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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, I overview the state of
visual communication at the end of 20th century, discusstoday's
challengesand outline somefutur edir ections.

I . V ISUAL COMMUNICATIONS TO DATE

WH en wireline telephony was born a centuryago, few
couldhave predictedits futureprofoundimpacton so-

ciety. Thebirth of televisionthreedecadeslateralsodrew scep-
ticism,but thecriticswereprovenwrongagain. Both technolo-
gieshave �ourished eversince,fueledby humandesireto com-
municatewith one anotherand stay in touch with the world.
Theintroductionof thefax machinesome20 yearsagodid not
disappoint,althoughits proliferationtooka few years.Todayit
is aubiquitousbusinesstool andacommonhomeelectronicap-
pliance.Therecentrebirthof thetelephonein its cellularincar-
nationwasaimedoriginally at thebusinessmarket. Today, cel-
lular telephony, especiallyits digital variety, enjoys the fastest
growth of any telecommunicationstechnologydevelopedin the
20thcenturyandhasthewidestworldwidereach.

Wheredoesvisualcommunicationsstandtodayat thedawn
of the 21-stcentury? Sinceits inception,television hasgone
througharemarkabletransformation,dueto theintroductionof
colorin the1950andconstantimprovementsin 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: superiorimageandsoundquality,
bandwidthef�ciency, andembeddederrorresilience.Basedon
the MPEG-2 audio-visualcompressionstandardand ef�cient
channelcoding,thisnew technologyallows thetransmissionof
four DTV programswithin the bandwidthof one analogTV
channel(6MHz). This permitscableandsatelliteTV operators
to quadruplechannelofferingswithout additionalspectrumal-
locations,thusdriving transmissioncostsdown. MPEG-2has
alsobeenthe coretechnologyfor the DVD, CD-like medium
with the capacityto storeup to 2 h of MPEG-2 compressed
video. The remarkablecompressionratio achieved (on aver-
age40-50)is possiblethanksto theextremelyef�cient source
codingof MPEG-2andalsoits variablebit-ratecapability;a4-
6Mb/sbitstreamis enoughon averagefor mostprogramswith
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theexceptionof extremelydynamicsportevents(e.g.,partsof
hockey or basketballgames).To date,bothDTV andDVD have
beenhugesuccesses,andit is very likely thatthey will �ourish
in thenearfuture.

A particularlypromising,andat thesametime challeng-
ing, aspectof communicationandinformationtechnolo-
giesis thetransmissionanduseof visualinformation.

Ironically, the video compression technology used in
DTV was originally developedfor high-de�nition television
(HDTV). AlthoughDTV is fully digital, it maintainsthescreen
aspectratio (4:3) andresolution(720� 480 in North America
and 720� 576 in Europe)of its analogpredecessors.On the
other hand,HDTV was designedto offer cinema-like screen
shape(16:9) at much higher resolutions(e.g., 1920� 1152).
Despitetheef�ciency of MPEG-2compression,thehigherin-
formationcontentof high-de�nition imagesrequiresonecom-
plete analogTV channelfor the transmissionof one HDTV
program;thetransmissionof anHDTV bitstream(18Mb/s)re-
quiresaboutfour timesthespectrumof DTV transmission.In-
troducedin the largestcities in theUnitedStatesin November
1998,HDTV servicesareslow to take off dueto thevery high
costof retro�tting thestudioandbroadcastequipment,aswell
asreplacinghomeTV sets.Oncetheseobstaclesareovercome,
theHDTV is likely to takeoff, althoughformidablecompetition
from DTV will continue.

The ubiquity of telephony and television today is not inci-
dental.Thetelephone,especiallywireless,is appealingthanks
to theconceptof anywhere/anytime person-to-personcommu-
nication,while televisionis attractivedueto therich visualcon-
tent that it conveys throughmoving color imagery. In the last
30 years,intensive work hasbeenconductedon integratingthe
two conceptsin a point-to-pointvisualcommunicationsystem.
Stationaryvideophone,a low-cost, low-resolution,consumer-
orientedvisual communicationsystem,wasintroducedon the
marketasearlyasin the1960s,andthenreintroducedin thelate
1980sand1990s,but the proposedsolutionsfailed to capture
theconsumermarket. Althoughbasedon therecentH.263dig-
ital videocompressionformat, thenewestsolutionsoffer only
QCIF (176� 144) or sub-QCIF(128� 96) imagesat temporal
refreshratesoftenmuchlowerthan30Hzdueto channelcapac-
ity constraints(e.g.,56kb/smodems).Most recently, similar,
but only experimental,solutionshave beendemonstratedfor
mobilevideophony, but atevenlower refreshratesdueto wire-
lesschannelrestrictions. Suchlow-resolutionimages,which
canonly beviewedon smallscreens,combinedwith poormo-
tion rendition(motion jerkinessdueto low refreshrates)have
beentheprimary factorin reluctanceto adoptthis technology.
Otherimportantfactorshave beenuserfriendliness(somesys-
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TABLE I
COMPARISON OF VARIOUS VISUAL COMMUNICATION SERVICES OFFERED TODAY OR UNDER DEVELOPMENT. NOTE THAT THE NEWEST VIDEO

COMPRESSION STANDARD MPEG-4 IS NOT REFERRED TO, BUT IT APPLIES WHEREVER H.263 DOES.

Application Channel Channelerrors Videocompression Resolution Videobit rate

Videophone PSTN Few bit errorsandpacket losses H.263(+) 176� 144 10-25kb/s

Videophone ISDN No errors H.261/263(+) 176� 144 64-384kb/s

Videophone Packet network No bit errorsbut packet losses H.261/263(+) 176� 144 10-384kb/s

Videophone Wireless High bit errorsandpacket losses H.263(+) 176� 144 10-300kb/s

Videoconf. Packet network No bit errors,packet losses H.263(+) 352� 288 0.1-1Mb/s

Videoconf. ATM Almostnoerrors MPEG-2 720� 480 1-6Mb/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 stay in the �eld of view of the camera)
andpricing (bothendsneedto beequipped).Althoughtechni-
cal issuescanbe overcome,especiallyas broadbandconnec-
tions (asynchronousdigital subscriberline, ADSL and cable
modems)becomeubiquitous,it is unclearwhetherhumanfac-
tor issuescanbeeasilyaddressed.

In contrastto videophone's inability to capturetheconsumer
market, videoconferencinghas been relatively successfulin
penetratingthe corporateenvironment. Higher imagequality
thanthatof thevideophoneandrelative independencefrom hu-
manfactorsareperhapsthe two major stimuli in the prolifer-
ation of desktopvideoconferencingtoday. Basedon the same
H.263video compressionasthe videophone,videoconferenc-
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 suf�ciently large
distance(typically morethan6 pictureheights).Therelatively
highbit raterequiredusuallyposesnoproblemoncorporatein-
tranets;however, it is likely to causedelivery “hiccups”outside
of themif noquality-of-service(QoS)guaranteesexist. Human
factorsarelessof an issuein corporatevideoconferencingbe-
causeof theway it is used(primarily for virtual businessmeet-
ings),andalsobecauseof work ethics(acceptablebehavior and
dresscode). Today, PC-basedvideoconferencingis becoming
a standardbusinesstool on corporateintranets,but its success
outsideof themdependsprimarily on theavailablechannelca-
pacityand/orQoSguarantees.

A summaryof variousvisualcommunicationsserviceseither
offeredtodayor underdevelopmentis presentedin TableI.

I I . TODAY ' S CHALLENGES

Althoughthetransitionfrom analogto digital visualcommu-
nicationis alreadytakingplace,a numberof issuesneedto be

adressedbeforedigital visualcommunicationbecomesubiqui-
tous. Below, I review the mostcritical, in my opinion, chal-
lengesthat, if unresolved,mayseverely impedefurtherevolu-
tion of digital visualcommunication.

A. Error resilience

In analogvisual communicationthe video contentis trans-
mittedasacontiguouswaveformoveradedicatedchannel.For
example,in analogTV a �x ed6MHz channelcarriesonly one
suitably modulatedaudiovisual signal. Under mild degrada-
tionof channelconditionsthereceivedimagestypicallybecome
morenoisy. In caseof strongchanneldegradations,imagescan
be severely distortedor even lost, but this loss is localizedin
timesinceanalogtransmissionis memoryless.

In digital visualcommunication,theuseof resourcesis quite
different. Usually, thecontentis brokenup into smallerunits,
suchas blocks of pixels, then compressedand encoded,and
�nally shippedover a �x ed- or variable-capacitychannel. In
a �x ed-capacitychannel,suchas plain old telephony service
(POTS) line with 56kb/smodem,anintegratedservicesdigital
network (ISDN) line or 6MHz TV channelwith 16-quadrature
amplitudemodulation(QAM), a compressionschemeandbit
ratemustbecarefullyselectedin orderto matchchannelchar-
acteristicswhile maximizingvideo quality. However, even if
channelcapacityexceedsthe requiredbit rate,channelerrors
canseverelydegradetheperformanceof thesystem.Sincemost
digital videocompressionmethodsarenotmemoryless,theim-
pactof channelerrorsis moreseverethanin theanalogcase;the
effectsarenomorelocalizedandmayextendspatiallyandtem-
porally. In orderto “immunize” digital visualcommunications
to channelerrors,threeclassesof error resiliencemechanisms
arepresentlyused:

1. Methodsintroducedwithin the sourceand channelen-
coders
2. Post-processingexecutedat thedecoderto concealerrors
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3. Interactionbetweenencoderanddecoder

In the �rst classof methods,intentionalredundancy is added
to the bitstreamduring sourceand/orchannelencoding. The
redundancy dataarecarefully designed(type andlocation) to
achieve maximumgain in errorresilienceandat thesametime
introduceleastperformancepenalty. Examplesof suchtech-
niquesare insertionof resynchronizationmarkers, reversible
variable-lengthcoding(RVLC), insertionof intra-codedblocks
or frames,independentsegmentprediction(ISD), dataparti-
tioning, layeredcoding with unequalerror protection(UEP),
andmultiple-descriptioncoding(MDC).

While the �rst and third classof methodsrequiresynchro-
nismbetweentheencoderanddecoder, theconcealmentmeth-
ods are implementedin the decoderonly and in no way im-
pactthe interactionbetweentheencoderanddecoder. In other
words, such methodscan be devised outsideof video com-
pressionstandards. A variety of techniqueshave beenpro-
posedto datefor the recovery of texture information. Most of
themperformeithersimpleinterpolation(spatialor spatiotem-
poral) or motion-compensatedtemporalprediction. More ad-
vancedmethodsuseprior informationabouttheunderlyingim-
agestructureby meansof regularizationor projectionontocon-
vex sets(POCS)methods.Therecoveryof missingmotionvec-
tors is often basedon simpleheuristics(repetitionof a corre-
spondingvectorfrom a previousframe)or mean/median�lter -
ing. Designedoutsidevideocompressionstandards,errorcon-
cealmentmethodswill eventuallyappearin H.263andMPEG-4
decodersasan addedvalue. Sincetheoreticallyall standard-
compliantdecodersshouldperformequally, it is theerrorcon-
cealmenteffectivenessthatwill helpdifferentiateamongthem
in themarketplace.

Sincetheoreticallyall MPEG-4andH.263-compliantde-
codersshouldperform equally, their error concealment
effectivenesswill help differentiateamongthem in the
marketplace.

Methodsin the third classrequirea feedbackchannelfrom
the decoderto the encoder;the decoderinforms the encoder
which partof thebitstreamis corruptedby errors,andthe lat-
terattemptsto adjustits operationto supresstheeffectsof such
errors. If the underlyingnetwork protocolsupportsautomatic
repeatrequest(ARQ), a simple approachis to retransmitthe
lost data. This solution, however, is often unacceptabledue
to the incurreddelays. A simplealternative is to recover syn-
chronisationand temporarilyreducethe transmissionrate. If
rateadjustmentcannotbedone,anotherpossibilityis to permit
errorsbut limit their propagation. Referencepictureselection
(RPS)is a methodin this classthat,uponlearningabouterrors
in a previously-encodedframe,selectsan earlier intact frame
asreferencefor theprediction.This approachincreasesbuffer
sizebut is very effective in limiting errorpropagation. A more
sophisticatedversionof this approachtrackshow thedamaged
areasin a given framewould affect future frames,andsubse-
quently performsintra-framecoding of new-frame blocks or
avoidsperformingpredictionbasedon damagedareas.For an
excellentreview of errorresiliencetechniquesthereadershould
see[1].

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

dardsapplysomeof theaboveerrorresilienceschemes.In par-
ticular, by usingresynchronizationmarkers,RVLC, ISD, data
partitioning,andRPS,bothstandardsperformwell undera va-
rietyof channelconditions.However, dueto theexplosiveinter-
estin wirelessandIP-basedvisualcommunication,bothchar-
acterizedby severechannelerrors,work on ever moreresilient
videocompressionschemesis needed.This is furtherdiscussed
later.

B. Networkheterogeneity

A very commonproblemin the deploymentof visual com-
municationsinfrastructureis network and transmitter/receiver
heterogeneity. While the ultimate goal is a homogeneous
broadbandnetwork, today's communicationsinfrastructureis
a patchwork of networkswith varyingchannelcapacity, delay,
anderrorcharacteristics.Moreover, thetransmitterandreceiver
can have different characteristicssuchas video compression
standardcompliance,screenresolution,or availableprocessing
power (softwaredecoding).

A naturalsolution to network and transmitter/receiver het-
erogeneityproblemsis transcoding,that is, decodingof a data
streamwith onesetof speci�cationsandsubsequentencoding
of thisverydatainto astreamwith anothersetof speci�cations.
While in the caseof different compressionstandardsusedin
the transmitterandreceiver this is the only option, alternative
mechanismsarepossiblewhendataratesor resolutionsarein-
compatible.For example,layered codingfacilitatesgradually
increasingdataratesandresolutionsby meansof hierarchical
videorepresentation.In thiscase,thevideodataarerepresented
in amultiresolutionpyramid(e.g.,by meansof waveletdecom-
position). First, the lowest-resolutionvideo dataareencoded.
Then,at eachresolutionthe video dataareencodeddifferen-
tially with respectto theprecedinglower-resolutionlocally de-
codedvideo. All the encodeddatastreamsarecombinedinto
onescalablevideorepresentation[2]. By transmittingandde-
codingseveral resolutionlevels, a hierarchy of dataratesand
resolutionscan be achieved, thus permitting the network to
selectsuitabledatarate for particularsubnetwork, and at the
sametimeallowing thereceiver to decodeonly theinformation
matchingits characteristics.

As discussedin the previous section,layeredcodinghasan
additionaladvantagein the presenceof channelerrors. Since
typically a compressedlower-resolutionlayer useslesschan-
nel capacitythana higher-resolutionone,it is lesslikely to en-
counterchannelerrors.Thiscanbereinforcedby unequalerror
protectionamonglayers.

C. Ownershipprotection

Oneof the mostsensitive issuesconcerningtoday's digital
technologyis theownershipprotection.While impossiblein the
analogdomain,losslesstappingof digital contentis very easy
dueto thenatureof thesignalandtheeasyaccessto thedistri-
butionmedia(packetsnif�ng on theInternet,easeof copying a
CD). Losslessdataduplicationposessigni�cant challengesfor
contentproviders,andhasrecentlyspawneda major research
effort.
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Contentprotectioncan be addressedby meansof cryptog-
raphy; original dataareencryptedby theprovider usinga pri-
vatekey, while the usersdecryptthe contentusingan associ-
atedpublic key. The weak point of this approachis that the
decrypteddataaredirectly vulnerableto piracy oncethey have
beenbroughtbackto theoriginalunprotectedform.

Anothersolutionproposedis bemeansof adigital signature,
i.e., an encodedmessagematchingthe original imageandap-
pendedto it. Veri�cation proceduresarebasedonapublicalgo-
rithm andpublickeys. Sinceany modi�cation of theimagedata
will causea mismatchwith thesignature,imagetamperingcan
beeasilydetected.As thesignaturesizeis usuallyproportional
to theoriginaldatasize,thissolutionis not verypractical.

Digital watermarkingof imagesor videois a relatively new
researchareathat is very fastgrowing1. In digital imagewa-
termarking,an invisible signal (small alteration)is hiddenin
the imagethat can be subsequentlydetectedby the provider
or the customer, dependingon the application. In private-key
watermarking,usedfor copyright protection,theprovider uses
a privatekey to alter an imagedistributed to customers.The
provider canexamineany accessibleimagefor watermarkex-
istenceusingtheprivatekey. In public-key watermarking,used
for contentveri�cation, theprocedureis similarexceptthatwa-
termarkcastingassociatesapublickey with theprivatekey. The
customercanusethepublic key anda public watermarkdetec-
tion algorithmto verify watermarkexistence.Private-key wa-
termarkingaimsat theprotecttheproviderandhasbeenexten-
sively studiedin the literatureto date. Public-key watermark-
ing protectsthe customer. Despitesigni�cant researchefforts
andamultitudeof proposednew methods,theproblemremains
largelyunsolved;nosinglemethodproposedto datecansurvive
a rangeof attacks.

I I I . INTO THE FUTURE

As today's challengesdescribedabove are likely to be
adressedin thenearfuture,andasthenetwork infrastructureis
upgradedto video-level bandwidths,onewonders:what'snext?
Clearly, videoconferencingandvideophony wouldgreatlyben-
e�t from betterimagequality, althoughat the costof putting
additionalstrainon network resources.However, beforesupe-
rior imagequalityof today'sHDTV is usedin person-to-person
visual communications,other improvementsarelikely to take
precedence.Below, somenew challengeslikely to shapevisual
communicationin the21stcenturyarediscussed.

A. Natural visualcommunication

Todaytwo-dimensional(2-D)colormoving imageryisacon-
vincing visual mediumin a variety of applications.However,
there exist many applications,in both person-to-personand
broadcastcommunication,that would greatlybene�t from an
increaseddegreeof realism. For example,virtual visits (e.g.,
of homes,vacationsites),remoteguidancein dangerousenvi-
ronmentsandtelemedicinewouldbemoreeffective wereusers
able to move (roam) in virtual 3D space;the perceptionof

1At theIEEE InternationalConferenceon ImageProcessing,ICIP-2000the
mostpopulartopic (in termsof the numberof paperspresented)wasdigital
imageandvideowatermarking- 4 sessions.

depth,sonaturalin daily life, would greatlyenhancea ”being
there”experience.

Tomorrow's visual communicationsmustaddressthis issue
by meansof capture,transmission,and display of 3D visual
cues[3]. Although holographicand volumetric 3D displays
mayeventuallyprovidetheultimate3D experience,it is unclear
how to transmitthevastamountsof opticalinformationneeded
by thesedisplays.Moreover, sincestate-of-the-artholographic
displayscanpresentonly still imagesandvolumetricdisplays
are bulky, both are incompatiblewith the anytime/anywhere
conceptof the21stcenturyvisualcommunications.

Today two-dimensional(2-D) color moving imageryis
a convincing visual medium in a variety of applica-
tions. However, thereexist many applications,both in
person-to-personand in broadcast-typecommunication,
thatwouldgreatlybene�t from anincreaseddegreeof re-
alism.

A very effective alternative to holographicand volumetric
systemsare3D stereoscopicandmultiview (multiscopic)dis-
plays.Unlike holographicandvolumetricdisplays,thatrender
a 3D volume, stereoscopicdisplayspresenttwo views of the
samescenecapturedfrom slightly differentangles,andrely on
thehumanbrainto fusethoseviews into a meaningful3D rep-
resentation.Stereoscopy hasbeenaroundfor over a century,
but only in thelasttwo decadesit emergedasaviable3D tech-
nology. This hasbeenmadepossibleby the advancesin im-
agemultiplexing/demultiplexing techniquesneededto separate
views intendedfor eacheye. Threeapproachesarecurrently
dominatingstereoscopicimaging(Figs.1-2):

1. Polarization: Views areprojectedthroughlight polariz-
ersonto a screen(superposed)andthenseparatedby iden-
tical polarizersincorporatedinto eyewear(linearorthogonal
or circularpolarizers).
2. Time-sequentialshuttering: Views are time-sequentially
multiplexed on the screenand separatedby liquid-crystal
shutter(LCS) glassesthat openandclosein syncwith the
displayedimages.
3. Autostereoscopy: Views areusuallyspatiallymultiplexed
on a pixel-addressablescreenandsubsequentlyseparatedby
an optical layer that directsleft andright pixels to separate
viewing zones(e.g.,lenticular);noglassesarerequired.

Undoubtedly, autostereoscopy is theholy grail of electronic
3Ddisplays,sincenoeyewearis required.However, today'sap-
proachesusuallyapplyspatialview multiplexing, thusreducing
eitherhorizontalor vertical resolutionby a factorof two. This
is averyactive researchareawith greatpotential.Polarization-
andLCS-basedsystemsseemto be temporarysolutionsonly;
althoughacceptablein broadcastapplications,theeyewearre-
quiredis amajorobstaclein person-to-personcommunications.

Stereoscopicdisplaysprovide only a single3D perspective
(i.e., as if watchinga scenefrom one single viewpoint). In
order to changethis viewpoint and allow a dynamic3D per-
spective,multiview displayshave beenrecentlyproposed.The
essenceof multiview displayslies in their ability to present
geometrically-correctview at eachviewing angle. This poses
two new challenges.
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Fig. 1. Stereoscopicdisplaysusingglasses:(a)polarization-baseddisplay;and(b) liquid crystalshutterdisplay.

The �rst challengeis the display itself. One approachis
to detectviewer headpositionby meansof headtrackingand
presentproperview on a stereoscopicdisplay(eyewear-based
or autostereoscopic);as the viewpoint changesso do the pre-
sentedimages. Experimentalsystemsdevelopedto datehave
shown greatpromise;however, aswasalreadymentioned,eye-
wear may not be acceptablein someapplications,while au-
tosterescopicsystemssuffer from “view �ipping” (in a two-
zonesystemtheeyesmoving to anotherviewing zonearepre-
sentedwith thesameperspective). An alternativeapproach,that
doesnot requiretracking, is a multiple-zoneautostereoscopic
display. By allowing many viewing zones,eachdelivering a
singleperspective, onecanprojectdifferentviews into differ-
ent zones,and thereforedifferenteyes. This is a very attrac-
tiveconcept,exceptthatsuchdisplayssuffer from low horizon-
tal resolutionsinceviewing zonesaremultiplexedhorizontally.
Althoughboth tracking-andzone-basedsolutionsproposedto
date are far from satisfactory, researchinto multiscopic dis-
plays is very active and promisesinterestingsolutionsin the
next decade.Oneparticularlyinterestingdirectionis thedevel-
opmentof multiview displayswith temporalinsteadof spatial
multiplexing.

Thesecondchallengeis theacquisitionanddelivery of mul-

R
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L

LCD

Lenticular screen

Fig. 2. An exampleof autostereoscopic3D system- two-zonelenticulardis-
play. At correctdistancefrom thescreen,eyescanseeindependentlyleft- and
right-columnpixels.

tiview data.In anidealscenario,theviewerheadmotionwould
control the position of a camera,but this is only possiblein
very particularreal-timeapplications(e.g.,tele-manipulation).
More typically, the 3D dataare acquiredwith no suchfeed-
back;a �x ednumberof views is availablefor transmission.To
date,experimentalmulti-camera3D acquisitionsystemshave
beenbuilt and successfullytested. In order to assureview
continuity, the numberof camerasshouldbe as large aspos-
sible. However, physical constraintson camerasizeimposea
limit on cameraseparation.Moreover, the resultingdata�o w
from many cameraswouldputsigni�cant strainonnetwork re-
sources.Certainly, theviewsarehighlycorrelatedandtherefore
compressible,but theMVP (multiview pro�le) modeof MPEG-
2 [4] supportingmultiview codingmaynot besuf�cient when
thenumberof views is large. Furtherwork in this directionis
needed[5], [6]. An alternative is to transmitfewerviewsandto
computeintermediate(virtual) views at the receiver [7]. This
solutionputslessstrainon thenetwork but requiressigni�cant
computingpower at thereceiver. Also, thequality of thecom-
putedviews mustbe high enoughin orderthat the experience
be transparent.This is a formidablechallengeespeciallythat
suchcomputationsmustbeperformedin realtime.

Although the stereoscopicand multiview displays, espe-
cially those basedon autostereoscopicmechanisms,can be
madeportable,they arenot exactly compatiblewith the any-
time/anywhereconceptof futurevisualcommunication.Within
thisconceptthe,deliveryof visualdatais likely to besolvedby
wirelesstransmissionatbroadbandrates;perhapsnotassoonas
many expect,thisproblemneverthelesswill belargelysolvedin
thenearfuture.However, it is unclearhow to solve the3D data
presentationproblemfor a viewer on themove. Shouldthis be
a small digital communicationsappliancewith an autostereo-
scopicscreen,or perhapsaneyewear-based3D displaysimilar
to thoseproposedfor wearablecomputers?

B. Ef�cient visualcommunication

The enhancedrealismof future visual communicationwill
undoubtedlyresultin anincreasein transmissionrequirements
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whetherthe improvementscomefrom stereoscopic/multiview
video, from high-resolutionvideo, or from both. Although
someresearchersin thenetworkingcommunityarguethatvideo
compressionwill becomeobsoletesincesuf�cient bandwidth
will becomeavailable to senduncompressedvideo, one can
easilypoint out that asviewers' appetitesfor utlimate-quality
imagesgrows, high-resolutionmultiview point-to-pointvisual
communicationmaybethenext “killer” applicationcapableof
congestingthenetworks. Therefore,I believe thatbit rateef�-
ciency will remainoneof signi�cant challengesin the future.
Although signi�cant theoreticaland practical advanceshave
beenmadein monoscopicvideo compressionto date,meth-
odsspeci�c to stereoscopicandmultiview transmissionarestill
immature.

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

A rudimentarymultiview video compression(encompass-
ing stereoscopiccompression)modehasbeenadoptedin the
MPEG-2standardas the MVP addendum.In this mode,one
view is treatedasa baselayer while the otherviews arecon-
sideredto beenhancementlayers;thecross-view correlationis
exploitedby meansof disparitycompensation,andthebit rate
is allocatedunequallybetweenthebaseandenhancementlay-
ers. SincetheMVP predictionis bi-directional2, variouscom-
binationsof disparity-andmotion-basedpredictionscanbeap-
plied in forward andbackward directions[4]. This �e xibility
jointly with unequalrateallocationconstitutea promising3D
compressiontool that could be usedin the nearfuture for ef-
�cient stereoscopicvideo delivery to the homeshouldMVP-
compatibleMPEG-2hardwarebecomeavailable. However, in
orderto maximallyexploit theMVP transmission,humanfac-
tor issuesneedto bestudiedmore;humanbinocularvisionpos-
sessessomevery interestingpropertiesthatcouldbefurtherex-
ploited to reducetransmissioncosts. Despitesomerecentad-
vances[5], [3], the understandingof humanbinocularvision
remainslargely untapped.Oneparticularlycritical aspectthat
requiresattentionis eye fatiguewhenviewing 3D imagesand
video.

AlthoughMPEG-2is a very ef�cient videocompressionen-
gine, even bettercompressionmethodscan be developedfor
multiview data. Two factorsshouldplay a role in this. First,
signi�cant new resultsin video coding are publishedalmost
yearly. Second,the relianceon video compressionstandards
in advancingstate-of-the-artmay be diminishing as software
basedcompressionis likely to dominatesomefuture applica-
tions(seeSectionIII-C).

Anothercompression-relatedissuethat will remaincritical
for visual communicationsystemsis error resilience.On one
hand, the improving network infrastructure,with the conti-
nouslyincreasingcapacityandlower packet lossrates,will re-
sult in higherpicturequality. Consequently, in non-broadcast
applicationsover wired or terrestrialchannelswe might see
in the nearfuture suf�ciently short round-trip delaysthat al-
low the useof re-transmissionprotocolssuchas TCP. Error-
resilientvideo compressionmay becomeunnecessaryin such

2MVP is justaspecialcaseof theMPEG-2temporalscalabilitymode.

applications.Ontheotherhand,any form of videobroadcasting
(e.g.,DTV, HDTV) aswell assatellitetransmissionwill need
to rely on error-resilientcodingsincethedelaysaresigni�cant
enoughtomakere-transmissionimpractical.Ultimately, should
thebandwithbeabundantenough,simpletransport-basedtech-
niques,suchas forward error correction(FEC) or packet du-
plication, might be suf�cient to yield acceptablequality lev-
elswithout error-resiliencemechanisms.An alternative to this
best-effort transmissionis a transmissionwith quality of ser-
viceguarantees.In this case,theburdenof dealingwith chan-
nel errorsis delegatedto the network itself. If network's QoS
guaranteesaresatisfactory for the intendedvideo bit rate,no
errorresilienceneedbeembededinto videocoding.Otherwise,
layeredcodingshouldbeusedandthemosterror-sensitive bits
(e.g.,averageblock intensityor motionvectorsin MPEG-type
coding) transmittedusing QoS guarantees.A very active re-
searchareafor years,networkswith QoSguaranteesshow great
promisefor futurevisualcommunications.

C. Flexiblevisualcommunication

Today, passive watchingof a TV programor simplevideo
playoutfrom theinternetarenomoresuf�cient for many view-
ers;they demandmore�e xibility andinteractivity from thevi-
sualmedium.Onewayto addresstheseneedshasbeenadopted
in the recentMPEG-4 audiovisual compressionstandard[8],
[9], namely object-basedcompression/transmissionof sound
and video. The basic idea is to provide the end userwith a
�e xibility in composingthe �nal video program;audiovisual
objectsaretransmittedseparatelyandcanbeusedor replaced
by otherobjectsin the �nal imagecompositionat thereceiver.
Thisnew functionalityis the�rst steptowardsa�e xible system
with which theusercaninteract.

However, theobject-basedfunctionality is not supportedby
MPEG-4 with respectto 3D stereoscopicand multiview im-
ages. Although a very exciting perspective, objectmanipula-
tion in 3D viewer spaceis a challengingproblemandrequires
further researchon object-basedvideo codinganddescription
[10]. An importantbody of work in this areais presentlybe-
ing carriedout within the new MPEG-7 audiovisual descrip-
tion standard3 [2], however it is unclearto whatextentMPEG-
7 will support3D video descriptions.As pointedout earlier,
frame-basedmultiview codingis supportedby MPEG-2,but its
performancefor morethantwo views hasnot beenthoroughly
tested.Object-basedmultiview video codingis an even more
complex topicandhasbeenlittle exploredto date[11]. Clearly,
signi�cant challengesandgreatopportunitieslie aheadin this
area.

It is very importantto realizethatalthoughanMPEG-4en-
codercansupportobject-basedfunctionalities,itself it doesnot
performthevideobreakupinto objectsandbackground.More-
over, thestandarddoesnotdescribehow to do it. Theso-called
alpha planesor spatialsegmentationmapsidentifying image
pixel membershipsin objectsmust be performedprior to the

3MPEG-7addressesmany issuesrelatedto the organizationof audiovisual
databasesandmechanismsof contentextraction,very importanttopicsfor fu-
turevisualassetsmanagementthatareneverthelessoutsideof thescopeof this
article.
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MPEG-4encoding,andareat thediscretionof thesystemde-
signer. Clearly, the ability to computealphaplanesis a nec-
essaryconditionfor the successof the object-basedmodesof
MPEG-4.

Spatialvideosegmentationhasrecentlyattracteda lot of in-
terestin theresearchcommunityandnumeroustechniqueshave
beenproposed,from simplepixel/block clusteringandregion
growing methods through regularization/Markov/minimum-
description-lengthmodelsto activecontours.Thesegmentation
problem,ill-posedandevenill-de�ned4, is notoriouslydif�cult
to solveandwill challengeresearchersfor yearsto come.Some
recentresultsbasedon region competitionandactive contours
[12] show an interestingresearchdirection. This direction is
particularly interestingwhen coupledwith level setsas a so-
lution mechanism[13]. An exampleof motion segmentation
usingregion competitionandlevel sets[14] is shown in Fig. 3.
Notethatthemethodis fully automaticand,althoughtheresult
is not perfect,threedistinct motionshave beenclearly identi-
�ed (ball, arm,background);pixelsnot belongingto any layer
donothavecorrespondence(occlusionareas).Despitethisvery
encouragingresultfurtherresearchin thisdirectionis need.

An importantissuefacingequipmentmanufacturersaswell
asconsumerstoday is the proliferationof video compression
standards;H.261,H.263,H.263+,H.263++,MPEG-1,MPEG-
2, MPEG-4have beenproposedin the lastdecade.It is likely
that new compressionand delivery mechanismswill soonbe
developedto supportnew services. Video standardsare de-
velopedtodaysincespecializedhardware is neededto handle
the complex processing;the standardspermit hardware com-
ponentsfrom different manufacturersto talk to one another.
However, dueto remarkableadvancesin theprocessingpower
of desktopcomputers,softwaredecoding(andoftenencoding)
within somestandards(e.g.,H.261,MPEG-1)canbeexecuted
today in real time on a modernPentiumIII processor. This
suggeststhat strict video compressionstandardsmay not be
neededin certainapplications,as the decodingalgorithmcan
betransmittedin thebitstreamheader. In asense,this is already
happeningtodayasusersinstallRealNetworks,QuickTimeand
otherplayersto decodetheincomingbitstreams.Also, thelarge
setof toolboxessupportedby MPEG-4suggestsa slow move
towardsprogrammablecodingratherthana single�x ed algo-
rithm.

It is quite conceivable that standards-basedvideo compres-
sion may lose its appealin the future. Standards-basedcom-
pressionlocks the coding performancefor yearsuntil a new
standardproposalis researched,adoptedandsuitablehardware
is manufactured.As moreef�cient compressiontechniquesare
developedalmostyearly, this cycle is too slow to keepup with
theresearch.Programmablecompressionwouldaddressthisis-
sueby embeddingthedecodinginstructionsinto thevideobit-
stream;thedecoderwould �rst donwloadandinstall thedecod-
ing instructions,andthenusethemto interpretthesubsequent
bitstream.For example,onecould imaginethatduringtheini-
tial negotiationbetweenthe encoderanddecoder, very much
like in fax transmission,suitablecompressiontoolsandbit rate
areselectedgiventheCPUanddisplaycapabilities(resolution)

4Whatis ameanigful(for humans)segmentationof animageor video?

(a)Ball

(b) Hand

(c) Background

Fig.3. An exampleof fully-automaticmotion-basedsegmentationof anatural
video sequenceinto threelayers: (a) pingpongball; (b) player's arm; and(c)
background.Notethatpixelsnotbelongingto any of thethreelayersarelabeled
asoccluded.
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of thedecoder.
Standards-basedvideo compressionmay lose its appeal
in the future sinceit locks the coding performancefor
yearsuntil anew standardproposalis researched,adopted
and suitablehardware is manufactured. Programmable
compressionwould addressthis issueby embeddingthe
decodinginstructionsinto thevideobitstream.

A compromisebetweenprogrammableandstandards-based
compressioncould be toolbox-basedcompression(somewhat
similar to MPEG-4)wherea wide varietyof compressiontools
would be availableat both the encoderanddecoder, andonly
a high-level compressionalgorithm using thosetools would
needto be transmittedin the header. The toolboxescould be
basedon hardware-acceleratedinstructions,suchastheMMX
instructionset,althoughthis solutionwould beperhapscloser
to standards-basedvideo compressionthan to programmable
compression.

IV. CONCLUDING REMARKS

Thefutureof communicatingvisualcuesis bothexciting and
challenging.Remarkableprogresshasbeenachievedsincethe
birth of television,andmostof it in thelasttwo decades.How-
ever, beforea life-lik e, reliableandubiquitousvisual commu-
nicationsbecomespart of our lives, a concentratedresearch
effort in 3D displays,3D video compressionand processing,
andhumanfactorsis needed.Althoughsomereserchersin the
networkingcommunityarguethatsuf�cient bandwidthwill be-
comeavailabletosenduncompressedvideo,it is verylikely that
high-resolutionmultiview point-to-pointvisualcommunication
will bethenext “killer” applicationcapableof congestingeven
thefastestnetworks.
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