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Abstract

We presenta setof very low bandwidthtechniquesfor navigatingremoteenvironments.In a typical
setupusingoursystem,avirtual environmentresidesonaservermachine,andoneor moreusersexplore
theenvironmentfrom clientmachines.Eachclientusespreviousviewsof theenvironmentto predictthe
next view, usingtheknown cameramotionandimage-basedrenderingtechniques.Theserverperforms
thesameprediction,andsendsonly thedifferencebetweenthepredictedandactualview. Compressed
differenceimagesrequiresignificantlylessbandwidththanthecompressedimagesof eachframe,and
thuscanyield muchhigherframerates.To requestaview, theclientsimplysendsthecoordinatesof the
desiredview andof thepreviousview to theserver. Thisavoidstheoverheadof maintainingconnections
betweentheserverandeachclient.

No restrictionsareplacedon thesceneor thecameramotions;theview compressiontechniquemay
be usedwith arbitrarily complex 3D scenesor dynamicallychangingviews from a web cameraor a
digital television broadcast.A lossycompressionschemeis presentedin which theclient estimatesthe
cumulativeerrorin eachframe,andrequestsa compreterefreshbeforeerrorsbecomenoticable.

This work is applicableto remoteexplorationof virtual worldssuchason head-mounteddisplays,
Digital Television,or over theInternet.

1 Introduction

Within the next decade,userscanlook forward to a variety of compellingmultimediaexpereinces,made
possibleby the steadyincreaseof computingpower. One oft-statedgoal is the developmentof shared
virtual worldsandentertainmentbroadcaststhatallow consumersto remotelyexplore3D spaces.However,
thespeedof theInternetandotherbroadcastmediacannotkeepupwith thedemandfor availablebandwidth,
if thousandsof usersareto have high-fidelityaccessto remoteworlds.To addressthis issue,we introducea
classof compressionschemesdesignedto significantlyreducethebandwidthrequiredfor remotenavigation.
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In a typical setupusingour scheme,a userexploresa virtual world on a client machine.This machine
requestsviewsof theworld from aservermachine.Sendingtheentiremodelover thenetwork in advanceis
extremelyslow, or impossiblefor dynamicscenes;onesolutionis to sendeachcameraview from theserver
to theclient for eachframeasa compressedimage.Thissolutionwill still requirehigh network bandwidth
to displayvideoat interactive framerates.

Thispaperpresentsanovel compressionschemethatpredictstheappearanceof new viewsfromprevious
views,usingtheknown cameramotionandimage-basedrenderingtechniques.Thisallowstheservertosend
only incrementalamountsof informationfor eachframe,greatlyreducingthebandwidthrequiredfor remote
navigation. Unlike mostimagecompressionschemes,this methodis cooperative: theclient andserver can
communicateto determinethetransmissionfor eachframethatmaximizesqualityof service.

It is assumedthatavailablenetwork resourcesin thecomingdecadewill lag far behindincreasingpro-
cessorpower, andwill bethelimiting factoron navigationframerates.Thus,someadditionalcomputation
requiredfor eachframeis acceptable.

2 Related Work

Thispaperis basedonimage-basedrendering,in whichimagesareusedasprimitivesratherthan3D models.
(SeeKang[12] for a survey.) Many authorshave describedimage-basedtechniquesfor utilizing temporal
coherenceto reducerenderinglatency [5, 22, 19, 7, 20].

ReganandPose[18] and Mark et al. [16] usean image-basedapproachto overcomehigh network
latencies.In thesesystems,referenceimagesaregeneratedandsentto theclient system.The client then
reprojectstheseimagesto generatenew views at interactive ratesuntil the next set of referenceimages
arrive. ConnerandHolden[6] discusstechniquesfor hiding theeffectsof latency in a sharedworld. These
addresslatency ratherthanbandwidth,areareorthogonalto theapproachpresentedin thispaper.

Twocommercialproducts,AppleQuickTimeVR 3.0[2] andLivePictureImageServer [15] sendpanora-
masover thenetwork in pieces,so that theclient mayview thescenewithout having to receive theentire
panorama.However, alargeportionof thepanoramamustbedownloadedbeforemuchof thepanoramamay
beviewed.Also, thesesystemsarenoteasilyextensibleto handledynamicimageryor cameratranslations.

The approachpresentedin this paperis an image-compressionscheme,basedon specializeda priori
knowledgeabouttheimages.It is similar to themultiscalecompressionschemes[3, 21] which usepredic-
tion anddifference.This work is designedfor a cooperative client-server approach,similar to Levoy [14].
The MPEG compressionscheme[13] usesestimatedmotion vectorsto predictvideo framesto compress
prerecordedvideo. Similarly, Guenteret al. [8, 24] compressvideousingtheknown motionvectorsfrom
syntheticscenes.Changet al. [4] usefoveation,a spatially-varying compressionschemefor remoteview-
ing of very large2D images.They usea generalizationof wavelets,thatallows an imageto bedisplayed
at differentresolutionsat different locations. In this system,the server sendsonly the imagecoefficients
necessaryto updatetheview of astatic,2D space.
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Figure1: View compressionfor remotenavigation. Ratherthansendevery view of thevirtual world over
thenetwork separately, theclient canpredicta desiredview from previousviews. Theserver needsonly to
sendsmallcorrections,insteadof entireviews.

3 Remote Navigation System

3.1 View Compression

Ourremotenavigationschemeenablesauser, onaclientmachine,to interactively explorea3D environment
storedonaremotemachine(theserver). Theclientandserverareconnectedby anetwork. Operationbegins
whentheserver sendstheimageof theview from auser’s startinglocationin the3D world.

Theoperationof thesystemis illustratedin Figure1. For eachframe,theclientsystemrequeststheview
for thenew cameraposition,orientation,andfocal length,by sendingthecoordinatesof thenew view ��� and
thecoordinatesof theold view ��� . While waiting for a response,theclient predictstheappearanceof the
new view, by reprojectingtheold view to thenew view (Figure2). Thereprojectionoperationis described
in Section3.4. In thepresenceof network latency, predictedviews canalsobeusedto show intermediate
frames[16].

The server rendersboth views � � and � � , reprojects� � to the cameraview of � � , andcomputesthe
differencebetweentheactualandpredictedview. Thedifferenceimageis thensentbackto theclient. The
client thenreconstructstheactualview by summingthepredictionandthedifferenceimage.

A depthmapis requiredfor 3D reprojection.Thesameprediction/difference schemeis usedfor depth
maps:theclientpredictsthedepthmapfor anew view by transferringthecurrentdepthmap,andadifference
imageis sentby theserver. Sincedepthmapsareusuallysmooth(exceptatobjectcontours),theirbandwidth
requirementscanbereducedby subsampling.Weenvision thatoursystemwill beusedin conjunctionwith
the latency compensationtechniqueof Mark et al. [16], in which casethedepthmapis alsorequiredfor
generatingintermediateframes.
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Thekey observationof this paperis thatpreviousviews maybeusedto accuratelypredictnew views.
Ideally, thepredictionwill exactlymatchthenew view in regionsvisible from thecurrentview. In practice,
small errorsareintroducedby samplingandchangesto theunderlyingscene.Thus,the differenceimage
will behighly compressible,requiringmuchlessbandwidththansendingeachnew view in its entirety.

3.2 Stateless Navigation

Eachnew requestcontainsall the necessaryinformationfor the server to createdifferenceimages.Thus,
thesystemis stateless: it is notnecessaryto maintaindedicatedconnectionsbetweenserver andclients,nor
doestheserverneedto keeptrackof eachclient’shistory. Theonly requirementis thattheserverreconstruct
previousviews, eitherby cachingor rerendering.For example,theserver in a dynamicallychangingscene
needsonly to cachea reasonablenumberof previously renderedviews.

The statelessframework allows the systemto scaleto an arbitrarynumberof clients, limited only by
availablenetwork resources.Thereis no bookkeepingoverheadaswouldberequiredfor managinga large
databaseof openconnections.

3.3 Quality of Service

So far, we have describeda systemthat useslosslesscompression,i.e. eachdifferenceimageis an exact
difference,producinga perfectreconstructionon theclient side. In casesof extremelylimited bandwidth,
it maybenecessaryto usea lossycompressionscheme.In our experience,moderatelylossycompression
doesnot produceany noticabledegradationin imagequality over a few framesof transmission.However,
errorstendto build up in the imageswhenthereis substantialoverlapin a long sequenceof consecutive
views,suchaswhentheuserfocusesononesmallregionof theschene.

If statelessnavigation is not required,thenthe server cancompensatefor compressionerrorsat each
frame.Theserver keepstrackof theview seenby theuser, by performingthesamereconstructionstepsas
theclient. Thedifferenceimagesarethencomputedby reprojectingtheuserviews. Thusany errorpresent
in the previous framewill be correctedby the differenceimagefrom the currentframe. In this scheme,
highly compresseddifferenceimagescanbesentwith noerrorbuild betweenframes.

In a statelesssystem,theresponsibilityfalls to theclient for keepingtrackof imageerror. Along with
eachdifferenceimage,theserver couldsendthecumulative error(e.g. ��� error)for eachdifferenceimage.
Theclientusesthis informationto keeparunningestimateof thecumulative errorfor theimageor for each
region. Whentheimageerrorexceedssomethreshold,theclientwouldrequestacompletenew view, rather
thana differenceimage. Theseperiodicrefreshesareanalogousto the I framesusedin MPEG[13]. The
extradatasentis minimal (onorderof a few bytes.)

3.4 Reprojection

Thecentraloperationof image-basedrenderingis “reprojection,” wherea sampledview of a 3D world is
usedto generateanotherview. If theviewsdiffer only in cameradirection,thentheoperationis equivalentto
enviromentmapping[9]. If thecamerapositionmoves,thenadditionaldepthor correspondenceinformation
is required[11, 1], andtheremaybe ambiguitiesin the result. We usedifferenceimagesto correctthese
ambiguities.
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Reprojectioncanbeperformedwith standardtexturemappinghardware.Camerarotationwithouttrans-
lation is performedby texture mappingthe previous view onto a rectanglecoincidingwith the old view
plane,andthenrotatingthecamera.Cameratranslationrequiresadditionaldepthinformation.Thecurrent
view is mappedontoa textureddepthmesh[7, 20], a meshthatrepresentsthecurrentview asaheightfield
with the correctdepth. The texture coordinatesarechosento prevent perspective correction[7, 10]. To
reproject,thecamerais rotatedandtranslated,andthemeshis rendered.Thedepthmeshmaybeapproxi-
mate,or subsampled;any errorsin thepredictionwill becorrectedby thedifferenceimage.Pixel-remapping
[11, 1] algorithmscanalsobeused,with similar results.

4 Experiments

We have implementeda prototypesystemusingOpenGL[23]. Theserver andclient run asapplicationson
separatecomputers,andareconnectedby aTCP/IPsocket. Imagereprojectionis performedasdescribedin
theprevioussection.Imagesarerun-lengthencodedandthenHuffmancoded.

In orderto testthealgorithm,wecomparethesizesof compressedfull views, to compresseddifference
images.The3D sceneusedfor the testis shown in thecolor plates.Eachview is a 256x256RGB image
(192kB raw). Eachtestconsistedof a singlecameramotion. Thefull view andthedifferenceview were
eachrun-lengthencoded,andthenHuffmancoded.Thecompressionratio is computedastheratio of the
sizeof the compresseddifferenceview divided by the compressedactualview. The resultsareshown in
Figure2. For smallcamerarotations,(i.e. lessthan5 degress),thecompressionratio is about55%. This
meansthatthedifferenceschemewouldrequirehalf thebandwidthof thesimpleschemeto achievethesame
framerate. As thenew view movesfurther from theold view, lessof thenew view canbepredictedfrom
theold view. Figure3 shows thesamecomparison,for viewpoint translationhorizontalto theviewplane.
Again, compressionratiosof about55% areachieved for small cameramovements.Whenusinga more
sophisticatedstill imageencodingscheme(JPEG),wegetroughlythesamecompressionratiosaswith RLE
andHuffmancoding.

Webelievethatsignificantspeedupcanbeattainedby usingUDP, astatelessprotocol,insteadof TCP/IP,
a connection-basedprotocol. Our currentsystemcouldalsobe improvedby interleaving client andserver
computations,andby usingmipmappedtexturesinsteadof pointsampling.

5 Discussion and Future Work

A stateless,low-bandwidthmethodfor remoteenvironmentnavigation hasbeendemonstrated.A client
systemis usedto exploreanenvironmentcontainedon a server system.During navigation, theclient can
predictnew views by reprojectingold views, usingtheknown cameramotionandimage-basedrendering
techniques.Theserversystemneedsonly to sendthedifferencebetweenthepredictionandtheactualview.
Sincethe differenceimageis highly compressible,the systemrequiresrelatively little bandwidth. It is
assumedthatbothsystemsarefastenoughto performrenderinganddifferencingin real-time,andthat the
primarybottleneckis in the interveningnetwork. It is alsoassumedthat theserver canperfectlyreplicate
theclient’s reprojectionoperation.

We consideredan alternative approachto view compression,in which the server sendspiecesof an
underlyingimage-basedmodel. In thecaseof panoramanavigation,theclient requestspiecesof theenvi-
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Figure2: Comparisonof framesizesfor compressedviewsvs. compresseddifferenceimages.Theleft plot
shows purerotations,andthe right plot shows puretranslations.For a translationof 4, about25%of the
new view is visible in theold view.

ronmentmap,ratherthanviews, andstoresthemin a cache.This methodhastheadvantagethat theclient
canpredictviewsbasedonall previousviews,not just thelastview. However, extendingthismethodto full
3D navigationor to dynamically-changing scenesmayrequireconsiderablebookkeepingeffort.
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(a) (b)

Figure3: (a)Old scene,beforeacameramotion.(b) New scene,aftermotion

(a) (b)

Figure4: (a) New scenepredictedfrom theold scene(b) Imageshowing wheredifferencevaluesexceeda
threshold.
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Figure5: Textureddepthmeshfrom thepreviousexample,seenasideview.
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(a) (b)

Figure6: (a)View of acylindrical environmentmap.(b) Differenceimageafterasmallhorizontalrotation.
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