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Visual Communication®f Tomorrov: Natural,
Ef cient andFlexible

JanusXonrad,SeniorMembeylEEE

Abstract—In the last decade,we have witnesseda phenomenal
growth of communication and information technologies. These
technologieshave greatly simpli ed and even enriched our daily
lives; cellular telephony and the Inter net are probably the most
striking examples.A particularly promising,and at the sametime
challenging, aspectof both technologiesis the transmission and
use of visual information. In this paper, | overview the state of
visual communication at the end of 20th century, discusstoday's
challengesand outline somefutur e dir ections.

I. VISUAL COMMUNICATIONS TO DATE

H en wireline telepholy was born a centuryago, few

could have predictedits future profoundimpacton so-
ciety. Thebirth of televisionthreedecadesateralsodrew scep-
ticism, but the critics wereprovenwrongagain. Both technolo-
gieshave ourished ever since,fueledby humandesireto com-
municatewith one anotherand stay in touchwith the world.
Theintroductionof the fax machinesome20 yearsagodid not
disappointalthoughits proliferationtook a few years.Todayit
is aubiquitousbusinesgool andacommonhomeelectronicap-
pliance.Therecentrebirthof thetelephonen its cellularincar
nationwasaimedoriginally atthe businessnarket. Today cel-
lular telephory, especiallyits digital variety, enjoys the fastest
growth of ary telecommunicationtechnologydevelopedin the
20thcenturyandhasthewidestworldwidereach.

Wheredoesvisual communicationstandtodayat the davn

of the 21-stcentury? Sinceits inception,television hasgone
througharemarkabldransformationdueto theintroductionof
colorin the1950andconstantmprovementsn cameraanddis-
play technologies.Today analogtelevision (NTSC, PAL, SE-
CAM) deliversgood-qualitypicturesandis ubiquitousthanks
to the availability of threedelivery channels:terrestrial,cable
andsatellite. In mid-1990sdigital television (DTV) wasintro-
ducedwith all its bene ts: superiorimageand soundquality,
bandwidthef ciency, andembeddecrrorresilience Basedon
the MPEG-2 audio-visualcompressiorstandardand ef cient
channekoding,this new technologyallows the transmissiorof
four DTV programswithin the bandwidthof one analogTV
channel6MHz). This permitscableandsatelliteTV operators
to quadruplechannelofferingswithout additionalspectrumal-
locations,thusdriving transmissiorcostsdown. MPEG-2has
alsobeenthe coretechnologyfor the DVD, CD-like medium
with the capacityto storeup to 2 h of MPEG-2 compressed
video. The remarkablecompressiorratio achiezed (on aver
age40-50)is possiblethanksto the extremelyef cient source
codingof MPEG-2andalsoits variablebit-ratecapability;a 4-
6Mb/s bitstreamis enoughon averagefor mostprogramswith
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the exceptionof extremelydynamicsportevents(e.g.,partsof
hockey or basletballgames).To date bothDTV andDVD have
beenhugesuccessesndit is very likely thatthey will ourish
in thenearfuture.
A particularlypromising,andat the sametime challeng-
ing, aspecbf communicatiorandinformationtechnolo-
giesis thetransmissioranduseof visualinformation.

Ironically, the video compressiontechnology used in
DTV was originally developedfor high-de nition television
(HDTV). AlthoughDTV is fully digital, it maintainghescreen
aspectratio (4:3) andresolution(720 480in North America
and 720 576 in Europe)of its analogpredecessorsOn the
otherhand,HDTV was designedto offer cinema-lile screen
shape(16:9) at much higher resolutions(e.g., 1920 1152).
Despitethe ef ciency of MPEG-2compressionthe higherin-
formationcontentof high-de nition imagesrequiresonecom-
plete analogTV channelfor the transmissionof one HDTV
program;thetransmissiorof anHDTYV bitstream(18Mb/s)re-
quiresaboutfour timesthe spectrunof DTV transmissionln-
troducedin the largestcitiesin the United Statesn November
1998,HDTV servicesareslow to take off dueto thevery high
costof retro tting the studioandbroadcasequipmentaswell
asreplacinghomeTV sets.Oncetheseobstaclegreovercome,
theHDTV is likely to take off, althoughformidablecompetition
from DTV will continue.

The ubiquity of telepholy andtelevision todayis not inci-
dental. Thetelephonegspeciallywireless,is appealinghanks
to the conceptof anywhere/agtime person-to-personommu-
nication,while televisionis attractve dueto therich visualcon-
tentthatit conveys throughmoving color imagery In the last
30years,ntensize work hasbeenconductedn integratingthe
two conceptsn a point-to-pointvisualcommunicatiorsystem.
Stationaryvideophonea low-cost, low-resolution,consumer
orientedvisual communicatiorsystem,wasintroducedon the
marletasearlyasin the1960sandthenreintroducedn thelate
1980sand 1990s,but the proposedsolutionsfailed to capture
theconsumemarket. AlthoughbasedntherecentH.263dig-
ital video compressioriormat, the newvestsolutionsoffer only
QCIF (176 144) or sub-QCIF(128 96) imagesat temporal
refreshratesoftenmuchlowerthan30Hzdueto channekapac-
ity constraintge.g., 56kb/smodems). Most recently similar,
but only experimental,solutionshave beendemonstratedor
mobilevideophory, but at evenlower refreshratesdueto wire-
lesschannelrestrictions. Suchlow-resolutionimages,which
canonly beviewed on smallscreenscombinedwith poor mo-
tion rendition(motion jerkinessdueto low refreshrates)have
beenthe primary factorin reluctanceto adoptthis technology
Otherimportantfactorshave beenuserfriendliness(somesys-
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TABLE |
COMPARISON OF VARIOUS VISUAL COMMUNICATION SERVICES OFFERED TODAY OR UNDER DEVELOPMENT. NOTE THAT THE NEWEST VIDEO
COMPRESSION STANDARD MPEG-4 1S NOT REFERRED TO, BUT IT APPLIES WHEREVER H.263 DOES.

Application Channel Channekrrors Videocompression Resolution Videobit rate
Videophone PSTN Few bit errorsandpacletlosses H.263(+) 176 144 10-25kb/s
Videophone ISDN No errors H.261/263(+) 176 144 64-384kb/s
Videophone Packetnetwork  No bit errorsbut pacletlosses H.261/263(+) 176 144 10-384kb/s
Videophone Wireless High bit errorsandpacletlosses H.263(+) 176 144 10-300kb/s
Videoconf. Packetnetwork No bit errors,pacletlosses H.263(+) 352 288 0.1-1Mb/s
Videoconf. ATM Almostnoerrors MPEG-2 720 480 1-6Mbl/s
DTV Cable/satellite Almostnoerrors MPEG-2 720 480 4-12Mb/s
HDTV Terrestrial Few bit errors MPEG-2 1920 1152 18Mb/s

temsrequiredcomplicatedsetupinvolving a TV set), human
psychology(needto stayin the eld of view of the camera)
andpricing (both endsneedto be equipped).Althoughtechni-
cal issuescan be overcome,especiallyas broadbandconnec-
tions (asynchronousligital subscriberine, ADSL and cable
modems)pecomeubiquitousiit is unclearwhetherhumanfac-
tor issuescanbeeasilyaddressed.

In contrasto videophones inability to capturethe consumer
marlet, videoconferencinghas beenrelatively successfulin
penetratingthe corporateervironment. Higher image quality
thanthatof thevideophoneandrelative independencé&om hu-
manfactorsare perhapgshe two major stimuli in the prolifer-
ation of desktopvideoconferencingoday Basedon the same
H.263video compressiorasthe videophoneyideoconferenc-
ing exploits higherbit rates(n 64kb/s,typically 384kb/s)to
deliver CIF imagesat 352 288-pixel resolutionand refresh
ratescloseto 30Hz. At this resolutionimagescanbe viewed
even at the full TV screen,althoughfrom a sufciently large
distance(typically morethan6 pictureheights). Therelatively
high bit raterequiredusuallyposeso problemon corporatéen-
tranetshowever, it is likely to causedelivery “hiccups” outside
of themif no quality-of-servicQoS)guaranteesxist. Human
factorsarelessof anissuein corporatevideoconferencindpe-
causeof theway it is used(primarily for virtual businessneet-
ings),andalsobecausef work ethics(acceptabldehaior and
dresscode). Today PC-basediideoconferencings becoming
a standardbusinesgool on corporateintranets but its success
outsideof themdependsprimarily onthe availablechannelka-
pacityand/orQoSguarantees.

A summaryof variousvisualcommunicationservicesither
offeredtodayor underdevelopments presentedn Tablel.

Il. TODAY'S CHALLENGES

Althoughthetransitionfrom analogto digital visualcommu-
nicationis alreadytaking place,a numberof issuesneedto be

adressedbeforedigital visual communicatiorbecomesubiqui-
tous. Below, | review the mostcritical, in my opinion, chal-
lengesthat, if unresohed, may severelyimpedefurther evolu-
tion of digital visualcommunication.

A. Error resilience

In analogvisual communicatiorthe video contentis trans-
mitted asa contiguousvaveformover a dedicatecchannel For
example,in analogTV a x ed6MHz channelcarriesonly one
suitably modulatedaudiovisual signal. Under mild degrada-
tion of channetonditiongherecevedimagegsypically become
morenoisy In caseof strongchanneldegradationsimagescan
be severely distortedor even lost, but this lossis localizedin
time sinceanalogtransmissioris memoryless.

In digital visualcommunicationthe useof resourcess quite
different. Usually, the contentis broken up into smallerunits,
suchas blocks of pixels, then compressednd encoded,and

nally shippedover a x ed- or variable-capacitchannel. In
a x ed-capacitychannel,suchas plain old telephony service
(POTS) line with 56kb/smodem,anintegratedservicedigital
network (ISDN) line or 6MHz TV channelwith 16-quadrature
amplitudemodulation(QAM), a compressiorschemeand bit
ratemustbe carefully selectedn orderto matchchannelkchar
acteristicswhile maximizing video quality. However, even if
channelcapacityexceedsthe requiredbit rate, channelerrors
canseverelydegradetheperformancef thesystem.Sincemost
digital videocompressiomethodsarenotmemorylesstheim-
pactof channekrrorsis moreseverethanin theanalogcasethe
effectsareno morelocalizedandmayextendspatiallyandtem-
porally. In orderto “immunize” digital visualcommunications
to channelerrors,threeclasse®f error resiliencemechanisms
arepresentlyused:

1. Methodsintroducedwithin the sourceand channelen-
coders

2. Post-processingkecutedat thedecodetto conceakerrors
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3. Interactionbetweerencodermnddecoder

In the rst classof methods,ntentionalredundang is added
to the bitstreamduring sourceand/orchannelencoding. The
redundang dataare carefully designedtype andlocation)to
achieve maximumgainin errorresilienceandat the sametime
introduceleastperformancepenalty Examplesof suchtech-
niquesare insertion of resynchronizatiormarlers, reversible
variable-lengtlcoding(RVLC), insertionof intra-codedlocks
or frames,independensggmentprediction (ISD), data parti-
tioning, layeredcoding with unequalerror protection(UEP),
andmultiple-descriptiorcoding(MDC).

While the rst andthird classof methodsrequiresynchro-
nismbetweerthe encoderanddecoderthe concealmenineth-
ods are implementedin the decoderonly andin no way im-
pacttheinteractionbetweerthe encoderanddecoder In other
words, such methodscan be devised outside of video com-
pressionstandards. A variety of techniqueshave beenpro-
posedto datefor therecovery of texture information. Most of
themperformeithersimpleinterpolation(spatialor spatiotem-
poral) or motion-compensatetétmporalprediction. More ad-
vancedmethodauseprior informationabouttheunderlyingim-
agestructureby meansof regularizationor projectionontocon-
vex setPOCS)methods.Therecovery of missingmotionvec-
torsis often basedon simple heuristics(repetitionof a corre-
spondingvectorfrom a previousframe)or mean/mediariter -
ing. Designedoutsidevideo compressiorstandardserrorcon-
cealmentmethodwill eventuallyappeain H.263andMPEG-4
decodersasan addedvalue. Sincetheoreticallyall standard-
compliantdecodershouldperformequally it is the errorcon-
cealmenteffectivenesghatwill help differentiateamongthem
in themarlketplace.

Sincetheoreticallyall MPEG-4andH.263-compliantle-
codersshouldperform equally their error concealment
effectivenesswill help differentiateamongthemin the
marletplace.

Methodsin the third classrequirea feedbackchannelfrom
the decoderto the encoder;the decoderinforms the encoder
which part of the bitstreamis corruptedby errors,andthe lat-
ter attemptgo adjustits operatiorto supressheeffectsof such
errors. If the underlyingnetwork protocol supportsautomatic
repeatrequest(ARQ), a simple approachis to retransmitthe
lost data. This solution, however, is often unacceptablelue
to theincurreddelays. A simplealternatve is to recover syn-
chronisationand temporarilyreducethe transmissiorrate. If
rateadjustmentannotbe done,anothempossibilityis to permit
errorsbut limit their propagtion. Referencepicture selection
(RPS)is amethodin this classthat, uponlearningabouterrors
in a previously-encodedrame, selectsan earlier intact frame
asreferencdor the prediction. This approachncrease$uffer
sizebut is very effective in limiting error propagtion. A more
sophisticatedrersionof this approachrackshow the damaged
areasin a given framewould affect future frames,and subse-
quently performsintra-framecoding of new-frame blocks or
avoids performingpredictionbasedon damagedareas.For an
excellentreview of errorresiliencetechniqueshereadershould
seg[1].

Today the H.263 version3 (H.263++) and MPEG-4 stan-

dardsapply someof theabove errorresilienceschemeslin par
ticular, by usingresynchronizatiomarkers, RVLC, I1SD, data
partitioning,andRPS ,both standardperformwell underava-
riety of channetonditions.However, dueto theexplosiveinter-
estin wirelessandIP-basedvisual communicationpoth char
acterizecby severechannelkerrors,work on ever moreresilient
videocompressioischemess neededThisis furtherdiscussed
later

B. Networkhetepgeneity

A very commonproblemin the deploymentof visual com-
municationsinfrastructureis network and transmitter/receier
heterogeneity While the ultimate goal is a homogeneous
broadbandchetwork, today's communicationsnfrastructureis
a patchvork of networks with varying channelcapacity delay
anderrorcharacteristicsMoreover, thetransmitterandrecever
can have different characteristicsuch as video compression
standarccompliancescreerresolution or availableprocessing
power (softwaredecoding).

A naturalsolutionto network and transmitter/receier het-
erogeneityproblemsis transcodingthatis, decodingof a data
streamwith onesetof speci cationsandsubsequengncoding
of thisvery datainto a streamwith anotheisetof speci cations.
While in the caseof different compressiorstandardsisedin
the transmitterandrecever this is the only option, alternatve
mechanismarepossiblewhendataratesor resolutionsarein-
compatible. For example,layered codingfacilitatesgradually
increasingdataratesandresolutionsby meansof hierarchical
videorepresentationn thiscasethevideodataarerepresented
in amultiresolutionpyramid(e.g.,by meansof waveletdecom-
position). First, the lowest-resolutiorvideo dataare encoded.
Then, at eachresolutionthe video dataare encodeddifferen-
tially with respecto the precedindowerresolutionlocally de-
codedvideo. All the encodeddatastreamsare combinedinto
onescalablevideorepresentatiof?]. By transmittingandde-
coding several resolutionlevels, a hierarcly of dataratesand
resolutionscan be achiered, thus permitting the network to
selectsuitabledatarate for particularsubnetverk, and at the
sametime allowing thereceverto decodeonly theinformation
matchingits characteristics.

As discussedn the previous section,layeredcodinghasan
additionaladwantagein the presenceof channelerrors. Since
typically a compressedower-resolutionlayer useslesschan-
nel capacitythana higherresolutionone,it is lesslikely to en-
counterchannekrrors.This canbereinforcedby unequakrror
protectionamonglayers.

C. Owneshipprotection

One of the most sensitve issuesconcerningtoday's digital
technologyis theownershipprotection.While impossiblen the
analogdomain,losslesgappingof digital contentis very easy
dueto the natureof the signalandthe easyaccesdo the distri-
bution media(pacletsnif ng onthelnternet,easeof copying a
CD). Losslesdlataduplicationposessigni cant challengedgor
contentproviders, and hasrecentlyspavned a major research
effort.



Contentprotectioncan be addressedby meansof cryptog-
raphy, original dataareencryptedby the provider usinga pri-
vate key, while the usersdecryptthe contentusingan associ-
atedpublic key. The weak point of this approachis that the
decrypteddataaredirectly vulnerableto piracy oncethey have
beenbroughtbackto the original unprotectedorm.

Anothersolutionproposeds bemeanf adigital signatue,
i.e., an encodedmessagenatchingthe original imageandap-
pendedoit. Veri cation proceduresrebasednapublicalgo-
rithm andpublickeys. Sinceary modi cation of theimagedata
will causea mismatchwith the signaturejmagetamperingcan
be easilydetectedAs the signaturesizeis usuallyproportional
to the original datasize,this solutionis notvery practical.

Digital watermarkingof imagesor videois arelatively new
researchareathat is very fastgrowing®. In digital imagewa-
termarking,an invisible signal (small alteration)is hiddenin
the imagethat can be subsequenthydetectedoy the provider
or the customerdependingon the application. In private-ley
watermarkingusedfor copyright protection the provider uses
a private key to alter an imagedistributedto customers.The
provider canexamineary accessibléemagefor watermarkex-
istenceusingthe privatekey. In public-key watermarkingused
for contentveri cation, the proceduras similar exceptthatwa-
termarkcastingassociateapublickey with theprivatekey. The
customercanusethe public key anda public watermarkdetec-
tion algorithmto verify watermarkexistence. Private-ley wa-
termarkingaimsat the protectthe provider andhasbeenexten-
sively studiedin the literatureto date. Public-key watermark-
ing protectsthe customer Despitesigni cant researchefforts
andamultitudeof proposedher methodstheproblemremains
largely unsohed;nosinglemethodproposedo datecansurvive
arangeof attacks.

I1l. INTO THE FUTURE

As todays challengesdescribedabove are likely to be
adressedh the nearfuture,andasthe network infrastructures
upgradedo video-level bandwidthspnewonders:.what's next?
Clearly, videoconferencingndvideopholy would greatlyben-
et from betterimagequality, althoughat the costof putting
additionalstrainon network resourcesHowever, beforesupe-
rior imagequality of todaysHDTYV is usedin person-to-person
visual communicationsptherimprovementsarelikely to take
precedenceBelow, somenew challengedik ely to shapevisual
communicatiorin the 21stcenturyarediscussed.

A. Natural visualcommunication
Todaytwo-dimensiona(2-D) colormoving imageryisacon-
vincing visual mediumin a variety of applications. However,
there exist mary applications,in both person-to-persomand
broadcastommunicationthat would greatly bene t from an
increaseddegreeof realism. For example,virtual visits (e.g.,
of homesvacationsites),remoteguidancein dangerou®rvi-
ronmentsandtelemedicinevould be moreeffective wereusers
able to move (roam)in virtual 3D space;the perceptionof
1At the IEEE InternationalConferenceon ImageProcessinglCIP-2000the

most populartopic (in termsof the numberof paperspresentedwas digital
imageandvideowatermarking 4 sessions.
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depth,so naturalin daily life, would greatlyenhancea "being
there”experience.

Tomorrav's visual communicationgnustaddresghis issue
by meansof capture,transmissionand display of 3D visual
cues[3]. Although holographicand volumetric 3D displays
mayeventuallyprovide theultimate3D experienceit is unclear
how to transmitthe vastamountof opticalinformationneeded
by thesedisplays.Moreover, sincestate-of-the-arholographic
displayscan presentonly still imagesandvolumetricdisplays
are bulky, both are incompatiblewith the anytime/arywhere
concepbf the21stcenturyvisualcommunications.

Today two-dimensional2-D) color moving imageryis
a corvincing visual medium in a variety of applica-
tions. However, thereexist mary applications,both in
person-to-persoandin broadcast-typeommunication,
thatwould greatlybene t from anincreasedlegreeof re-
alism.

A very effective alternatve to holographicand volumetric
systemsare 3D steieoscopicand multiview (multiscopic)dis-
plays. Unlike holographicandvolumetricdisplays thatrender
a 3D volume, stereoscopidisplayspresenttwo views of the
samescenecapturedrom slightly differentanglesandrely on
the humanbrainto fusethoseviews into a meaningful3D rep-
resentation. Stereoscop hasbeenaroundfor over a century
but only in thelasttwo decade# emepgedasaviable3D tech-
nology This hasbheenmadepossibleby the advancesin im-
agemultiplexing/demultipleing techniqgueseededo separate
views intendedfor eacheye. Threeapproachesre currently
dominatingstereoscopitmaging(Figs.1-2):

1. Polarization Views are projectedthroughlight polariz-
ersonto a screen(superposedandthen separatedy iden-
tical polarizersincorporatednto eyewear (linear orthogonal
or circularpolarizers).

2. Time-sequentiakhuttering Views aretime-sequentially
multiplexed on the screenand separatecby liquid-crystal
shutter(LCS) glasseghat openand closein syncwith the
displayedmages.

3. Autosteeoscopy Views areusuallyspatiallymultiplexed
on apixel-addressablecreerandsubsequentlgeparatethy
an optical layer that directsleft andright pixelsto separate
viewing zoneg(e.g.,lenticular);no glassearerequired.

Undoubtedly autostereoscapis the holy grail of electronic
3D displays sincenoeyewearis required.However, today'sap-
proachesisuallyapplyspatialview multiplexing, thusreducing
eitherhorizontalor vertical resolutionby a factorof two. This
is avery active researctareawith greatpotential.Polarization-
andLCS-basedsystemsseemto be temporarysolutionsonly;
althoughacceptablén broadcastpplicationsthe eyewearre-
quiredis amajorobstaclén person-to-persocommunications.

Stereoscopidlisplaysprovide only a single 3D perspectie
(i.e., asif watchinga scenefrom one single viewpoint). In
orderto changethis viewpoint and allow a dynamic3D per
spectve, multiview displayshave beenrecentlyproposed.The
essenceof multiview displayslies in their ability to present
geometrically-correctiew at eachviewing angle. This poses
two new challenges.
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Fig. 1. Stereoscopidisplaysusingglasses(a) polarization-basedisplay;and(b) liquid crystalshutterdisplay

The rst challengeis the display itself. One approachis
to detectviewer headpositionby meansof headtrackingand
presentproperview on a stereoscopidisplay (eyewearbased
or autostereoscopichsthe viewpoint changesso do the pre-
sentedimages. Experimentalsystemsdevelopedto datehave
shavn greatpromisehowever, aswasalreadymentionedgye-
wear may not be acceptablén someapplications,while au-
tosterescopisystemssuffer from “view ipping” (in a two-
zonesystemthe eyesmoving to anothewiewing zonearepre-
sentedvith thesameperspectie). An alternatve approachthat
doesnot requiretracking, is a multiple-zoneautostereoscopic
display By allowing mary viewing zones,eachdelivering a
single perspectie, one canprojectdifferentviews into differ-
entzones,andthereforedifferenteyes. This is a very attrac-
tive conceptexceptthatsuchdisplayssuffer from low horizon-
tal resolutionsinceviewing zonesaremultiplexed horizontally
Although bothtracking-andzone-basedolutionsproposedo
date are far from satisfctory researchinto multiscopic dis-
playsis very active and promisesinterestingsolutionsin the
next decadeOneparticularlyinterestingdirectionis the devel-
opmentof multiview displayswith temporalinsteadof spatial
multiplexing.

The seconcchallenges the acquisitionanddelivery of mul-

LCD

|~

1

— Lenticular screen

—/J

Fig. 2. An exampleof autostereoscopi8D system- two-zonelenticulardis-
play. At correctdistancefrom the screengyescanseeindependentlyeft- and
right-columnpixels.

tiview data.In anidealscenariotheviewer headmotionwould
control the position of a camera,but this is only possiblein
very particularreal-timeapplicationg(e.g.,tele-manipulation).
More typically, the 3D dataare acquiredwith no suchfeed-
back;a x ednumberof views is availablefor transmissionTo
date, experimentalmulti-camera3D acquisitionsystemshave
beenhbuilt and successfullytested. In order to assureview
continuity the numberof camerasshouldbe aslarge as pos-
sible. However, physical constraintson camerasizeimposea
limit on cameraseparation.Moreover, the resultingdata o w
from mary camerasvould put signi cant strainon network re-
sourcesCertainly theviewsarehighly correlatecandtherefore
compressiblehuttheMVP (multiview pro le) modeof MPEG-
2 [4] supportingmultiview codingmay not be sufcient when
the numberof views is large. Furtherwork in this directionis
needed5], [6]. An alternatve is to transmitfewer views andto
computeintermediate(virtual) views at the recever [7]. This
solutionputslessstrainon the network but requiressigni cant
computingpower attherecever. Also, the quality of the com-
putedviews mustbe high enoughin orderthatthe experience
be transparent.This is a formidablechallengeespeciallythat
suchcomputationsnustbe performedn realtime.

Although the stereoscopicand multiview displays, espe-
cially those basedon autostereoscopimechanismscan be
madeportable,they are not exactly compatiblewith the ary-
time/arywhereconcepbf futurevisualcommunicationWithin
thisconcepthe,delivery of visualdatais likely to be solved by
wirelesstransmissioratbroadbandates;perhapsiotassoonas
mary expect,thisproblemneverthelessvill belargelysolvedin
thenearfuture. However, it is unclearhow to solve the 3D data
presentatiomproblemfor a viewer on the move. Shouldthis be
a small digital communicationsppliancewith an autostereo-
scopicscreenpr perhapsan eyewearbased3D displaysimilar
to thoseproposedor wearablecomputers?

B. Efcient visualcommunication

The enhancedealismof future visual communicationwill
undoubtedlyresultin anincreasdn transmissiomrequirements



whetherthe improvementscomefrom stereoscopic/multiew
video, from high-resolutionvideo, or from both. Although
someresearcheris thenetworkingcommunityarguethatvideo
compressiowill becomeobsoletesincesufcient bandwidth
will becomeavailable to senduncompressedideo, one can
easily point out that as viewers' appetitesfor utlimate-quality
imagesgrows, high-resolutionmultiview point-to-pointvisual
communicatiommay bethe next “killer” applicationcapableof
congestinghe networks. Therefore| believe thatbit rateef -
cieng/ will remainone of signi cant challengesn the future.
Although signi cant theoreticaland practical advanceshave
beenmadein monoscopicvideo compressiorto date, meth-
odsspeci c to stereoscopiandmultiview transmissiorarestill
immature.

High-resolution multiview (3D) point-to-point visual
communicatiormay be the next “killer” applicationca-
pableof congestinghe networks.

A rudimentarymultiview video compressionencompass-
ing stereoscopicompressionmode hasbeenadoptedin the
MPEG-2 standardasthe MVP addendum.In this mode,one
view is treatedas a baselayer while the otherviews are con-
sideredto be enhancemenrayers;the cross-viev correlationis
exploited by meansof disparitycompensationandthe bit rate
is allocatedunequallybetweernthe baseandenhancemeriay-
ers. Sincethe MVP predictionis bi-directionaf, variouscom-
binationsof disparity-andmotion-basegbredictionscanbe ap-
plied in forward and backward directions[4]. This e xibility
jointly with unequalrate allocationconstitutea promising3D
compressiortool that could be usedin the nearfuture for ef-

cient stereoscopiwideo delivery to the homeshould MVP-

compatibleMPEG-2hardwarebecomeavailable. However, in
orderto maximally exploit the MVP transmissionhumanfac-
torissuesneedto bestudiedmore;humanbinocularvision pos-
sessesomeveryinterestingpropertieghatcouldbefurtherex-
ploited to reducetransmissiorcosts. Despitesomerecentad-
vances[5], [3], the understandingf humanbinocularvision
remainslargely untapped.One particularly critical aspecthat
requiresattentionis eye fatiguewhenviewing 3D imagesand
video.

AlthoughMPEG-2is a very ef cient videocompressioren-
gine, even bettercompressiormethodscan be developedfor
multiview data. Two factorsshouldplay a role in this. First,
signi cant new resultsin video coding are publishedalmost
yearly Second the relianceon video compressiorstandards
in adwancingstate-of-the-artmay be diminishing as software
basedcompressioris likely to dominatesomefuture applica-
tions(seeSectionlll-C).

Another compression-relatesuethat will remaincritical
for visual communicatiorsystemds error resilience. On one
hand, the improving network infrastructure,with the conti-
nouslyincreasingcapacityandlower paclet lossrates,will re-
sultin higherpicture quality. Consequentlyin non-broadcast
applicationsover wired or terrestrialchannelswe might see
in the nearfuture sufciently shortround-trip delaysthat al-
low the useof re-transmissiorprotocolssuchas TCP. Error-
resilientvideo compressiormay becomeunnecessarin such

2MVP is justa specialcaseof the MPEG-2temporalscalabilitymode.
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applicationsOntheotherhand,any form of videobroadcasting
(e.g.,DTV, HDTV) aswell assatellitetransmissiorwill need
to rely on errorresilientcodingsincethe delaysaresigni cant
enougho make re-transmissioimpractical.Ultimately, should
thebandwithbe ablundantenoughsimpletransport-basetkch-
nigues,suchasforward error correction(FEC) or paclet du-
plication, might be sufcient to yield acceptablequality lev-
elswithout errorresiliencemechanismsAn alternatve to this
best-effort transmissioris a transmissiorwith quality of ser
vice guaranteesln this case the burdenof dealingwith chan-
nel errorsis delegatedto the network itself. If network's QoS
guaranteesre satishictory for the intendedvideo bit rate, no
errorresilienceneedbeembedednto videocoding.Otherwise,
layeredcodingshouldbe usedandthe mosterrorsensitve bits
(e.g.,averageblock intensityor motion vectorsin MPEG-type
coding) transmittedusing QoS guarantees.A very active re-
searchareafor years networkswith QoSguaranteeshav great
promisefor futurevisualcommunications.

C. Flexible visualcommunication

Today passve watchingof a TV programor simple video
playoutfrom theinternetareno moresufcient for mary view-
ers;they demandmore e xibility andinteractvity from thevi-
sualmedium.Onewayto addressheseneedshasbeenadopted
in the recentMPEG-4 audiosisual compressiorstandard[8],
[9], namely object-basedcompression/transmissiasf sound
andvideo. The basicideais to provide the end userwith a
exibility in composingthe nal video program;audiovisual
objectsaretransmittedseparatelyand canbe usedor replaced
by otherobjectsin the nal imagecompositionat the recever.
Thisnew functionalityis the rst steptowardsa e xible system
with which theusercaninteract.

However, the object-basedunctionality is not supportedoy
MPEG-4 with respectto 3D stereoscopi@nd multiview im-
ages. Although a very exciting perspectie, object manipula-
tion in 3D viewer spaceis a challengingproblemandrequires
further researcton object-basedideo codingand description
[10]. An importantbody of work in this areais presentlybe-
ing carriedout within the nev MPEG-7 audiovisual descrip-
tion standard [2], however it is unclearto whatextent MPEG-
7 will support3D video descriptions. As pointedout earlier
frame-basednultiview codingis supportecdby MPEG-2,but its
performancdor morethantwo views hasnot beenthoroughly
tested. Object-basednultiview video codingis an even more
comple topicandhasbeerilittle exploredto date[11]. Clearly,
signi cant challengesand greatopportunitiedie aheadn this
area.

It is very importantto realizethat althoughan MPEG-4en-
codercansupportobject-basedunctionalities,jtself it doesnot
performthevideobreakupinto objectsandbackgroundMore-
over, the standardloesnot describenow to doit. Theso-called
alpha planesor spatial sggmentationmapsidentifying image
pixel membershipsn objectsmustbe performedprior to the

3MPEG-7 addressesary issuesrelatedto the organizationof audioisual
databaseandmechanismef contentextraction,very importanttopicsfor fu-
turevisualassetsnanagemerthatareneverthelesoutsideof the scopeof this
article.
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MPEG-4encoding,andareat the discretionof the systemde-
signer Clearly the ability to computealphaplanesis a nec-
essaryconditionfor the succes®of the object-basednodesof
MPEG-4.

Spatialvideo sggmentatiorhasrecentlyattracteda lot of in-
terestn theresearcltommunityandnumerousechnique$ave
beenproposedfrom simple pixel/block clusteringand region
growing methods through regularization/Markv/minimum-
description-lengtimodelsto active contours.Theseggmentation
problem,ill-posedandevenill-de ned?, is notoriouslydif cult
to solve andwill challengeesearcherfor yearsto come.Some
recentresultsbasedon region competitionandactive contours
[12] shav an interestingresearchdirection. This directionis
particularly interestingwhen coupledwith level setsas a so-
lution mechanisn{13]. An exampleof motion segmentation
usingregion competitionandlevel sets[14] is shavn in Fig. 3.
Notethatthe methodis fully automaticand,althoughtheresult
is not perfect,threedistinct motionshave beenclearly identi- (@) Ball

ed (ball, arm,background)pixels not belongingto ary layer
donothave correspondenc@cclusionareas) Despitethis very
encouragingesultfurtherresearctin this directionis need.

An importantissuefacingequipmentmanufcturersaswell
asconsumergoday s the proliferation of video compression
standardsH.261,H.263,H.263+,H.263++,MPEG-1,MPEG-
2, MPEG-4have beenproposedn the lastdecade.lt is likely
that nev compressiorand delivery mechanismswill soonbe
developedto supportnew services. Video standardsare de-
velopedtoday sincespecializedhardwareis neededo handle
the complex processingthe standardgermit hardware com-
ponentsfrom different manufcturersto talk to one another
However, dueto remarkableadvancesn the processingpower
of desktopcomputerssoftwaredecoding(andoftenencoding)
within somestandardge.g.,H.261,MPEG-1)canbe executed
today in real time on a modernPentiumlll processor This (b) Hand
suggestghat strict video compressiorstandardsnay not be
neededn certainapplications,asthe decodingalgorithm can
betransmittedn thebitstreanmheaderln asensethisis already
happeningodayasusersnstall RealNetvorks,QuickTime and
otherplayersto decodegheincomingbitstreamsAlso, thelarge
setof toolboxes supportecby MPEG-4 suggestsa slowv move
towardsprogrammablecodingratherthana single x ed algo-
rithm.

It is quite concevable that standards-baseddeo compres-
sion may loseits appealin the future. Standards-basetbm-
pressionlocks the coding performancefor yearsuntil a nev
standardgroposals researchecadoptedandsuitablehardware
is manufctured. As moreef cient compressionechniquesre
developedalmostyearly, this cycle is too slow to keepup with
theresearchProgrammableompressionvould addresshisis-
sueby embeddinghe decodinginstructionsinto the video bit-
streamthedecodemould rst donwloadandinstallthedecod-
ing instructions,andthenusethemto interpretthe subsequent
bitstream.For example,onecouldimaginethatduringtheini-  Fig.3. An exampleof fully-automaticmotion-basedegmentatiorof anatural
tial negotiation betweenthe encoderand decoder very much Vvideosequencénto thr_eelayers: (a) pir_]gpongball; (b) player's arm; and(c)
L L . . . backgroundNotethatpixelsnotbelongingto ary of thethreelayersarelabeled
likein fax transmissionsuitablecompressionoolsandbit rate  ;5occiuded.
areselectedyiventhe CPUanddisplaycapabilitiegresolution)

(c) Background

4Whatis a meanigful(for humanssementatiorof animageor video?



of thedecoder

Standards-baseddeo compressiormay lose its appeal
in the future sinceit locks the coding performancefor
yearsuntil anew standargroposals researcheddopted
and suitablehardvare is manufctured. Programmable
compressionwould addresghis issueby embeddinghe
decodingnstructionsinto the videobitstream.

A compromisebetweenprogrammableind standards-based

compressiorcould be toolbox-basedcompressior(somavhat
similarto MPEG-4)whereawide variety of compressiotiools
would be available at both the encoderand decoderandonly
a high-level compressiornalgorithm using thosetools would
needto be transmittedin the header The toolboxes could be
basedon hardware-acceleratemhstructions,suchasthe MMX
instructionset, althoughthis solutionwould be perhapscloser
to standards-baseddeo compressiorthanto programmable
compression.

IV. CONCLUDING REMARKS

Thefutureof communicatingisualcuesis bothexciting and
challenging.Remarkablgrogresshasbeenachiezed sincethe
birth of television,andmostof it in the lasttwo decadesHow-
ever, beforea life-lik e, reliable and ubiquitousvisual commu-
nicationsbecomespart of our lives, a concentratedesearch
effort in 3D displays,3D video compressiorand processing,
andhumanfactorsis needed Although someresercherin the
networking communityarguethatsufcient bandwidthwill be-
comeavailableto senduncompresseddeo,it is verylik ely that
high-resolutiommultiview point-to-pointvisualcommunication
will bethenext “killer” applicationcapableof congestingaven
thefasteshetworks.
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