bandwidth.

Schneiderand Martin??2 describe a network graphics
frameawork, wherean appropriateepresentaioffor a trans-
mitted objectis selectedbasedon the available bandwidth
andthe renderingcapabilitiesof the client machine.How-
ever, they focuson transmissiorof individual 3D models,
ratherthan on interactve walkthroughsof comple virtual
worldscontainingmary differentobjects.

2.4. Compressionof 3D models

Transferring3D objectsover the Internethasbeena sub-
ject of considerableacademicaswell ascommercialinter-

estfor awhile. To reducebandwidthrequirements variety
of geometrycompessionscheme$have beendevised 25 27,

Thesemethodsare capableof lowering the network band-
width requirementsdown to 10 bits per vertex, on aver

age(includingcoordinatesndconnectyity). However, even
whengeometrycompressiotis beingusedit is still wasteful
to transmitthe entiresceneacrosshe network, sinceit con-
tainsobjectsthatmight never be seenin thewalkthrough,or

at leastnever be seenin detail. From our standpointcom-
pressioris equivalentto anincreasen bandwidth.t is easy
to addcompressiorto ary algorithmthatoptimizesnetwork

transferssuchasours,thuseffectively increasinghe avail-

ablebandwidth.

Anotherrepresentatiomgearedat transmissiorof 3D ob-
jectsis progressivameshesntroducedby Hoppés. Progres-
sive meshegprovide a semi-continuousefinemenof anob-
ject, that provides a very rough shapeof the objectwith a
smallamountof data,andcanrefineit by transmittingfur-
therdata.Refinementanbe view dependenti.e., take into
accountwhattheuseris viewing!4.

Progressie meshesare very effective for transmission
of individual comple objects.Note however, thatthey do
not constitutea completesolutionfor remotewalkthroughs,
sincethey are appliedto eachobjectseparatelyAlthough
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Figure 1: A client-serverarchitectue for remote walk-
throughs

they arenotcurrentlyimplementedn our systemnothingin
our approactpreventstheir incorporation.On the contrary
they fit nicely into our cumulatve benefitconcept,andwe
planto addthemto our systemin the nearfuture.

Finally, Cohen-Oret al.6 describea compressiortech-
nigue that is well-suited for streamingof non-interactre
walkthroughsof 3D sceneswherethe userfollows a pre-
definedpaththroughthe 3D sceneln contrast,our work is
gearedowardsinteractie walkthroughs.

3. Overview

Thearchitecturef ourremotewalkthroughsystemis shavn

in Figure 1. Thefull scenedescriptionis initially storedin

a remotescenedatabasen the sener. The client periodi-
cally transmitsto the sener the users currentviewing pa-
rametersincludingviewpointvelocity andaccelerationThe
sener performsmotion predictionand decideswhich rep-
resentation®f which objectsto transmitto the client. The
clientstoresall of the objectrepresentationis recevesin its

local databasefFor eachviewpoint, the representationthat
provide the bestrenderingquality areselectedamongthose
availablein thelocal databaseandrendered.

Assumingthat the client hasa renderingenginepower-
ful enoughto renderreceied object representationter-
actively (applying local renderingacceleratiorschemesas
necessarythemainbottleneckof our systemis the connec-
tion bandwidth.Sincetransferringan entire comple scene
takestoo long, the userstartstraversingthe sceneas soon
asinformationbeginsto arrive from the sener. Thesener’s
goalis to selectwhich partsof the sceneto send,suchthat
theframesrenderedat the client sidewill look assimilar as
possibleo framesthatwould have beenrenderedadtheen-
tire modelbeenavailableto theclient. The selectionis done
usinganonline optimizationalgorithm.

The scenedescriptionconsistsof a collectionof objects.
Eachof theseobjectshasa setof representationassociated
with it. In principle, theserepresentationsan include the
full geometricmodelof the object, several LODs or a pro-
gressie meshrepresentatiordynamicallygeneratedr pre-
computedmage-baseitnpostorsandary otherconcevable
representationThe representationmay be a static part of
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theobjectdatabasesuchasa progressie meshor LODs, or
may be createduringthewalkthrough asin the caseof dy-
namicallygeneratedmage-basetnpostorsOurcurrentim-
plementationusesdynamicallygeneratedmage-basedm-
postorsaswell aspredefined_ODs.

Eachobjectrepresentatiofiasan associateaost,which
is its expectedtransmissiorduration.It alsohasan associ-
atedview-dependenbenefitmeasurghatcanbe calculated
for ary viewpoint, which correspondso the contritution of
theobjectto thetotal visible quality of the scene This mea-
surereflectsthe accurag of the representatiomith respect
to a given virtual camerajthe visibility of the object,and
its importance— similarly to the benefitmeasureusedby
FunkhouseandSequin Our particularcostandbenefitmea-
suresarediscussedn moredetailin the next section.

The online optimizationalgorithmis basedon a simple
greedy optimization stratgyy. The algorithm computesan
addedbenefitintegral for all relevantrepresentation@f ob-
jectsthatarepredictedto becomevisible), andtransmitsthe
representationvith the bestbenefitto costratio. Whenthe
sener finishessendingthe representatiorthe selectionpro-
cessstartsover. The computationof the addedbenefitinte-
gralis discussedh Section6.

4. Representationcostand benefit

In the remotewalkthroughcontet, the costassociatedvith
a particular object representatiortan be estimatedas the
size of the representatiordivided by the available band-
width, plussomeconstanbverheadcost.In practice the ef-
fective connectionbandwidthvariesaccordingto network
load. Thus, the averagebandwidthover a recenttime win-
dow shouldbe usedin the costestimation.

Thesizeof therepresentatioiis easyto computefor pre-
definedobjectrepresentationsuchaspre-generatetlODs.
However, in the caseof dynamicallygeneratedepresenta-
tions, suchas view-dependenimage-basedmpostors,the
exactsizeof therepresentatiors notknown in adwance es-
peciallyif they areto becompressetieforetransmissionln
sucha casetherepresentatiosizecanbe estimatedisinga
table specifyinga typical compressedize for image-based
impostorsof differentsizes.

The definition of representatiobenefitis similar to the
oneusedby F&S and M&S. It is definedasa productof
severalterms:

Accuracy A measureof how well the representatiorap-
proximatesthe appearancef the full object rendered
from the samepoint of view. Unlike M&S, we dont as-
sumethataccurag is static.For example,animage-based
impostoris considered 00percentaccuratevhenviewed
from the point of creation,but its accurag diminishes
away from thatpoint.

Visibility A measureof how clearlythe objectis seenand
howv muchof it is seenThesizeof theobjectis animpor-
tantfactorfor visibility. Otherfactorsinclude occlusion,

hov much of the objectis inside the view frustum, the
speedof the object(fastmoving objectsare lessclearly
seen)andeffectssuchasfog.

Importance A measureof how muchattentionthe useris
giving, or shouldbe giving, the object.In a game for ex-
ample,gameobjects(monstersguns,keys) aremoreim-
portantthanscenery(plants).Distancealsoaffectsimpor-
tance:a nearbyring on a tableis moreimportantthana
distantmountain,evenif the mountaintakesmuchmore
screenspace Onecanalsoassumehatthe useris giving
more attentionto objectsat the centerof the screenand
that moving objectsgrab the attentionof the usermore
than staticones.Sinceimportanceis strongly dependent
on the particularapplication,we do not currentlyusethis
termin ourtestbed.

Visibility of change Switching representationgan cause
hysteresisalertingthe userto the changelt is therefore
preferableo malke fewer, andlessdrastic,changesn rep-
resentationlf possiblejt is bestto switchrepresentations
whenthe objectis out of view. It shouldbe notedthatin
the caseof a powerful client, the client cantake stepsto
reducehysteresissuchasblendingor morphingbetween
representations.

4.1. Accuracy

Eachrepresentatiomasits own accurag function, but the
valuesshouldbecomparablelt is importantto definetheac-
curay functionssuchthatrepresentationwith the sameac-
curagy provide avisible errorthatis “perceptuallysimilar”.
Differentrepresentationprovide differentvisual errors.An
image-basetmpostorcanappeapixellated(whenclose),or
atawrongangle,while anLOD (or progressie mesh)can
appeatoo coarseln orderto createaccurag functionsthat
areon the samescalewe have performedan experimentin
which userswereasledto gradethe quality of image-based
impostorsat variousscalesandangles.The experimentwas
not perfect,asit shaved objectsseparatelyagainsta sin-
gle color backdrop)andlackedthe context of ascenelt did
shav someinterestingpoints,for examplethatwhentheim-
postoris rotatedby a smallangle(up to 20—30degrees)this
hardly affectsperceved quality. Our accurag measuregem-
pirically derivedto matchtheresultsof thatexperiment,s:

min (1 @> : (i min(sina sin60)>2
"h sin60 ’ ’

where hg is the height of the impostors texture, h is the
height (in pixels) of the objects image from the current
viewpoint, anda is the anglebetweenthe impostors base
line, andtheline from theeye to theimpostors center Qual-
itatively, the larger the visible height,comparedo the tex-
ture’sheight,thelowerthequality, dueto pixellation,andthe
smallertheangle thelower the quality, with anglesbetween
60and120degreesconsideredo befull quality.

For geometricLOD representationthe following accu-
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ragy functionwasused:

max(a/F, 1)
max(a/f, 1)

Here,a is thearea,in pixels,of the boundingbox of the ob-
jectonthescreen,f bethenumberof facesin theLOD, and
F the numberof facesin the full modelof the object. Ac-
curay is determineday the ratio betweenthe averageface
sizein thefull object,andthe averagefacesizein the LOD,
wherea/F anda/f areestimatedor these. A squareroot
is taken to malke this measurecomparableo the impostor
accurag, which usesheightratherthanarea.

Facesizesof underone pixel areignored,being consid-
eredinsteadas one pixel, as suchhigheraccurag doesnt
have a visual effect. As the objectbecomessmalleron the
screenthefacesizeof thefull objectbecomesmallerthan
apixel, andthe accurag of the LOD increasesastheratio
betweenl anda/f is calculatedOncethe LOD’s facearea
dropsbelow 1 pixel, it is consideredo have full quality.

4.2. Visibility and hysteresis

Ourimplementatioronly considerghe objects sizeandre-
lation to the viewport. Objectsoutsidethe view frustumget
avisibility of zero.For objectsinsidetheview frustum,vis-
ibility is definedasthe numberof pixels that the objects
boundingrectangletakes on the screen(in our currentim-
plementationit is the boundingrectangleof the projection
of the object’s boundingbox). The visibility of objectsthat
arepartly outsidetheview frustumis reducedaccordingly

We do not explicitly considerthe effectsof hysteresisn
our quality measurebut our systemcanoptionally fadeout
an existing representatiorandfadein the new one,over a
shortperiodof time, sothathysteresiss reduced.

5. The addedbenefitintegral

Our goal is to determinewhich object representationthe
sener shouldtransmitto the client, andin whatorder such
that visual accurag is maximized over the walkthrough.
More formally, let rj; denoterepresentatiorj of objecti,
with transmissiondurationd;; and a representationbene-
fit bjj. Sincethe benefitof a representationlependson the
viewing parameterswhich changecontinuouslyduring the
walkthroughwewrite it asatime-dependerfunctionbyj (t).

It canbeassumedhatatary timet theclienthasalready
recevedseveraldifferentrepresentationfor objecti, soit is
freeto chooseamongthemthebestonefor thecurrentview.
Thus, the actualobjectbenefitof the displayedrepresenta-
tion attimet canbeexpresseds:

bi(t) = max byj(t),
()= max b (1)
whereR;(t) is the setof differentrepresentationsf objecti
thatareavailableto the client by timet. Dueto the limited
bandwidth the setsR; (t) mustsatisfy:
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Z dij <t

I jeR(t)

Now consideffor amomentanoffline versionof theprob-
lem,whenthewalkthroughpathis known in advance;in this
case,we arefacedwith the following schedulingproblem:
find a transmissiorscheduleof rj; that maximizesthe cu-
mulative benefitof all objectsover the entire length of the

walkthrough:
/ e )t
2 Jico

wheretenq is theendtime of thewalkthrough.

In theonline case whenthe sener considers;jj asacan-
didatefor transmissiorit mustestimatehow muchr;; will
add to the object benefitb;, given the representationsl-
ready available at the client side at this momentin time.
The“addedbenefit”at a particulartimet is thendefinedas
max(bjj (t) — bj(t), 0). This expressiorshouldbe integrated
over the remainderof the walkthroughin orderto estimate
the cumulatie benefitof transmittingri;.

Notethatwhile we write theaddedenefitasa functionof
t, it is really a function of the viewing parameterswhichin
turnchangewith t. Thesenerdoesnt know thetrueviewing
parameterst future timest, and usesmotion predictionto
estimatethem. Thereforebj(t) andbj(t) arejust estimates
of the actualbenefitvalues.Sincewe know thatour motion
predictionis not perfect,we limit the integrationto a finite
window of time into thefuture:

/:? max(bij (t) —hi(1), O) - att(t — teur)dt

Herety is the earliesttime of the arrival of the representa-
tion. This is the currenttime plus the time d;j it takesthe
representatioto arrive attheclientside.att is anattenuation
functionthatreduceswith time, to take into accountthe un-
certaintyaboutpathprediction.ln ourimplementationatt is
asimplecutof function,thatlimits therangeof theintegral.
The calculationof the addedbenefitintegral is describedn
Section6.

6. Estimation of addedbenefitand object selection

A comple scenecontainamary objectseachof which may
have mary differentrepresentationdn fact, the numberof
representationsaybeinfinite. For example for eachobject
thereis aninfinite numberof directionsfrom which a view-
dependenimage-baseimpostormight be constructedOb-
viously, the sener cannotafford to take all possiblerepre-
sentationof all objectsinto accountwhendecidingwhich
representationio transmitnext: the choice must be made
from a small subsedf objectrepresentations.

In orderto limit thesetof objectrepresentationthatmust
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beconsideredteachinstancethesener performspathpre-
diction basedon the viewpoint motion information it re-
ceivesfrom the client. Path predictionis alsonecessaryor
thesenerto beableto computeheaddedenefitintegral for
eachobjectrepresentatiorsincethe integral containsview-
dependenbenefitterms.

In orderto performpathprediction,we mustmalke some
simplifying assumptionsegardingpossiblemotionsof the
viewpoint. Our currentimplementatiorassumeshat at ary
giveninstancdn time theuseris either(i) standingn place;
(i) turningabout;or (iii) moving in a straightline. It is im-
portantto notethattheseassumptionslo not force the user
to actually follow straightlines — the actual motion can
traceamoregenerakurwe. In this case the predictionalgo-
rithm could compute at ary instancethe averagedirection
in which the userseemdo be advancing.Also notethatthe
opticalaxis of theviewing frustumneednot be alignedwith
the viewpoint path. Thus, it is also possibleto handlethe
strafing(sidevays)movementcommonlyusedin 3D games.

To predicttheviewpoint path,we simplyassuméhatonce
the userhasstarteda particulartype of motion, sheis likely
to continueit in the nearfuture. This assumptiorallows us
to discardmary objectsat ary giveninstance— all of the
objectsthat will never be seenso long as the currentmo-
tion continues Having guessedhe pathin this mannerwe
candecidewhich representationt considerfor eachof the
remainingobjects,and computethe addedbenefitintegral
only for theserepresentationsThe following sectionsde-
scribehow objectsandrepresentationareselectedandhowv
the integral is calculatedfor eachof the threetypesof mo-
tion.

6.1. Standingin place

In this simplecasetheviewing parameterarefixed,andwe
only consideobjectsthatareinsidethecurrentviewing frus-
tum. For eachobject,in additionto its view-independentep-
resentationsywe considerimage-baseimpostorsgenerated
usingthecurrentviewing parameters.

In this case,the benefitof eachrepresentatiomloesnot
changewith time, sothe integral is simply a productof the
addedbenefitandthelengthof theintegrationinterval: from
thetime thattherepresentatioarrivesto theclientuntil the
cutof time. The cutoff time in this casegrows with time,
basedon the assumptiorthat the longer the user staysin
place,the morelikely sheis to continueto stay This way,
shortstopswill only considerepresentationthattake little
bandwidth,and provide an immediateimprovementto the
scene,but if the usertakes a coffee break,the scenewill
look muchimprovedwhenshereturns.

6.2. Turning about

When turning about,we assumethat the objectslook the
sameas they move acrossthe viewport. This is true for a
cylindrical projection, and close enoughfor a planarper
spectve projectionwith a reasonablysmall field-of-view.

@
Figure 2: Objectselectionareasdefinedby a moving view
frustum. a) turning about tracesout a circular selection
area; b) whenmoving in a straight line the selectionarea
hasthe shapeof a prism.

Therefore,we considerimage-basedmpostorsgenerated
with the objectrenderedat the centerof the viewport.

Sincerepresentatiomccuray remainsfixedin this case,
we cantake it outsidethe integral, and integrate only the
remainingbenefitterms— in our case just visibility. Visi-
bility hastwo differentintegrationphasesWhenthe object
is fully insidethe viewport, visibility is constantWhenthe
objectis attheedgeof theviewport, enteringor exiting, vis-
ibility grows or diminishedinearly. Both casesaresimpleto
integrate.

Whenturning at a fixed speed angleandtime areinter-
changeableWe startintegrating from the time (angle) at
which the representatiowill reachthe client. The cutof
valuein this caseis setto twice the field-of-view angle(in
the direction of rotation). Eventually we will considerall
objectsthatareinsidethecircle thatis createdy turningthe
view frustum,asshavn in Figure2a. Thefar clipping plane
determinesheradiusof this circle.

6.3. Moving in a straight line

Whenmoving, forwardor backward,theobjectswvetake into
consideratiorarethoseinside a corridor definedby sliding
view frustumforward or backward alonga straightline, as
shavn in Figure 2b. Our cutof function determinesvhere
this corridor ends.In this case,the set of consideredob-
jectschangeswith time. In fact, this is the only casewhen
we cant pre-selecthe objectsandkeepthemfor the entire
length of the specificmotion. To generatean image-based
impostorfor anobject,we selectthe viewpoint half way be-
tweenthe time whenthe objectentersthe view frustumand
thetime it exits.

This caseis the mostcomplicatedto integrate,sincethe
representatios’ accurag changesas we move. Visibility
alsochangesn anon-lineamannerTherepresentatiopro-
viding themaximalbenefith; (t) attheclientcanalsochange
duringsuchmovement.For simplicity, we integratenumeri-
cally in this case by samplingthe benefitfunctionalongthe
integrationinterval.

Theintegrationinterval is takenfrom the momentthe ob-
ject entersthe view frustum,to the momentit exits it. This
intervalis furtherlimited by thetransmissionime of therep-

(© TheEurographic#ssociationandBlackwell Publisher2001.
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Figure 3: Twobird’s eyeviewsof our testscene

resentationandthe cutoff time. The cutoff valueis defined
astwice the time it takes the userto reachthe currentfar
clipping plane.

7. Results

In orderto experimentwith our streamingstratey, we im-
plementeda testbedclient-serer systemin Java, with ren-
deringdonethroughthe MagicianOpenGLinterfacelibrary.
Thesystermis ableto simulatenetwork connectionsvith dif-
ferent bandwidthsbetweenthe client and the sener mod-
ules.In our currentimplementationpbjectrepresentations
aretransmittedhroughthis connectiorwithout ary kind of
compressiongxceptsurfacetextures,which are storedand
transmittedasJPEGimages.

Oursystemwastestedon severaloutdoorscenesBecause
of spacelimitations we reportthe resultsonly for the most
compl scenewe experimentedwith: a terrain populated
with trees,animals,and a few man-madestructures.Two
bird’s eye views of the sceneare shavn in Figure 3. The
scenamodelconsistof aterraindescribedyy a heightmap,
anddividedinto tiles, eachof which hasatexture.Polygonal
objects,someof which aretextured,wereplacedon thister-
rain. Although variousobjectswerereplicated differentin-
stance®f thesameobjectareconsidere@sdifferentobjects
by the optimizationalgorithm, and indeedtheir geometry
wasreplicatedseveraltimesin memory In thetestdescribed
belaw, thereare 839 objectsin the scene 256 of which are
terraintiles. Theremaining583objectscontainover 3.2 mil-
lion polygonsThetotal sizeof themodelis roughly116MB,
with theterrainandall texturestaking under300K, andthe
restis geometricdata(includingtexture coordinates).

(© TheEurographic#ssociationandBlackwell Publisher2001.

In order to test and evaluate the performanceof our
streamingapproachwe recordeda 230 seconddong walk-
through path through the scene,and then simulateda re-
mote walkthrough along this path at three different con-
nection bandwidths:2000 bytes/sec20000 bytes/secand
100000bytes/secAt thesebandwidthsdownloadingtheen-
tire scenemodel would have taken 16.9 hours, 101 min-
utes,and 20 minutesrespectiely. Notethatin our teststhe
streamingsener wasnot “aware” thatthe walkthroughpath
waspredetermineth advance andhadnoinformationabout
future motion of the viewpoint.

Figure 4*(a)—(c) shawvs how one frame of our walk-
throughlooks at the three different bandwidths.For com-
parison,Figure4*(d) shavs the sameframerenderedising
thefull modelof thescene.

In all threeteststhe visible terraintiles werethe first ob-
jects selectedfor transmissiorby the sener, and their full
geometricdescriptionwas transmittedto the client. This is
notsurprising sincethe geometriadescriptionof eachtile is
rathercompactwhile theaddedbenefitis large: eachvisible
tile coversmary pixelsonthescreen.

At 2000bytes/secthereis not enoughbandwidthto ini-
tially sendary objectsexceptthe terraintiles, asthe user
quickly startsto changeherdirectionof view. As the walk-
throughprogressesrudeimage-basednpostorsstartto ar-
rive, sincethe geometricdescriptionof arnything but theter-
rainis toobandwidthintensve. A coupleof minutesinto the
walkthrough we canseecruderepresentationfor mostob-
jectson the screenasshavn in Figure4a. However, some
objectsare typically missingeven after a while, especially
when the userturns, and a previously unseendirection is
seerfor thefirst time.

At 20000 bytes/secthereis enoughbandwidthfor de-
centquality representationsf theobjectsto arrivein amore
timely fashion.Theflamingoin theforegroundof Figure4b
is renderedisingafairly accuratd.OD representatiorsince
it containsfewer polygonsthanthe otherobjects(treesand
cabin),andit is closeto theviewer. The otherobjectsin the
framearestill image-basedmpostors but of betterquality
thanthe onesin Figure4a.

At 100000bytes/secthe remotewalkthroughlooks very
similar to the one renderedwith full geometry(compare
Figures4c and 4d). Distant treesare still representedis-
ing image-basedmpostors(of betterquality thanthe ones
in Figure4b), but more often thannot, the full modelscan
betransmittedn time.

In orderto provide a more quantitatve comparisonbe-
tweenthe threewalkthroughswe plotted the walkthrough
quality overtimein Figure5. For the purposeof theseplots,
we definewalkthroughquality at a particulartime t asthe
sumof thebenefitmeasuresf all the objectrepresentations
renderedat time t, divided by the sumof the benefitmea-
suresof their full representationg\ walkthroughquality of
1 meanghatall renderedbjectsareindistinguishabldrom
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(b) 20000bytes/second

(d) full model

Figure 4: A comparisorof image qualitiesat differentbandwidths.
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Figure 5: Walkthroughquality over time

their full representationd/Vhenterraintiles areincludedin
the walkthroughquality measurementhe resultingquality

exceeds80 percentat all timesin all three walkthroughs.

Therefore,in orderto more clearly seethe differencesbe-
tweenthe three bandwidths,we excludedthe terrain tiles
from the computatiorandplottedthe total quality of there-
mainingobjects.

Figure5 plotsthewalkthroughquality duringthefirst 120
secondsf thewalkthrough At 2000bytes/seall of theban-
width is initially consumedby transmissiorof the ground
tiles, and hencethe plotted quality is zero during the first
10 secondsLater low-quality representationare transmit-

ted from time to time, but for the most part quality stays
under20 percentAt 100000bytes/seavalkthroughquality

risesto 100 percentduring the first 16 secondsand stays
high throughoutthe walkthrough.Brief dipsin quality oc-

curwhencomplex objectssuddenlyenterthe view frustum.
The 20000bytes/seavalkthroughquality lies betweerthese
two extremes.Betweenseconds37 and 62 the walktrough
pathgoesthrougha sparselypopulatedregion of the scene
(atmostonenon-terrainobjectis visible), andasaresultthe

quality is at 100 percentfor all threebandwidths.

Note that 2000 bytes per secondis even less than the
bandwidthavailable with today’s standardnodems(which
is about5000bytesper second)andrecallthatour current
implementatiortransmitsobjectrepresentationsithoutary
compressionusing 4 bytesper pixel for image basedim-
postors,andfloating point coordinatefor geometry Thus,
our resultsindicatethat with compressiona good quality
remotewalkthroughof our testscenewould have beenob-
tainedeventhrougha standardnodemconnection.

8. Summary

We have describeda nev and general3D scenestreaming
approachthat allows usersto walk through a large scene
residing on a remote sener, without having to wait for
the entire sceneto be downloadedto the client computer
Our approachemplag/s an online optimization algorithm,
which schedule®bjecttransmissiondasedon the integral

(© TheEurographic#ssociationandBlackwell Publisher2001.
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of addedbenefitalonga predictedviewpoint path.We have
demonstratethattheapproactadjustswell to differentcon-
nectionbandwidths.

This paperdescribesvork in progressWe would like to
extend our framavork and implementationto incorporate
progressie meshesasanothersupportedypeof objectrep-
resentationProgressie meshedit very nicely into our con-
ceptof addedbenefit.We arealsoplanningto addocclusion
culling, in orderto more effectively handleindoor scenes.
Another fairly straightforvard improvementto our frame-
work would beto addhierarchicaimage-base@mpostorss,
thusallowing efficienttransmissiorof distantclustersof ob-
jects.

Otherinterestingtopicsfor further studyincludeinvesti-
gatingbettermotion predictionheuristicsfor the viewpoint
path, developing a more sophisticatednline optimization
algorithm,incorporatiorof otherrepresentationguchasre-
lief textures?) into our optimizationframework, incorpora-
tion of state-of-the-artompressiomechniquegor moreeffi-
cienttransmissiorof objectmodels andfurtherstudyof ap-
propriatebenefitmeasuresndquality perceptiorby users.
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