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Abstract

We present setof very low bandwidthtechniquegor navigatingremoteernvironments.n atypical
setupusingour systemavirtual environmentresideson asener machineandoneor moreusersexplore
theernvironmentfrom clientmachinesEachclient usegpreviousviews of the ervironmentto predictthe
next view, usingthe known cameramotionandimage-basedenderingtechniquesThe sener performs
the sameprediction,andsendsonly the differencebetweerthe predictedandactualview. Compressed
differenceimagesrequiresignificantlylessbandwidththanthe compresseimagesof eachframe,and
thuscanyield muchhigherframerates.To requesaview, theclient simply sendgshe coordinate®f the
desiredview andof thepreviousview to thesener. Thisavoidsthe overheadf maintainingconnections
betweerthesenerandeachclient.

No restrictionsareplacedon the sceneor the cameramotions;the view compressiotechniquemay
be usedwith arbitrarily complex 3D scenesor dynamicallychangingviews from a web cameraor a
digital television broadcastA lossycompressiorschemas presentedn which the client estimateshe
cumulative errorin eachframe,andrequests compreteefreshbeforeerrorsbecomenoticable.

This work is applicableto remoteexplorationof virtual worlds suchason head-mountedisplays,
Digital Television, or overthelnternet.

1 Introduction

Within the next decadeuserscanlook forwardto a variety of compellingmultimediaexpereincesmade
possibleby the steadyincreaseof computingpower. One oft-statedgoal is the developmentof shared
virtual worldsandentertainmenbroadcastshatallow consumerso remotelyexplore 3D spacesHowever,

thespeedf thelnternetandotherbroadcasinediacannokeepup with thedemandor availablebandwidth,
if thousandef usersareto have high-fidelity accesgo remoteworlds. To addresshisissue we introducea
classof compressioschemeslesignedo significantlyreducehebandwidthrequiredfor remotenavigation.



In atypical setupusingour schemea userexploresa virtual world on a client machine.This machine
requestwiews of theworld from asener machine Sendinghe entiremodeloverthenetwork in adwanceis
extremelyslow, or impossiblefor dynamicscenespnesolutionis to sendeachcameraview from thesener
to theclientfor eachframeasa compresset@nage. This solutionwill still requirehigh network bandwidth
to displayvideoatinteractve framerates.

Thispapelpresentanovel compressioschemehatpredictsheappearancef new viewsfrom previous
views, usingtheknowvn cameranotionandimage-basetenderingechniquesThisallowsthesenerto send
only incrementaamountf informationfor eachframe,greatlyreducinghebandwidthrequiredfor remote
navigation. Unlike mostimagecompressiorschemesthis methodis cooperatie: the clientandsener can
communicateo determinghetransmissiorfior eachframethatmaximizesguality of service.

It is assumedhatavailablenetwork resourcesn the comingdecadewill lag far behindincreasingpro-
cessompower, andwill bethelimiting factoron navigationframerates.Thus,someadditionalcomputation
requiredfor eachframeis acceptable.

2 Related Work

Thispapelis basednimage-basetenderingjn whichimagesareusedasprimitivesratherthan3D models.
(SeeKang[12] for asuney.) Many authorshave describedmage-basetechniquedor utilizing temporal
coherenceo reducerenderingateny [5, 22, 19, 7, 20].

Reganand Pose[18] and Mark et al. [16] useanimage-base@pproachto overcomehigh network
latencies.In thesesystemsyeferencémagesare generatedndsentto the client system. The client then
reprojectstheseimagesto generatenew views at interactve ratesuntil the next setof referenceimages
arrive. ConnerandHolden[6] discusgechniquegor hiding the effectsof lateny in asharedwvorld. These
addresdateny ratherthanbandwidthareareorthogonato the approactpresentedn this paper

Two commerciaproducts Apple QuickTime VR 3.0[2] andLivePicturdmageSerer[15] sendpanora-
masover the network in piecessothatthe client may view the scenewithout having to receve the entire
panoramaHowever, alarge portionof thepanoramanustbedownloadedeforemuchof thepanoramanay
beviewed. Also, thesesystemsarenot easilyextensibleto handledynamicimageryor cameraranslations.

The approachpresentedn this paperis animage-compressioacheme pasedon specializeda priori
knowledgeabouttheimages.It is similar to the multiscalecompressiorscheme$3, 21] which usepredic-
tion anddifference.This work is designedor a cooperatie client-serer approachsimilarto Levoy [14].
The MPEG compressiorschemg13] usesestimatednotion vectorsto predictvideo framesto compress
prerecordedideo. Similarly, Guenteretal. [8, 24] compresyideo usingthe knovn motion vectorsfrom
syntheticscenesChanget al. [4] usefoveation,a spatially-\arying compressiorschemeor remoteview-
ing of very large 2D images. They usea generalizatiorof wavelets,thatallows animageto be displayed
at differentresolutionsat differentlocations. In this system the sener sendsonly the imagecoeficients
necessaryo updatetheview of astatic,2D space.
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Figurel: View compressiorior remotenavigation. Ratherthansendevery view of the virtual world over
the network separatelythe client canpredicta desiredview from previousviews. Thesener neednly to
sendsmallcorrectionsjnsteadof entireviews.

3 Remote Navigation System

3.1 View Compression

Ourremotenavigationschemesnables user onaclientmachineto interactvely explorea3D environment
storedonaremotemachingthesener). Theclientandsenerareconnectedby anetwork. Operatiorbegins
whenthesener sendgheimageof theview from a users startinglocationin the 3D world.

Theoperatiorof thesystenisillustratedin Figurel. For eachframe,theclientsystenrequestsheview
for thenew camergosition,orientation andfocallength,by sendinghecoordinate®f thenew view V; and
the coordinatef the old view V,. While waiting for a responsethe client predictsthe appearancef the
new view, by reprojectinghe old view to the new view (Figure2). Thereprojectionoperationis described
in Section3.4. In the presencef network lateng, predictedviews canalsobe usedto shav intermediate
frameg[16].

The sener rendersboth views V and V1, reprojectsl} to the cameraview of V;, andcomputeshe
differencebetweernthe actualandpredictedview. The differenceimageis thensentbackto theclient. The
clientthenreconstructshe actualview by summingthe predictionandthe differenceimage.

A depthmapis requiredfor 3D reprojection.The sameprediction/diferen@ schemds usedfor depth
maps:theclientpredictshedepthmapfor anew view by transferringhecurrentdepthmap,andadifference
imageis sentby thesener. Sincedepthmapsareusuallysmooth(exceptatobjectcontours)theirbandwidth
requirementsanbereducedy subsamplingWe ervision thatour systemwill be usedin conjunctionwith
the lateny compensatiotechniqueof Mark etal. [16], in which casethe depthmapis alsorequiredfor
generatingntermediatdrames.



The key obseration of this paperis that previous views may be usedto accuratelypredictnew views.
Ideally, the predictionwill exactly matchthe new view in regionsvisible from the currentview. In practice,
small errorsareintroducedby samplingand changego the underlyingscene.Thus,the differenceimage
will be highly compressiblesequiringmuchlessbandwidththansendingeachnew view in its entirety

3.2 StatelessNavigation

Eachnew requesttontainsall the necessarynformationfor the sener to createdifferenceimages. Thus,
thesystemis stateless it is notnecessaryo maintaindedicatecconnectiondetweersener andclients,nor
doesthesenerneedo keeptrackof eachclient’s history Theonly requirements thatthesenerreconstruct
previousviews, eitherby cachingor rerenderingFor example, thesener in adynamicallychangingscene
needwnly to cacheareasonabl@umberof previously renderedriews.

The statelesgramenork allows the systemto scaleto an arbitrary numberof clients, limited only by
availablenetwork resourcesThereis no bookleepingoverheadaswould be requiredfor managinga large
databasef openconnections.

3.3 Quality of Service

Sofar, we have describeda systemthat useslosslesscompressioni.e. eachdifferenceimageis an exact
difference producinga perfectreconstructioron the client side. In casef extremelylimited bandwidth,
it may be necessaryo usealossycompressiorscheme.ln our experiencemoderatelylossycompression
doesnot produceary noticabledegradationin imagequality over a few framesof transmission However,
errorstendto build up in the imageswhenthereis substantiabverlapin a long sequence®f consecutie
views, suchaswhenthe userfocuseson onesmallregion of theschene.

If statelessavigationis not required,thenthe sener cancompensatéor compressiorerrorsat each
frame. Thesener keepstrack of theview seenby the user by performingthe samereconstructiorstepsas
theclient. Thedifferencemagesarethencomputedy reprojectinghe userviews. Thusary errorpresent
in the previous framewill be correctedby the differenceimagefrom the currentframe. In this scheme,
highly compressedifferenceimagescanbe sentwith no errorbuild betweerframes.

In a statelessystem the responsibilityfalls to the client for keepingtrack of imageerror Along with
eachdifferenceimage,the sener could sendthe cumulatve error(e.qg. Ly error)for eachdifferenceimage.
Theclientuseghis informationto keeparunningestimateof the cumulatie errorfor theimageor for each
region. Whentheimageerrorexceedsomethresholdthe clientwould request completenew view, rather
thana differenceimage. Theseperiodicrefreshesareanalogougo the | framesusedin MPEG[13]. The
extradatasentis minimal (on orderof afew bytes.)

3.4 Reprojection

The centraloperationof image-basedenderingis “reprojection’, wherea sampledview of a 3D world is
usedto generat@nothewiew. If theviewsdiffer only in cameralirection,thentheoperatioris equivalentto
erviromentmapping9]. If thecamergositionmoves,thenadditionaldepthor correspondendaformation
is required[11, 1], andtheremay be ambiguitiesin the result. We usedifferenceimagesto correctthese
ambiguities.



Reprojectiorcanbeperformedwith standardexturemappinghardware. Cameraotationwithouttrans-
lation is performedby texture mappingthe previous view onto a rectanglecoinciding with the old view
plane,andthenrotatingthe camera.Cameraranslationrequiresadditionaldepthinformation. The current
view is mappedntoatextureddepthmesh[7, 20], a meshthatrepresentshe currentview asa heightfield
with the correctdepth. The texture coordinatesare chosento prevent perspectie correction[7, 10]. To
reproject,the camerds rotatedandtranslatedandthe meshis rendered.The depthmeshmay be approxi-
mate,or subsampledary errorsin the predictionwill becorrectedy thedifferenceamage.Pixel-remapping
[11, 1] algorithmscanalsobe used with similar results.

4 Experiments

We have implemented prototypesystemusingOpenGL[23]. Thesenerandclientrunasapplicationson
separateomputersandareconnectedy a TCP/IPsoclet. Imagereprojectionis performedasdescribedn
the previoussection.Imagesarerun-lengthencodedandthenHuffmancoded.

In orderto testthe algorithm,we comparehe sizesof compresseélll views, to compressedifference
images.The 3D sceneusedfor thetestis shavn in the color plates. Eachview is a 256x256RGB image
(192kB raw). Eachtestconsistedf a singlecameramotion. Thefull view andthe differenceview were
eachrun-lengthencodedandthenHuffman coded. The compressiomatio is computedasthe ratio of the
size of the compressedlifferenceview divided by the compressedctualview. The resultsareshavn in
Figure2. For smallcamerarotations,(i.e. lessthan5 degress)the compressiomatio is about55%. This
meanghatthedifferenceschemavouldrequirehalf thebandwidthof thesimpleschemeo achieve thesame
framerate. As the new view movesfurtherfrom the old view, lessof the new view canbe predictedfrom
theold view. Figure3 shavs the samecomparisonfor viewpoint translationhorizontalto the viewplane.
Again, compressiomatios of about55% are achieved for small cameramovements.Whenusinga more
sophisticatedtill imageencodingschemdJPEG) we getroughlythesamecompressiomatiosaswith RLE
andHuffmancoding.

We believe thatsignificantspeeduganbeattainedoy usingUDP, astatelesprotocol,insteadf TCP/IR
a connection-basegrotocol. Our currentsystemcould alsobe improved by interleaving clientandsener
computationsandby usingmipmappedexturesinsteadof pointsampling.

5 Discussion and Future Wor k

A stateless|ow-bandwidthmethodfor remoteervironmentnavigation hasbeendemonstrated A client
systemis usedto explore an ervironmentcontainedon a sener system.During navigation, the client can
predictnew views by reprojectingold views, usingthe knovn cameramotion andimage-basedendering
techniquesThesener systemneedwnly to sendthe differencebetweerthe predictionandthe actualview.
Sincethe differenceimageis highly compressiblethe systemrequiresrelatively little bandwidth. It is
assumedhatboth systemsarefastenoughto performrenderinganddifferencingin real-time,andthatthe
primary bottleneckis in the internveningnetwork. It is alsoassumedhatthe sener canperfectlyreplicate
theclient's reprojectionoperation.

We consideredan alternatve approachto view compressionjn which the sener sendspiecesof an
underlyingimage-basednodel. In the caseof panoramanavigation, the client requestpiecesof the ervi-
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Figure2: Comparisorof framesizesfor compressegiews vs. compressedifferenceimages.Theleft plot
shaws purerotations,andthe right plot shavs puretranslations.For a translationof 4, about25% of the
new view is visiblein theold view.

ronmentmap,ratherthanviews, andstoresthemin a cache.This methodhasthe advantagethatthe client
canpredictviews basednall previousviews, notjustthelastview. However, extendingthis methodto full
3D navigationor to dynamically-changim scenesnayrequireconsiderablédookleepingeffort.
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(@) (b)

Figure3: (a) Old scenepeforea cameramotion. (b) New sceneaftermotion

(b)

Figure4: (a) New scenepredictedirom the old scengb) Imageshaving wheredifferencevaluesexceeda

threshold.
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Figure5: Textureddepthmeshfrom the previousexample,seena sideview.



(b)

Figure6: (a) View of acylindrical ervironmentmap. (b) Differencamageaftera smallhorizontalrotation.
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