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Abstract

This paperpresentsa streamingechniquefor synthetictexture in-
tensve 3D animationsequenceslhereis ashortlateng timewhile
downloading the animation,until an initial fraction of the com-
pressediatais readby the client. As the animationis played,the
remainderof the datais streamednline seamlesslyo the client.
The techniqueexploits frame-to-framecoherencdor transmitting
geometricand texture streams. Insteadof using the original tex-
turesof the model, the texture streamconsistsof view-dependent
textureswhich are generatecby renderingoffline nearbyviews.
Thesetextureshave a strongtemporalcohereng and canthusbe
well compressedAs a consequencehe bandwidthof the stream
of the view-dependentexturesis narrav enoughto be transmitted
togethemwith the geometrystreamover alow bandwidthnetwork.
Thesetwo streamanaintaina small online cacheof geometryand
view-dependentexturesfrom which the client rendersthe walk-
throughsequencen real-time. The overall datatransmittedover
the network is an orderof magnitudesmallerthanan MPEG post-
renderedsequencevith anequivalentimagequality.

Keywords: compressionMPEG, streamingyirtual ervironment,
image-basedendering

1 Introduction

With theincreasingoopularityof network-basedpplicationsgcom-
pressiorof syntheticanimationimagesequencefor efficienttrans-
missionis moreimportantthanever. For long sequencesvenif the
overall compressiomatio is high, thelateng time of dowvnloading
the compressedile might be prohibitive. A betternetwork-based
compressiorschemeis to partition the compressedequencento
two parts. The first part, or headeris small enoughto be down-
loadedwithin an acceptablanitialization time, while the second
partis transmittedasa stream. The compressedlatais broken up
into astreanof datawhichis processedlongthenetwork pipeline,
thatis, the compressediatais transmittedfrom oneend, andre-
ceived,decodednddisplayedattheotherend. Streaminghecessar
ily requireghatall thepipelinestageoperatean real-time.Clearly,
the network bandwidthis the mostconstrainedesourcealongthe
pipelineandthusthe main challenges to reducethe streamband-
width enoughto accommodatéhe network bandwidthconstraint.

Standardvideo compressiortechniqueghat take advantageof
frame-to-framecohereny, areinsuficient for streaming.Givena
moderatdrameresolutionof 256 x 256, anaverageMPEG frame
is typically about2-6K bytes.Assuminganetwork with asustained
transferrateof 2K bytesper seconda reasonableuality of a few
framesper secondcannotbe achieved. A significantimprovement
in compressionatio is still necessaryor streamingvideoin real-
time.

Syntheticanimationshave higher potentialto be compressed
thangeneralvideo sincemoreinformationis readily available for
the compressioralgorithms|[2, 12, 22]. Assuming,for example,
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that the geometricmodel and the animationscript are relatively

small, one can considerthem asthe compressedequencetrans-
mit themanddecodethemby simply renderingthe animationse-
guenceBy simultaneouslyransmittingthegeometryandthescript
streamon demandpnecandisplayvery long animationsover the
network (se€[19]). However, if the modelconsistof alargenum-
ber of geometricprimitives and textures, simple streamingis not
enough.Thetexture streamis especiallyproblematicsincethetex-

ture datacan be significantly larger thanthe geometricdata. For

someapplications replicated(tiled) texturescanbe usedto avoid

theburdenof largetextures.However, realistictexturestypically re-

quirea large space Moreover, detailedandcomplex environments
caneffectively berepresentetby a relatively smallnumberof tex-

turedpolygons[3, 13,17, 20,6, 21, 11]. For suchtexture intensive

modelsthegeometryandtheanimationscriptstreamsrerelatively

small, while the texture streamis prohibitively expensve. Indeed,
the performanceof currentVRML browsersis quite limited when
handlingtextureintensie ervironmentg8].

In this paperwe shav thatinsteadof streaminghetexturesiit is
possibleto streamview-dependent textures which are createdby
renderingnearbyviews. Thesetextures have a strongtemporal
cohereng and canthus be well compressed.As a consequence,
the bandwidthof the streamof the view-dependentexturesis nar
row enoughto be transmittedtogetherwith the geometryandthe
script streamsover a low bandwidthnetwork. Our resultsshav
that a walkthroughin a virtual ervironmentconsistingof tensof
megabyteof texturescanbestreamedrom asenerto aclientover
anetwork with a sustainedransferrateof 2K bytespersecond.n
termsof compressiomatios,our techniquds anorderof magnitude
betterthanan MPEG sequencevith anequivalentimagequality.

2 Background

Standardvideo compressioriechniquesarebasedon image-based
motion estimation[9]. An MPEG video sequenceonsistsof in-
tra frames(l), predictve frames(P) and interpolatedframes(B).
The | framesare codedindependentlyof ary otherframesin the
sequenceThe P andB framesare codedusingmotion estimation
andinterpolationsandthus,they aresubstantiallysmallerthanthel
frames.Thecompressiomatiois directly dependenbnthe success
of the motion estimationfor codingthe P frames. Using image-
basedtechniqueghe optical flow field betweensuccessie frames
canbe approximated.It definesthe motion vectors,or the corre-
spondencéetweerthe pixels of successie frames. To reducethe
overheadf encodingthe motioninformation,commontechniques
computea motion vectorfor a block of pixels ratherthanfor indi-
vidual pixels. For asyntheticscengheavailablemodelcanassisin
computingthe opticalflow fasteror moreaccuratelyj2, 22]. These
model-basednotion estimationtechniquesmprove the compres-
sionratio, but the overheadof the block-basednotion approxima-
tion is still too high for streamingacceptablémagequality.

A differentapproachwasintroducedby Levoy [12]. Insteadof
compressingost-rendere@magesit is possibleto renderthe ani-
mationon-the-flyat both endsof the communication.The render
ing taskis partitionedbetweenthe sener (sender)and client (re-
ceiver). Assumingthe sener is a high-endgraphicsworkstation,it



canrenderhigh andlow qualityimagescomputetheresidualerror
betweenthem, and transmitthe residualimage compressed.The
client needsto renderonly the low quality imagesandto addthe
transmittedresidualimagesto restorethe full quality images. It
wasshavn thatthe overall compressiomatiois betterthancorven-
tionaltechniques.

If thistechniqués to beadaptedor streamingof theresiduaim-
agesjt wouldrequirepre-computingheresiduaimagesanddown-
loadingthe entiremodelandanimationsequencdeforestreaming
cantake place.It would be possibleto transmitonly key-frameim-
agesandblend (or extrapolate)the in-betweenframes([4, 14, 15].
However, it is not clearhow to treattexture intensve animations,
sincedownloadingthe texturesis still necessaryo keeptheresid-
ual imagessmall enoughfor streaming. Otherrelatedtechniques
useimposters [17, 20] andsprites [18, 11] asimage-basegrimi-
tivesto rendemearbyviews. Whenthe quality of a primitive drops
belonv somethreshold,it is recomputedvithout exploiting its tem-
poralcoherence.

3 View-dependent Texture Streaming

Assume an ervironment consisting of a polygonal geometric
model, textures,and a numberof light sources.Furthermore as-
sumethat the ervironmentis texture-intensie, that is, the size
of the environmentdatabasés dominatedby the textures, while

the geometry-spaces significantly smallerthanthe texture-space.

Neverthelessthe size of the ervironmentis too large to be down-
loadedfrom thesener to theclientin anacceptabldéime.

Streamingheernvironmentrequireghesenerto transmitthean-
imation scriptand,accordingto the cameraviewing parameterso
transmitthe visible partsof the model. However, the size of the
texturesnecessaryor a singleview is too large to be streamedn
real-time. Insteadof usingtheseoriginal textures,we shav thatit
is betterto usenearbyviews astextures. Theseviews canbere-
gardedasview-dependentextureswhich areeffectively valid only
for texturing the geometryviewed from nearbyviewing directions.

Given the currentcameraposition, the client generates new
framebasedn the datastreamedofar, which includesatleastthe
visible polygonsfrom the currentcamergpositionanda numberof
nearbyviews. The newv frameis a perspectie view generatedy
renderingthe geometrywherethe nearbyperspectie views sene
astexture maps. Sincethe correspondencbetweentwo perspec-
tive views is a projectve map,the modelis renderedby applying
a projectve mappingratherthana perspectie mapping. This pro-
jective map canbe expressedy a linear transformatiorin homo-
geneouspaceandcanbe implementeddy rationallinearinterpo-
lation which requiresdivisionsat eachpixel [10, 16].

Nearbyviews areadwantageousistexturesbecauséi) they have
an “almost” one-to-onecorrespondencwith the currentview and
therefore a bi-linearfilter, is sufficient to producequality images,
and(ii) they arepost-rendere@ndmay includevariousglobalil-
luminationeffects. Figure1l showvs a simpleexampleof a textured
cube.In theseviewstherearethreevisible polygonalfaces.Theleft
imagewas renderedwith a standardoerspectie texture mapping,
while therightimagewasrenderedy applyingabackward projec-
tive texture mappingfrom theleft image. The projectionof eachof
thecubefacesontheleft imagesenesasaview-dependentexture
for its correspondencprojectionon theright image. The sizeand
shapeof the sourcetextureis closeto its target. This reducesnary
aliasingproblemsandhencesimplifiesthefiltering. In this exam-
ple, for expository reasonsthe two views are not “nearby”, oth-
erwisethey would appearalmostindistinguishable.Later we will
quantify the meaningof “nearby”. Sincethe view-dependentex-
turesaregeneratedff-line, they canbe involved andcanaccount
for mary globalillumination effects, including shadavs castfrom
remoteobjects.This simplifiesthegeneratiorof anew frame,since

(a) sourceview

(b) mappedview

Figurel: (a) A sourceimageof atexturedcube.(b) A view of the
samecubeobtainedby backmappingnto the sourceimage. Note
thatthe texture on the leftmostfaceis severely blurred, while the
othertwo facesdo not exhibit significantartifacts.

therenderingis independenbf the compleity of theillumination
model.

View-dependentiextures lik e view-independentexturesaredis-
crete,therefore,whenresampledartifactsare introduced. If the
target areais larger thanthe correspondingourceareathe result
appeardlurry, ascanbe seenon the leftmostfaceof the cubein
Figure 1b. On the other hand, if the target areais smallerthan
the sourcearea(the rightmostface),by appropriatelyfiltering the
sourcesamplesthe targetimagehasno noticeableartifacts. Thus,
anappropriateview-dependentextureshouldbe (i) createdasclose
as possibleto the new view and (ii) createdfrom a directionin
which the areais expandedrelative to the tarmget. In Section4
we elaborateon the factorwhich controlsthe quality of the view-
dependentextures.

Oneshouldalsoconsiderthe visibility, namelythatat leastpart
of a polygoncanbe hiddenat the nearbyview, while beingvisible
atthe currentview. Thisis awell-known problemin image-based
rendering[4, 5]. However, in a streamingapplicationwherethe
compressedequenceas precomputedyisibility gapsareknown a
priori andfor eachgapthereis at leastone nearbyview that can
closethatgap. It shouldbe emphasizedhatthe nearbyviews are
not restrictedto be from the “past”, but canbelocatedneara “fu-
ture” locationof thecamera.

As the animationproceedsthe quality andvalidity of the view-
dependenttextures decreaseas the cameraviewing parameters
deviate. Thus, new closer view-dependentextures needto be
streamedto guaranteethat each polygon can be mappedto an
appropriatetexture. The streamof new view-dependentextures
is temporally coherentand thus insteadof transmittingthe com-
pressedextures,it is possibleto exploit this texture-to-texture co-
herenceo geta bettercompressionThe old texture is warpedto-
wardsthe nev view andthe residualerror betweenthe newv view
andthewarpedimageis computed Theresiduaimagecanthenbe
bettercompressethantheraw texture.

A view-dependentexture is not necessarilya full size nearby
view, but may include only the view of part of the environment.
Basedon a perpolygonamortizationfactor(seeSection4), a sub-
setof theview-dependentextures,definedby thepolygonmeshis
updated.This furtherreduceghe size of texture streamto be opti-
mal with respecto the amortizationfactor Thus,a key pointis to
usea goodtexture quality estimate.



4 The Texture Quality Factor

Givenaview anda setof view-dependentextures,it is necessary
to selectthe bestquality texture for eachvisible polygon. As can
be seenin Figurel for somefacesof the cube(in (b)) the view-
dependentexture (in (a)) is more appropriatethan others. The
quality of the sourcetexture is relatedto the areacoveredby the
projectionof eachpolygon, or cubefacein Figure 1, in the two
views. Thus,a per polygonlocal scaling factor is requiredto es-
timatethe areasin the sourcetexture thatlocally shrink or expand
when mappedonto the targetimage. Whenthe scalingfactoris
< 1 we canconsiderthe sourceimageappropriatefor generating
the targetimage. As the factorincreasesbore 1, moreandmore
blur appearsn thetargetimage,andwe shouldconsidethe source
texture lessandlessappropriate.This per polygontexture quality
factoris usedto selectthe bestsourcetexture out of the available
setof view-dependentextures. If the bestsourceis abose some
predeterminethresholdanew textureis required.However, asuc-
cessfulstreamingf thetexturesguaranteethatthereis alwaysone
availabletexturewhosequality factoris satistctory

Figure 2 illustratesthe perpolygon sourceselectionprocess.
Two examplesof nearbyviews areshavn in (a) and(b). Thescale
factor for the in-betweenimages(f) is visualizedusing the gray
level images(c) and(d), wherewhite is usedfor low scalefactor
andblack is usedfor high scalefactor The (c) and(d) columns
visualizethe scalefactorwhenmappingthe texturesfrom (a) and
(b) to (f). For eachpolygon,we selectthe texture from the image
that hasthe lowestscalefactor this is visualizedin (e), wherethe
red levels arethe scalefactorsfrom (a) andthe blue levels arethe
scalefactorfrom (b).

We are now left with the problemof estimatingthe maximal
valueof the scalingfactorin a particularpolygonin the sourceim-
age,for agiventargetimage(seealso[11]). Notethatthefactoris
definedindependentlyf thevisibility of the polygon.We first dis-
cussthe casewherethe polygonis mappedrom the sourceto the
targetby alineartransformationandthendiscusgshemoregeneral
non-linearcase.

Let A beasquarematrix correspondingo somelineartransfor
mation. The scalingfactorof a lineartransformatioris the 2-norm
of thematrix A, i.e. themaximum2-normof Av over all unit vec-
torsw.

max _||Av||2
[lvll2=1
It canbe shavn [7] that the 2-norm of A equalsthe squareroot
of Amas, the largest eigevalue of ATA. In the caseof two-
dimensionalineartransformationswhereA is a 2 by 2 matrix, we
canwrite down aclosed-formexpressiorfor Amaz. Leta;; denote

theelementf A ande;; theelementsof ATA:

A= o an ATA— [ e e 1)
T\ a2 a2 -

€21 €22
The eigevaluesof the matrix AT A are the roots of the polyno-

mial det AT A — AI), where[ is the identity matrix. In the two-
dimensionatase \n... is thelargestrootof thequadraticequation

(e11 — A)(ea2 — A) —erzez1 = 0. 2)
Thus,

e11 + ez + \/(611 + e22)? — 4(e11€22 — e12€21)

2
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Expressingheelements;; in termsof theelementsi;; yields

2 2
ATA = ai; +an a11a12 + az1a22 (4)
= 2 2
a11a12 + az1a22 ajs +as ’

)\mam =

andfinally, definingS = 1(a?, + afs + a3; + a3,), we get

Amaz =S + \/52 — (a11622 — a12a21)? (5)

Dealing with non-linear transformations,such as projective
transformationsrequiresmeasuringhe scalingfactorlocally at a
specificpoint in the imageby using the partial derivatives of the
transformatiorat the given point. The partial derivativesareused
asthecoeficientsof alineartransformation.

Let us denoteby zo, yo, andz1, 31 the sourceand targetim-
agecoordinateof a point, respectiely, andby z, y, z the three-
dimensionalocationof thatpointin targetcameracoordinates\We
have:

a b c
(may)z)T = < d e f ) ($0ay0a1)T (6)
g h 1

1
(z1,91)" = ;(ﬂﬁ,y)T )
or explicitly,

_azo+by +c

- _dro+eyo+ f
gro + hyo + 1

= 8
! gxo + hyo + 14 ®

The partial derivatives of the above mappingat (z1,y1) define
its gradientwhichis alineartransformation:
zb—x1h
ze —y1h

A— 0x1/0zo 0x1/0yo _ 1 [ za—xyg
- ay1/6$0 8y1 /ayo T2 zd —y1g
©)
In caseswherethe field of view is small, and thereis only a
little rotationof the planerelative to the sourceandtarget views,
the following approximationcan be used. The transformationof

the planepointsfrom sourceto targetimagecanbe approximated
by:

z1 = a + bxo + cyo + gz + hxoyo (10)
y1 = d + exo + fyo + gzoyo + hyg

Thisis calleda pseuda2D projective transformatiorandis further
explainedin [1]. In this casewe get:

c+ hzxo

_ b+ 2gxo + hyo
A= ( f+gz0 + 2hyo > (11)

e+ g9Y%o

To estimatethe maximal scalingfactor the gradientcanbe com-
putedat thethreeverticesof atriangle. In casesvherethetriangle
is smallenoughgvenonesample(at the centerof thetriangle)can
yield a good approximation. Our experimentshave shavn that a
scalefactorin the rangeof [1.3, 1.4], yields high quality images
while maintaininghigh compressiomatio.

5 Geometry Streaming

We have discussedthe stratgly for selecting the best view-
dependentexture from thoseavailable. The systemguaranteethat
at leastone appropriateview-dependentexture hasalreadybeen
streamedo theclient. If for somereasoman appropriatdextureis
not available on time, somebilur is likely to be noticed. However,
theerroris notcritical. Ontheotherhand,amissingpolygonmight
causea holein the sceneandthe visual effect would be unaccept-
able.Thus,thegeometrystreamgetsahigherpriority soasto avoid
ary geometriomiss.

Detecting and streamingthe visible polygons from a given
neighborhoods not an easyproblem. Many architecturaimodels



areinherentlypartitionedinto cells and portalsby which the cell-
to-cdllvisibility canbe precomputedHowever, sincethegeometry
streamis computedffline, thevisible polygonscanbedetectedhy
renderingthe entiresequenceThe setof polygonsvisible in each
frame can be detectedby renderingeachpolygonwith ID index
color andthenscanningthe frame buffer collectingall the ID’s of
thevisible polygons.Thedefinitionof apolygonthatis first visible
is transmittedogethemwith its ID. During the onlinerenderingthe
client maintainsa list of all the polygonswhich have beenvisible
sofar, anda cacheof the “hot” ID’s, i.e., the polygonswhich are
eithervisible in the currentframeor in a nearbyframe. Thetem-
poral sequencef the hot ID’s is precomputeandis a part of the
geometricstream. The cacheof hot polygonssenesasa visibil-
ity culling mechanismsincetheclientneedgo renderonly asmall
conserative supersetf thevisible polygonswhichis substantially
smallerthanthe entiremodel.

Tablel: A comparisorof the streamingtechnique(VDS) with an
MPEG encoding.Theframeresolutionis 240 x 180.

animation size RMS

(#frames) (header) | (0-255) | bits/pix | bits/sec
Arts (435)

VDS 80K (23K) 18.6 0.034 | 29511
MPEG 1600K 19.2 1.61 619168
MPEG 200K 31 0.085 | 73766
Gallery(1226)

VDS 111K(30K) | 19.15 | 0.0168 | 14563
MPEG 1830K 20.03 0.277 | 239436
MPEG 333K 27.41 0.05 43523
Office (1101)

VDS 177K (72K) | 22.47 0.03 25722
MPEG 2000K 22.60 0.336 | 290644
MPEG 337K 34.71 0.056 | 48937

6 Results and Conclusions

In our implementation the precomputedsequenceof view-
dependentexturesis streamedo the client asynchronously The
streamupdateshe setof view-dependentexturesfrom which the
client rendersthe animation. The texture updatefrequeng is de-
fined to guaranteesomereasonableguality. The choice of fre-
queng directly effectsthe compressionmatio. Reasonableguality
is asubjectve jusgementhowvever wewill analyzet quantitatvely.
Weusetheroot mean square (RMS)asanobjectve measuremerib
compareMPEG compressiorand our compressioniechnique(de-
notedin thefollowing by VDS (View Dependentexture Stream))
with theuncompressetinages.

Figure3 shaws five samplef the comparisortaken from three
sequenceshat were encodedboth in MPEG and VDS. The first
two examples,'Arts” and“Gallery”, arefrom two virtual museum
walkthroughs,andthe third example“Office” is of an animation.
The quantitatve resultsareshawvn in Table1. Eachanimationwas
compresselly MPEGandVDS; we seethatwhenthey have about
the sameRMS, the size of the MPEG is about10-20timeslarger
thanthe VDS. When MPEG is forcedto compresshe sequence
down to asmallersize,it is still 2-3timeslargerthantheVDS, and
its quality is significantlyworse. This is evident from the corre-
spondingRMS valuesin thetableandvisually noticeablen Figure
3. TheVDS s notfreeof artifacts;someareapparenin theimages
in Figure 3. Most of them are due to imperfectimplementation
of the renderingalgorithm, ratherthanbeingintrinsic to the algo-
rithm. Note that there are slight popping effects when a texture

updatechangeshe resolution,which could have beenavoided by
usingablendingtechnique.

The texture intensve modelswere generatedvith 3D Studio
Max. The virtual museum‘Arts”, consistsof 3471 polygonsand
19.6 Megabytesof texture, andthe “Office” animationconsistsof
5309polygonsand16.9M Megabytesof 3D StudioMax’s textures,
that were not optimizedfor size. Part of the compressediatais
theheaderwhich includestheinitial datanecessaryo startthe lo-
cal rendering,thatis, the geometry the animationscript, and the
first nearbyview in JPEGformat. Thus,the costeffectivenessof
streamings higherfor longeranimations. The size of the header
appearsn parenthesisearthesizevaluesin Tablel.

WeimplementedoththeclientandtheseneronaPentiumma-
chine,which wasintegratedin a browvserwith ActiveX. Theclient
andthesenerwereconnectedy adial-upconnectiorof 14400bits
persecond Thedownloadtime of theinitial setupdata,namelythe
headeris equialentto the dowvnloadtime of a JPEGimage. This
meansa few secondon a network with a sustainedransferrate
of lessthan 2K bytesper second. We attachechot-spots(hyper
links) to the 3D objectsvisible in the animation by which the user
choosesither high resolutionimagesor precomputedsequences
which arestreameanlineaccordingo his selection.

Theoffline procesghatgeneratethe VDS sequencéakesafew
minutesfor animationsof several hundredframesasin the abore
examples.Currently the client's local renderings the slovestpart
of thereal-timeloop. It shouldbe emphasizedhatthe client uses
no graphicshardwareto acceleratehe renderingwhich requiresa
perspectie texture mapping.We believe thatoptimizing the client
renderingmechanismwill permit streamingsequence®f higher
resolutions. We are planningto extend our systemby allowing
somedegree of freedomin the navigation, for example, by sup-
porting branchingfrom one movie sequenceo others. Currently
we areworking on applyingcomputesvision techniquego recon-
structthe geometryof real-world moviesandcompresghemusing
our geometry-basedompression We believe thatthe importance
of geometry-basedompressioris likely to play anincreasingole
in 3D network-basedpplications.
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Figure2: The scalefactor (a) and (b) arethe two nearbyviews, (c) and(d) the per polygonscalefactorin gray level from (a) and (b),
respectrely, (e) theredlevel andbluelevel polygonsaremappedrom (a) and(b), respectiely, (f) threeinbetweenmages.
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Figure3: A comparisorbetweerVDS andMPEG. Theimagesn theleft columnareMPEG framesandin theright columnareVDS frames.
Thesizeof MPEG sequencés aboutthreetimeslargerthanthe VDS sequence.



