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Abstract

Television hasbeenaroundfor manydecadesiow and hasbecomeubiquitous.Analay TV technolagy, however,
which wasdevelopedbefole the 19405, hasremainedessentiallithe sameoverthelast 50 yeass. Alternativedigi-
tal transmissiorstandads havebeendevelopedrecentlyandare in usefor satelliteand cabletransmissionsThis
technolayy is nowbeingdeployedor terrestrial TV aswell. This high-speednfrastructue for digital broadcasts
of video,audio,and otherdata, which will bebuild over the next few years, sugyeststhat welook more closelyat
this technolagy and explore its usefromthe standpoiniof computergraphics.

This paper providesan overviev of the technolagy of digital television, discussests potential and challenges,
andpresentseveral experimentalapplicationswhich demonstate how computergraphicscan provideinputand
influencethe future of digital television. Theseapplicationsinclude a virtual VCR, interactive video overlays,
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technolay for thelecture of thefuture, andinteractivevideopanoiamas.

1. Introduction

Television(TV) hasbecomeasignificantpartof ourlife over
the lastfew decadesAvailablein mosthouseholdsit is not
only a commodityitem, which is — contraryto a computer
— easilyusedby aryone,but alsoa primary sourceof enter
tainmentandinformation.

One of the major characteristicof TV is its broadcast
modelof datadistribution. In contrastto the Internet, TV is
mainly usedfor providing contentto largeaudiencesOn ac-
countof this, productionvaluesarehigh andthereforecon-
tentis expensve to create.Broadcastlecisionsarecentral-
izedandareonly weaklyinfluencedby the viewersthrough
feedbackon their channelselectionsinteractvity in TV is
stronglylimited andrequiresaseparatdackchannel— usu-
ally atelephone.

All thisis in strongcontrasto the Internetandthe World
Wide Weh The Internetprovides peerto-peercommunica-
tion, wherearyone canauthorhis or her own contentwith
interactiononly limited by the availablebandwidth All this
is attractingthe interestof anincreasinglylarge part of the
public, althoughtime spentusingthe Internetfor entertain-
mentandinformationretrieval is still tiny comparedo the
numberof hoursspentin front of TVs.

Thelnternetis not, however, well suitedto the simultane-
ousdistribution of largeamountf datato mary placesEx-
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perimentswith video-on-demantiave mostly beenfailures,
andthe distribution of the Starr Reporton the web almost
broughtthe Internetto its knees While we canexpectnewn
technologies(suchasmulti-casting)andhigherbandwidth,
to alleviate someof theseproblems the broadcasmodelof
TV seemsbettersuitedto the delivery of large datasetsto
mary differentconsumergsuchasthe morningnews, stock
tickers,etc.)thantheInternet.

With the introductionof digital TV (DTV) 1016 a high
bandwidthdigital broadcasinfrastructurg20-60Mbit/s per
DTV channel)is beingsetup in mary countriesaroundthe
world and will becomeavailable over the next few years.
While it is designedfor sendingreal-time video and au-
dio, this digital infrastructures equallywell suitedto other
kinds of digital datatransmissiorthat are compatiblewith
thebroadcastnodel.In this context it is prudentto look into
thepossibilitiesandlimitationsthenewv mediumoffersto the
computergraphicscommunityandto explore wherewe can
contrikuteto its development.

DTV andthebroadcasinfrastructuras aninterestingnew
technologyfrom a computergraphicspoint of view for sev-
eralreasons:

e TV hasalways provided a particularsuccessfuform of
“Virtual Reality”. While not technicallyimmesivelike a
CAVE ¢ (in the senseof 3D immersion),TV allows the
viewersto imaginethemselesin anothellocationby pro-
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viding imagesand soundsthat suggesthe larger remote
location.Certainly TV hasbeenproviding immersie ex-

periencego more peoplethanary other VR equipment
to date,mainly by providing highly realisticimagesand
corvincing storytelling. We believe thatcomputergraph-
ics canlearnalot from theseconcepts.

e Therecentwave of image-basedechniquegpromisesto
narrav thegapbetweerpurelyimage-based@V andcom-
putergraphics.Computergraphicsoffers mary toolsand
techniquedor extendingthe modelof TV from real-time
and isochronousvideo and audio transmissiornto other
modelsfor creatinguserexperiencegsuchastextured3D
models panoramasanimatedsprites etc.).

e Watching TV hasalways beena purely passie actiity
(asidefrom channelhopping).With the adwent of DTV,
new formsof interactionbecomepossible Thisis anarea
where computergraphicshas a long tradition and can
provide valuablecontritutions. Thesecomputergraphics
techniqueshowever, needto bereviewedin thecontet of
the mono-directionabroadcasmediumthatis provided
by DTV.

e TV setsand computerswill technologicallyconverge.
DTV receversrequireconsiderableomputationapower
toreceve,decodeanddisplaytheDTV programlt seems
reasonabl¢hatsomeof thesecyclescanandwill beused
for othertaskssuchasdisplayingweb pagesor running
interactize applicationsOnthe otherhand,computersare
alreadyable to actas DTV recevers (seeSection5.1).
It remainsto be seenexactly how this cornvergencewill
proceed,but both TV technologyand computergraph-
ics shouldbeableprovide significantcontritutionsin any
case.

In this paperwe explore someof the optionsfor DTV
from a computergraphicsperspectie. The first partof this
paperprovidesthe basicbackgroundof DTV. We describe
the basictechnologyanddiscusscurrentstandardsaindsys-
tems.In thesecondart,we presentfour applicationsvirtual
VCR, videooverlays lectureof thefuture,andvideopanora-
mas.Theseapplicationsexplore several aspectof thelarge
designspacethat DTV offers suchas surroundvideo, in-
teractvity, non-isochronouslisplay enhancednformation
display andmixed-ratevideostreamsAll applicationshave
beendevelopedas part of the ongoingStanfod Immesive
Television Project and are running on experimentalDTV-
PCs.Our mainintentwith this paperis to sparkinterestfor
thisinterestingnew areaof researctandto provideideasand
suggestiongor furtherwork.

2. Analog TV Technology

Theability to communicatevith otherpeopleoverlong dis-
tanceshasbeenadesirethroughouthumanhistory Notlong
afterMorseinventedtheelectrictelegraph peoplesuggested
thatimagescould also be transmittedelectrically The de-
velopmentof television was a long struggle starting with

Figure 1: John L. Baird, one of the TV pionees, and his
medanical TV in 1925. It providesonly a few scanlines
and could only transmitcrude outlines,but it alreadyused
thebasicprinciplesof analag TV transmission.

thefirst experimentsaround1880.However, it wasnot un-
til early this centurythat inventorsovercamethe immense
technicalproblems(seeFigure1). It requireda tremendous
scientific,technologicalandindustrialeffort beforethefirst,
reliably working electronictelevision cameragndrecevers
werebuilt in the 1930sandthe first TV standardNTSC)
wasdefinedin 19411.°.

Essentiallyatelevision camerascansanimageusinghor-
izontal lines, converting the light intensitiesalong the way
into electrical signals.In black and white TV this signal
is directly modulatedon an RF carrier after it has been
augmentedwith synchronizationinformation. On the re-
cewer sidethesignalis demodulatedanddisplayedby syn-
chronouslyscanningthe screenphosphormwith an electron
beamreplicatingthe obsered intensitypattern.

Evenfor black andwhite TV, compressiorby interlaced
scanninghadto beusedto squeezéheimmensedatastream
into a narrov RF band.Interlacedscanningallows the re-
freshrate to be doubledto the egonomic60 Hz by send-
ing only every otherline perscreenupdate The additionof
colorto TV in the 19505 introducedeven more bandwidth
problems.They were solved by significantly compressing
the color signalwithout too muchlossin color fidelity by
exploiting limitationsin humanvisualperceptionThecom-
binedblackandwhiteandcolorsignalsstill hadtofit intothe
samesmall RF bandwidthof 6-8 MHz, leaving little room
for ary furtherextensionsor improvementso the standard.

As a result, the technologyof the initial TV standard,
while brilliant for its time, severely limited the quality of
TV signalsfor mary yearsto come.The NTSC standard
in particularsufferedfrom this technologylimitation. Since
the 19405 the basictechnologyof TV hasremainedessen-
tially the same,althoughthe equipmentshemseles have
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improved dramatically Given the newnessof the technol-
ogy andthe dramaticcompetitionandpressurainderwhich
early TV wasstandardizedndmarketed,it is amazingthat
we have beenableto get by with the sameTV technology
eversince.

Nonethelesshe (lack of) quality of video andaudiohas
beena constanhuisanceandmary improvementshave been
suggestedsuchasthe mary forms of High-Definition TV
(HDTV)). Themainproblemfor all of them—andoneof the
major reasonswhy little haschangedor TV for solong —
is the analognatureof TV. Any improvementto the image
and soundquality would have requiredhigher bandwidth,
which wasvery difficult to arrangegiven the hugeexisting
TV infrastructure.

AnalogHDTV systemghatwould offer significantlybet-
ter image and audio quality have beenproposedin mary
variantsover the last two decadesThey always suffered
from thebandwidthproblem becausef thedifficulty in effi-
ciently compressinghe analogsignaf . It took considerable
time for the (often strictly analog)TV communityto real-
ize thatonly digital processingcould provide the necessary
compressiomatiosto make HDTV practical.

3. Digital TV Technology

A majorlimitation of analogTV processings thecornversion
of the videoimageinto a serial streamby horizontalscan-
ning. This makesit hardto performary vertical processing
onthesignal.In orderto compressavideoimagewell, both
horizontalaswell asvertical processings required.Video
compressioralso relies on taking temporalcoherencento
accountby comparingsuccessie framesandonly sending
the differenceinformation. All of those computationsare
greatlysimplifiedby breakingthepictureinto blocksof 8 x 8
or 16 x 16 pixelseachwhich caneasilybe donein a digital
representation.

For digital broadcaststhe video and audio streamsare
separatelyyompressedsplit into package®f afixedlength,
andthen multiplexed into a single digital MPEG transport
stream1@ 1316, Beforethe DTV transportstreamis broad-
castedjt is augmentedvith forward error correctionandis
modulatedon an RF carrier Dependingon the DTV and
transmissionsystem,eachDTV channeloffers a payload
bandwidthof roughly 20 Mbit/s for terrestrial 30 Mbit/s on
cable,and40-60Mbit/s usingsatellitebroadcastingThis is
enoughfor distributing at leastone HDTV or 5-8 standard
TV programs.

In additionto audioandvideo data,the MPEG transport
streamcanalsocontainotherdatastreamsMost important
is the programinformationstreamthattellsaDTV decoder

T The JapaneséliVision/MUSE standardactually usesa number
of DSPsto performsignalprocessingn theanalogTV signal.
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whichvideoandaudiostreamgorm oneprogramandshould
be decodedand renderedtogether Auxiliary streamssuch
asmulti-languageaudio, closedcaption,teletet, andother
arbitrarydatacanalsobeincludedin aDTV stream.

Themainbenefitsof aDTV systemare:

Image and Sound Quality Due to digital error protection
and recovery, imagescontainno snawv or other analog
noise. However, in casesof significantcompressioror
pacletloss,blockingartifactsandringing canoccur(well
known from JPEG-compresseithages).Similar effects
applyto sound.

Higher Resolution DTV allows thetransmissiorof higher
resolutionimages(up to 1920x 1080interlaced) It turns
outthattheincreasedmagequality at standardesolution
(480lines of videofor NTSC)in progressie scanmode
(i.e. without the interlacing artifacts)is alreadyconsid-
eredasignificantqualityimprovementby mostviewers?e.
It remainsunclearfor now which resolutionis suficient
for being consideredHDTV. One dravback of HDTV
programsis that it requiresthe consumeito buy expen-
sive high-resolutiordisplaysto take full adwantageof the
higherresolution.

Extendibility Due to the very general MPEG transport
stream,ary new servicescanbe easilyaddedto a DTV
systemwithout compromisingexisting DTV recevers.
Also, bettervideo andaudiocompressioriechnologyin-
stalledon the headendspromisesto transparentlymale
more bandwidthavailableto otherservicesin the future.
New developmentsn scalablevideocodingeven male it
possibleo incrementallyaddthe missingpixelsof HDTV
to existing low resolutionvideostreamg. 10,

Data Casting A digital TV systemhasthe otherimportant
adwantagein thatessentiallyary datacanbe broadcasted
(datacasting)}— videoandaudiobeingonly thetwo most
ohvious examples.Examplesof datacastingare simple
broadcastingf datafiles, auxiliary datato a TV shav
(like overlays and event-driven scripts controlling their
appearanceseeSections.3),andcollectionsof videoand
audiostreamghattogethemake upanew TV experience
(e.g.videopanoramasseeSection5.5).

Onevery simple extensionof DTV would be to useary

excessbandwidth(e.g. at off primetime hours),or even
wholeDTV channeldo broadcastlatasuchaswebpages,
news, software updates,etc. DTV recevers with disks
could storeor cachesomeof the datadependingon user
preferenceor subscriptionand make it available on de-
mand.lt seemghatdatacastingwill becomeanimportant
aspecbf DTV networks, althoughit is yet unclearwhich

of theseserviceswill becommerciallysuccessful.

Although proprietaryDTV systemshave beenin usefor
sometime in specificsatellitesystemge.g. DigiCipherll),
the two major DTV systemsnow are the EuropeanDVB
(Digital VideoBroadcast)® andthe AmericanATSC (Ad-
vancedTelevision SystemsCommittee)systemg. DTV was
first introducedfor satellite transmissionand is only now



SlusallekChen,Johanson’ Experimentsn Digital Television

alsobeing deployed for terrestrialbroadcastingvhereit is
supposedo replaceanalogTV over the next decadeor so.

3.1. The DVB System

DVB has been developed as a consistentbase standard
for the DTV streamthatis augmentedvith standardghat

specify channelcoding and forward error correctionsuit-

ableto the specificcharacteristic®f transmissiorchannels
such as satellite (DVB-S), cable (DVB-C), and terrestrial
broadcastingDVB-T). In particularthemodulationscheme
(COFDM) for terrestrialbroadcastingsupportsmobile re-

ceptionandis well suitedto difficult signalconditions(e.g.

ghosting)requiringonly small settopantennasEarly onthe

DVB consortiumincludedfacilities for databroadcasting,
interactve services,and conditionalaccessnto their stan-

dards.

For the DVB consortiumHDTV hadlow priority on the
list of featuresandhasonly recentlybeenaddedto the stan-
dard1”. The DVB consortiumplansto simulcastseparate
standardandhigh-definitionvideostreamsnsteadof requir
ing eachrecever to be able to decodeand down-corvert
HDTV streamsBecauseconditionalaccesds well-defined
for DVB, thesamerecever boxescanbeusedfor freechan-
nelsaswell asfor pay-perview serviceshy insertinga spe-
cific decryptionPCMCIA/PC-Cardnto thebox. Many sub-
sidizedDTYV receversin theUK arenow distributedat low-
cost ( $300) by pay-perview companiesmaking DTV af-
fordableto theconsumer

DVB alreadyis the major standardor mostsatellitesys-
temsandmary cableTV systemsTerrestrialbroadcasting
using DVB startedin the UK in last November with Swe-
denandAustraliasoonto follow. Othercountriesstill rely
on satellitedistribution of DTV, but mostplanto introduce
terrestrialDTV in thenearfuture.

3.2. The ATSC System

The AmericanATSC systemstartedoff by concentratingpn
terrestriabroadcastingnly. BecauseHDTV hasbeenama-
jor motivationfor theintroductionof DTV in theUS, its dis-
tribution is actuallymandatedy the US government How-
ever, stationsplan on broadcastingit most3% of the daily
programmingn HDTV.

Interestingly the FCC adoptedATSC standarddoesnot
define a specific video format or resolution,leaving this
choiceto the TV networks andrecever manufcturersThe
consumerhowever, is left with the possibility that his new
recever maynotactuallybeableto decodeall availablepro-
gramming.lt still remainsunclearhon well DTV recevers
will be acceptedy consumerssincetheir pricesin the US
arelikely to behigh, mainly sinceeachbox needso beable
to decodeandpossiblydowvn-sampleHDTV programming.
It appearghatsomemanufctureswill ignoreHDTV in fa-
vor of low costrecevers.

Although both standardsare basedon similar concepts,
thereare enoughdifferenceshatmake DVB andATSCin-
compatible:

Modulation Eachsystermusests own modulationanderror
correctionschemefor terrestrialbroadcasting.

Program Information The datastreamsthat describethe
available programsare completelyincompatible,so that
neither systemwould find the others programseven
thoughbothunderstandhe sameMPEG transportstream
andvideocompressiosyntax.

Audio Different audio encodingschemesare being used.
DVB usesMPEG Layer 3, while ATSC usesthe Dolby
AC3standardalthoughbothstandardsillow thesames. 1
channel CD quality surroundsound?® 12,

Video Althoughthe MPEG-2compressiorschemé? is the
same,both standardshave chosendifferent MPEG pa-
rametersThis may renderthe video streamsncompati-
ble with decoderghat are specifically designedfor one
systemor the other

Dueto market constraintst currentlyseemsunlikely that
thetwo standardsvill eventuallyconverge, althoughmanu-
facturersmight build dual standardreceversin the future.
Unfortunately Japanseemsgo be determinedo developyet
anotheDTV standard- ISTV (IntegratedSystemTV) —in
additionto its currentanalogHiVision/MUSE system.This
mayintroduceyet anotherstandardnto the mix.

Marny TV stationsandnetworks seeDTV asanopportu-
nity to gain newv market share.The situationis particularly
problematicin the US, becausehe introductionand con-
tinuedsupportof anHDTV capableATSC systemhascost
US TV stationsbillions of dollarsfor nev equipmentand
distribution infrastructure The stationsarenow looking for
new sourcef revenuesto make up for this loss. Although
for eachanalogchannela TV stationreceved anadditional
freeDTV channelf it promisedo transmitHDTV program-
ming, it seemsighly unlikely thatalargernumberchannels
cancover the costsof DTV. As aresult,mary TV networks
andstationsarelooking into addingsimple datacastingto
DTV andaugmentingheir DTV programwith new userex-
perienceghroughinteractve componentandenhancedi-
sualpresentations.

4. DTV and Computer Graphics

In the following sectionwe explore someof the interest-
ing dimensionsof the DTV designspace suchasthe time
dimensionwhere the presentatiortime can be decoupled
from the transmissiortime, the presentatiorof additional
on-screernformationlinkedto theDTV programnew user
experiencesthrough extendedand semi-immersie visual
presentatiomandfinally theinteractve dimensiorof thepre-
viously passve mediumof TV. In particularwe concentrate
onareasvherecomputergraphicsofferstechniquesandex-
periencefor future DTV applications Concreteapplication
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scenariosand exampleimplementationsare thendescribed
in Sectionb.

4.1. TimeWarping

A DTV recever with enoughdisk spacecould easilyactas
anintelligentVCR or avideobuffer, thatcan—automatically
or oncommand- save your favorite shavs andprogramso

disk if you happemotto be at home.Current18 GB disks
drives can provide up to 10 hours of video dependingon

compression.

Thestrictisochronousatureof watchingTV canbeelim-
inatedby temporarilybuffering the incoming video stream
of aprogramon a harddisk, while you pick up the phoneor
preparea snack.The pausedrogramcanthenbe continued
from the stoppediocationrunning off the harddisk, while
theincomingvideocontinuego bebuffereduntil youhave a
chanceo catchup by skippingthenext commercia(seealso
Section5.2). This new techniquaequiredittle supportfrom
a computergraphicsperspectie exceptfor very simpleand
intuitive userinterfaces but offers a basicservicefor mary
of the higherlevel applicationsdescribedelow.

4.2. Video Overlaysand Insets

There are mary occasionswhere a viewer might want to
getmoreinformationthanis normally availablein thevideo
streamA particularlygoodexampleis sportsprogramming,
wheresomepeoplewould like to seemoredetailedinforma-
tion abouta gameor a player (biography statistics related
events,merchandisegtc.). Thisinformationcanbeprovided
in videooverlays,which canpopup automaticallyor onthe
requesbf auser Theusercanthenchooseo browsethein-
formationfurther, adjustits display or dismissit. The over-
lays can be animatedor static, linked to hot spotson the
screen(e.g.to wherea particularplayeris currentlyvisible),
or could be texturedinsetsattachedo objectsvisible in the
scenge.g.adwertisementsnthefloor of abasletballcourt).
Thesdatterformsof displayrequirenon-trivial image-based
techniquedothfrom thefield of computervision andcom-
putergraphicsto properlyoperateandsynchronizewith the
program.

4.3. Extended Video Presentation

In atraditional TV programevery detail of the presentation
is predefinedby the TV stationor network. This is a di-
rectresultof thechoserrepresentationsafixed,full-screen
video stream.As soonas we extend the representatiorof
video, we offer more optionsfor the userto customizethe
presentatiomccordingto his requirementandpreferences.

Onegenerabptionthatis currentlybeingstandardizeas
partof MPEG-4is to split the video programinto multiple
“Video Objects” (VOB), which neednot have rectangular
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shapeand may be partly transparentThe VOBs are trans-
mitted separatelpcrosshesameDTV streantogethemwith
a default presentationarrangementwhich may be three-
dimensional.Dependingon the parametersthe user may
thenbe able to interactand rearrangethis default presen-
tation or substitutehis own. Using theseprincipleswe have
implementeda video panoramaywhich is describedn Sec-
tion 5.5.

Anotheropportunitythatis offeredby this framework is
the adaptve coding of the different video streamswhich
may have completelydifferent coding and updaterequire-
ments As anexample whentransmittingalecturetheimage
of ablackboardequiresvery high resolutionto bereadable,
but only certainregionsneedto be updateat frequentinter-
vals (seeSection5.4).

4.4. Interactivity

The video presentatioroutlinedin the previous sectional-

readyallows the usera limited form of interactionwith the
DTV program but moredegreesof freedomarecertainlyde-
sirable.A majorstumblingblockto interactvity is the strict
broadcasmodelof DTV, which doesnot offer anintegrated
backchannel. Adding Internetaccesssolves this issueand
offersall theusualinteractioncapabilities However, it is in-

terestingto explore the available optionswithout addinga
backchannel.

In this mode, only local interactvity can be provided.
This interactionis limited to an ervironment predefined
by the creatorof the program.Examplesare downloaded
scriptsthat reactto certaininteractionsby displaying,hid-
ing, or modifying previously dovnloadedmediapresenta-
tionsandprogramstate.An exampleapplicationis givenin
Section5.3, whereoverlayscanreactto usereventsaswell
astime eventscomingin from thetransmissiorchannel.

4.5. Image-based Modeling and Rendering

While traditionalgeometry-basedpproachesanbeapplied
to DTV, image-basedlgorithmsseento beparticularlywell

suitedto the task. We can often directly use input video
streamsandprocesghemappropriatelyto producenewv and
enhance®TV experiencessin thepanoramaxample(see
Section5.5). Sendinga “video” streamof rangeimagesor
downloadingalayered-deptlimages!® would allow aclient
to performlocal interactionswith the DTV content.

4.6. Execution Environment

An importantaspectfor developingnew DTV applications
is the environmentthatis provided by a DTV recever for
executingdownloadedsoftware. The vendorneutralDAVIC
consortiumis working on API interfacesfor interactve TV
basedmainly on the DVB standardsbut other competing
solutionsexist aswell.
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It still remainsunclearwhat supportthe executionervi-
ronmentwill provide to potential DTV applications.How
muchCPUpowerandgraphicssupportarerequiredandhow
much canwe possiblyexpectto seein a DTV recever in
thefuture?How closelywill aTV setbeintegratedwith the
computeror will they eventuallybe the samesener device
with multiple displayacrosghe house?

It seemghataswe comeupwith new servicesthe TV set
of thefuturewill needto adjustandexpandaccordinglyand
may needto be periodicallyupgradedasis necessaryvith
computergoday

5. Experimentsin DTV

In the following sectionswe describeongoingwork on a
numberof experimentalDTV applicationsthat explore the
designspaceof DTV. In choosingwhat to persuewe fo-
cusedmore on developing new experiencedor the poten-
tial userthan on direct applicability in todaysDTV envi-
ronment.Nonethelessall the applicationshave beenimple-
mentedwithin anexperimentaDTV infrastructureandhave
beentestedn abroadcassetup.

5.1. Infrastructure

The infrastructurefor our experimentsconsistsof several
350 MHz Pentium-1IPCsrunning Windows 95 with video
boardsthatprovide color spaceconversion.In additioneach
systemhasan ATSCrecever card(seeFigure2), which has
beendesignedby INTEL's MicroComputerResearchH.ah.

This card provides the basicfunctionality for receving an
ATSC modulatedRF signal off the air via a standardroof-

top antennaandperformchannekuning,demodulationand
error correction.The DTV hardware deliversthe raw 19.2
Mbit/s MPEG-2transportstreaminto systemmemory Any

furtherprocessings performedn software.

The DTV hardvareis accessedhroughan experimental
API thatshieldsthe applicationsoftwarefrom the hardware
details.At thelowestlevel this APl demultiplexesthetrans-
port streamanddelivers paclets of chosenaudio,video, or
datastreamsLayeredon top of this interfaceare services
for decodingand/ordisplayinga videostreamaswell asre-
ceiving dataobjects(essentiallyfiles with identificationin-
formation).

Sincethe hardwareonly providestheraw MPEG-2trans-
port streamall demultiplxing andMPEG decodingis per
formedin software.Our systemsallow usto receve anddis-
play a standardTV video stream(720x 480, interlaced)in
realtime. Decodingof HDTV streamss anareaof ongoing
development.

An experimental ATSC transmittedset up by INTEL
somel0 miles from Stanfordhasbeenusedto provide the
DTV streamsDuring developmentthe DTV recever card
cansimulatethe receptionof a DTV streamby readingthe
transporttreamfrom alocalfile.

Figure 2: Photo of digital/analay TV receivercards build
by Intel’s MicroComputeReseach Lab. Thetop board can
receiveNTSCsignalswhile thebottomboard handledigital
ATSCsignals.

5.2. Virtual VCR

As partof the supportinfrastructurenve have implementeda
videobuffer thatsupportsVCR-like operationsuchasslow

motion, pausereplay andfastforward. The buffer couldbe
usedin applicationssuch as personalsportsreplays,self-

pacedlectures(seeSection5.4), flexible guidedtours (see
Section5.5), or for downloadinga movie during the night
thatyou wantto watchtomorraw.

To implementthe VCR-like interactve features,a cache
managetris requiredthat is able to buffer a large amount
of dataand supply it to the decoderin real-time. Since
thememoryrequirementanbe huge,a main-memory-only
buffering approachmay be prohibitively costly The alter
native is usinga memory-diskintegratedcache(MEDIC) 3.
Sincethe perbyte disk costis aboutone hundredthof the
perbytememorycost,MEDIC is economicallyattractve.

MEDIC carefully allocatesa limited amountof memory
to competingtasks,i.e. to receving new datafrom network
channelsto writing datato diskasmemoryfills up, to read-
ing datafrom disk as neededandto holding datafor de-
coding and playback.Sincedatais concurrentlywritten to
the disk cacheandreadfrom the disk cache MEDIC must
intelligently issuelOs to maximizethroughputandto avoid
undueconflicts.

With lessthan8 MB of RAM ourvideobuffer cansupport
the interactive operationsdiscussedabore without causing
ary “jitter”. Thisresultconfirmsthetheoreticaktudy3. Fig-
ure 3 andthe accompaying video shavs an applicationof
videobuffering for implementinga Virtual VCR.
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I Stanford-Intel DTV Presentation
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Figure 3. A screenshotof the Virtual VCR,whele the top
windowshowgshedecoded/iideo.Thebottomwindowshows
the contol panel,the current memoryand disk usage, and
thereceptionanddecodingprogress.

5.3. Video Overlays

The value of video overlaysis readily demonstratedy the

stocktickers,channelogos,andsportsscoreboardsthatare
alreadyfound in todays analogTV programs.In contrast
to analogTV, DTV allows theseoverlaysto be composited
in the viewers’ homesratherthanin the productionstudios,
thus allowing flexibility in the storageand presentatiorof

the contentsaswell ascustomizatiorof the viewing experi-

ence.The goal of the overlay projectis to createaninfras-

tructurefor experimentingwith overlaysaswell asexample
applications.

Our overlaysaredescribedy a markuplanguagesimilar
to HTML. In additionto standardields,eachobjectdescrip-
tor containsatime field. This allows the specificatiorof not
only whereand how objectsshouldappearbut alsowhen.
The degreeto which viewerscanchangethe visual proper
ties of the overlayscanalso be specified.For example,an
overlay’s positionandsize canbe eitherfixed or customiz-
ableby theviewer. Eachoverlayobjectaswell asthemarkup
languagés sentthrougha separatd®TV stream.The over-
lay receiver handlesfour tasks:receving objects,parsing
markuplanguagereactingto viewer input, and displaying
the overlays.When a customizableoverlay is receved, an
icon is displayedin a sliding window at the bottom of the
display Theusercanthenselectthis overlayto shav or hide
it, aswell aspositionandresizeit.

An importantnew useof overlaysis contet basedadver
tising. In our video,we shawv two exampleswheretheinfor-
mationfor productsin afeaturefilm is madeavailableto the
viewersat anopportunenoment.Suchadvertising,coupled
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Figure 4: A screenshotof the video overlay project. The
featue movie is displayedin the center of the screen. A
list of the available overlays (movie description,main ac-
tressbiography tuxedoadvertising and ring advertising)
are shownon the bottomof the screen.Thering advertising
overlay hasjust arrived (displayedin lower right corner).
This context sensitiveadvertisingis triggered by the movie
scenghat showsa similar ring.

with the Virtual VCR technologywill allow the viewersto
pausethe movie, considerand possiblypurchasehe prod-
uct,andthenenjoy therestof the maovie. Suchadvertisingis
potentiallylessdistractingmoreenjoyable,andmoreappro-
priate that currentadwertisementghat completelyinterrupt
the program.SeeFigure4 andthe accompaying video for
anexampleof videooverlaysfor DTV.

5.4. Lectureof the Future

StanfordUniversityhasalongtraditionof transmittingmary

of its lectureson a specializechetwork known asthe Stan-
ford InstructionalTelevision Network to which mary of the
nearbySilicon Valley companiesubscribe Most transmit-
ted lecturesconsistof videos that are switched between
shawing thelecturer theblackboardandslidesor otherma-
terialalongwith audio.Therearesereral problemswith this

styleof presentation:

e Theviewercanonly seewhatthecameraoperatoichooses
to transmit.It is impossibleto look at somematerialin
moredetail.

e Theresolutionof the blackboardmageis oftenlessthan
adequaterenderingsometext unreadableA higherreso-
lution blackboardmagewould be of greathelp. Sinceits
contentsdo not changevery often, even high-resolution
imageswould requirelittle bandwidth.

e For long periodsof the lecture,programsonly shaw the
talking lecturer A lot of bandwidthis wastedsincethe
backgrounds usuallynotchanging.
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In our projectwe addressetheseproblemsfrom multiple
directionsapplying the enhancectapabilitiesof DTV and
image-basetkechniquesFirst of all, we have choserto sep-
arately processand transmitthe image of the lecturer the
room, the blackboard andary additionalmaterial.Eachof
thesesourcematerialshave very distinct video characteris-
tics thatwe planto utilize. In the following we give a short
overview of thewhole project,but concentratingon the ex-
tractionof a high-resolutiorblackboardmage.

On the head-endwe needto capture multiple video
streamsof the room with the lecture and the blackboard.
We thenneedto sgmentandbroadcasthedifferentobjects
(muchin thespirit of MPEG-4svideoobjects'4). Onthere-
ceiversidewe needto recomposehedifferentvideostreams
into a single presentationbut arenow ableto give the user
the ability to customizdt accordingto his preferencesThis
allows him, for instanceto concentratdongeron a black-
boardimageor review someearlierslidesagain.

We startby creatinga geometrianodelof thelecturehall,
which is augmentedwith projective textures extractedoc-
casionallyfrom a video stream.As a result we can save
considerabldandwidthby only transmittingthis modeland
thetexturesinfrequentlyinsteadof sendingtheimageof the
backgroundfor eachvideo frame. This approachallows a
viewer to freely move within the room andview the class-
room from whatever location he prefers,not just the angle
choserby the camereoperator

In orderto displaythelecturerwithin this model,we need
to sggmenthim from the backgroundWe currently usea
simple sggmentationalgorithm that usesthe known colors
of the backgroundo distinguishit from the lecturer Using
the known cameraposition andthe geometryof the room,
we roughly estimatethe position of the lecturerin front of
the blackboardandplacehis videoimageasa 3D billboard
into thesceneAlthoughthisis asimpletechniquet already
providesasurprisinglyrealisticview of thelecturewhile us-
ing only afractionof thebandwidthafull videotransmission
of thelecturewould require.

In orderto displaytheblackboardwith high enoughreso-
lution to bereadableit is necessaryo useseveral cameras
to form a runningimageof the blackboardthatis updated
in real time. Sincea single cameracannotcapturethe en-
tire boardwith suficientresolutionwe usecamerasghatpan
andzoomto areaf interestandintegratethatdatainto the
running high-resolutionimageof the board.A singlefixed
camerads usedto obtainalow resolutionreferencemageof
theentireboardto aid in theintegrationof theimagestreams
fromthehigherresolutioncamerasit alsoinsureghatsome-
thing canbe saidaboutall of the boardin the casethatan
areahasnot yet beenscannedy oneof the high-resolution
cameras.

The lectureris segmentedfrom the low resolutioncam-
eras input to obtain the running referenceimage of the

Figure 5: Interior view of a panoamashortly befoe com-
pletionof the painting®.

board,without thelecturerobscuringtheview. The segmen-
tation problemhereis simplerthanthe previous one,since
we are eliminating the lecturer ratherthan extracting him
andaconserative algorithmcanbe usedthatmightalsore-
move asmallborderaroundhim. Theremaindeof theframe
is thencopiedover therunninglow resolutionimage.To de-
tectthelecturer we thresholdthe intensitydifferenceof the
runningimageand the next video frame basedon the fact
that the blackboardwill stay nearlythe same.This simple
techniquecanfail andis thereforeaugmentedvith a more
robustbut slowver algorithmthatanalyzeshe color distribu-
tion for thoseareasthat have not beenupdatedfor a while
(becausave mighthave wrongly identifieda pieceof black-
boardasa lecturer).

To decidewhereto point the panandzoomcamerasywe
maintaina “curiosity” bitmap. It is marked whenwe seea
largeenoughdifferencen thecorrespondingixel in thelow
resolutioncontrolimage(which is updatedn realtime, re-
gardlessof the positionsof the mobile cameras)The mov-
ing camerawill thensweepout thatareaof theimage,take
high-resolutiorimagesandcleartheappropriatareasn the
curiosity bitmap.

When integrating a high-resolutionimage from a high-
resolutioncamerainto the output stream,we computethe
mappingbetweerthecameras imagespaceandboardspace
by identifying markers on the board. After reprojectionof
the high-resolutionimageinto the blackboardimageit is
masled with the lecturerandcopiedinto the outputimage.
Having areferencestreamwith the entireboardis crucialto
integrating the high-resolutionimagestaken from arbitrary
positions.

(© TheEurographicsAssociationandBlackwell Publishers1999.
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Figure 6: The camen rig usedfor capturing the video
panomamas.

We currentlyusea modified MPEG encodetto compress
the high resolutionblackboardimage using a significantly
lower frame rate. Ideally, we would like to only transmit
thoseareaghathave changedbut MPEGalreadyhasafairly
smalloverheador codingtheseunchangedegions.

5.5. Video-Panorama

In the late 18th and 19th century panoramasvere a popu-
lar form of massentertainmentPanoramasvereinventedoy
RobertBarkerin 1792,asameango shav complete360de-
greeviews of interestingervironments(suchaslandscapes)
to the interestedand paying public 15. Panoramasn these
dayswerecreatedn speciallybuild circular buildings with
a smallviewing platformin the middle anda paintingon a
largecylindrical carvasaroundit. Thesepanoramaarvases
reachecheightsof up to 18m and measuredip to 130min
circumferenceln orderto achisre the correctperspectie
view, the painting (which often took monthsto complete)
hadto be warpedaccordingly(seeFigureb).

Dueto the large highly realisticdravings at a large dis-
tancetheviewer, limited verticalviewing, andlimited move-
ments on the viewing platform, the human senseswere
tricked into believing they were seeingthe real landscape.
This experiencewas often enhancedby placing real 3D
objectsin front of the image that meiged into the back-
ground(providing otherwisenon-&istentparallaxinforma-
tion) andby adjustingthelighting conditionsaccordingly In
thatsensepanoramagrovided a early form of virtual real-
ity experienceandcausediramaticresponseby theviewers
of its time.

Animated'video panoramastWerefirst createdby Raoul
Brimoin-Sansor{Cineoramasin 1897andarestill usedto-
day e.g.in Disnegys CircleVision installations.3D IMAX
andOMNIMAX 11 arelimited formsof panoramas$ut also
includestereceffects.
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Figure7: Thearrangementf the polygonsonto which the
eight DTV streamsget projected.By adjustingthe position,
orientation,andbrightnessof the polygonswe calibratethe
panorlamato showa seamlessurroundview.

Panoramasrecently got a new push in the context
of image-basedrendering by the work of Chen and
Williams 54, Here, a cylindrical panoramads createdanda
small view can be displayedand moved interactively on a
monitor, providing somesensef thesurroundview of areal
panoramaThesepanoramashowever, arelimited to static
views points.

Usingtheinfrastructureof DTV, we decidedto tacklethe
problemof video panoramady providing the viewer with
an interactve view of a moving panoramaThe contet of
this applicationwould be a guidedtour of the Stanfordcam-
pus.At eachinstantthevideopanoramavould provide a360
degreesurroundview from thecurrentlocation.As theloca-
tion or surroundingshangesnew panorama$ecomevisi-
ble. The usershouldalsobe ableto interactvely move the
currentview within the full panoramaso he canbe watch-
ing a particularobjectlongerthanthe guide anticipatedor
hecansimply enjoy the surroundingcampus.

In orderto createthe 360degreepanoramave hadto cap-
turelive video from eight CCD camerasarrangedon a cir-
cularplatform.In orderto manageheimmensevideoband-
width of roughly240Mbit, two quadvideomeigersareused
thatcombinedheanalogsignalsfrom theeightcamerasnto
two NTSCvideosignals.eachdividedinto quadrantshawv-
ing oneof thecamerasThesewo videosignalsarecaptured
at752x480resolutionusingMotion-JPEGcaptureboardson
two separatePCs. Finally, the eight video streamsare ex-
tractedfrom the capturedfootage ,encodedusingMPEG-2,
andmultiplexedinto asingleATSCDTYV channel.

Onthereceverside,apipelineof programswork together
to displaythistransporistreamThe DTV streamis receved
on aPC,whereit is retransmittecover 100 Mbps Ethernet
to an SGI Onyx 2 with eight CPUs.The standardeference
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Figure 8: Thisimage showsa single framefromthe video
panoiama project. The video panolama consistsof a tour
of Stanfod campusAt eat pointin time a full 360 degree
panoamais receivedandthe useris freeto browsearound,
but a defaultview is provided.Thedisplayalsoshowsa map
of the campuswith a pointerindicatingthe currentposition.
By clicking on a location on the map the current viewing
directionrotatesand locks ontothis feature allowing a user
to watch it while thetour continues.

MPEG-2decodersoftware hasbeenmodified so that eight
copiescan be run synchronouslydelivering framesin the
YUV format.A mastemrocessontrolsthe eightdecoders,
andrequestsheframesthatareneededo constructhe cur-
rentview. Theseframesarethenpassedn to the panorama
viewer. We have chosento always decodeall eight video
streamslueto thestartupdelayof abouthalf asecondsvhen
decodingMPEG-2 streamswith large GOPs(groupof pic-
tures).Thisdelaywould have severelyrestrictedhespeecht
which viewerscould have changedheir view.

The viewer programis an OpenGLapplicationthat tex-
turemapsthevideoframesonto eightrectangulapolygons
which form an overlappingoctagonaroundthe virtual cam-
era(seeFigure 7). The sphericalaberrationof the capture
camerass correctedby suitablewarpingof theinput video
on to eachdisplay polygon.During display the viewer ap-
plicationdeterminesheframesthatareneededasednthe
currentview directionandrequestshemfrom the MPEG-2
decodesystemTheimagesareloadedasOpenGLtextures,
and a color transformationmatrix is usedto corvert them
from YUV formatinto RGBin hardware.Foragivencamera
rig, the exactarrangementf the display polygonsneedsio
beadjustedsothatthe framesappeastitchedtogetherinto a
seamlespanoramaCurrently thisis accomplishedyy man-
ually adjustingtheir positions,but automaticcalibrationis
plannedfor afutureversionof theapplication.

In addition to the basic panoramaviewer, several addi-
tionalfeaturesvereaddedo make thevideopanoramanore
useful (seeFigure8 andthe videoclip). Sincethe captured

materialwasatourof Stanfordcampusacampusnapis dis-
playedin additionto thevideopanoramavindow. This map
displaysthe positionanddirectionof the currentview. The
usercanpoint on the mapto indicatea new viewing direc-
tion, e.g.towarda certainobject,whichis thentracked. This
is useful for getting onesbearingsas the tour progresses.
Finally, on commandor in caseswhen the user stopsin-
teractions,the view drifts back towardsa predefinedview
sequencehosenby the tour guide. Thus, lazy viewers are
guaranteedo be looking in the directionof the objectcur
rently being discussedy the guide on the associatediu-
dio track. At ary time, the userhasthe freedomto override
thetour guideor againjoin his tour, very muchlike in real-
ity. Combiningthe currentapplicationwith the Virtual VCR
support(seeSection5.2) would alsoallow a userto staybe-
hind andenjoy a particularview beforecatchingup or re-
sumingthetour. Thisis plannedasa future extension.

6. Conclusions

In this paperwe explored the emeping digital television

technologyandits interactionwith computergraphicsDTV

is supposedo provide high bandwidthbroadcastconnec-
tions to every householdand offers high-quality high-

resolutionvideo streamsMost interestingfrom a computer
graphicsperspectie is the ability to transmitary otherdata
with the DTV streamwhich allows usto extendDTV in a
numberof differentdirections.

In the previoussectionsve presentedeveral applications
asexamplesfrom thelarge DTV designspaceWe provided
the ability to decouplethe displaytime from the transmis-
siontime througha real-timevideo buffer, which is anim-
portantbasetechnologythat we appliedto a numberof the
otherapplicationsWe shaved how to provide additionalin-
formation onto the live video screenin the form of video
overlays The overlaysaremanipulatecby smallscriptsthat
control their appearancandallow the userto interactiely
browsetheirinformation.In thelecture of thefuture project,
we concentratedn usingimage-basedechniquedo scan
and combinesmall high-resolutionimagesof a blackboard
andtransmitthemasa separatevideo streamto enhancehe
key lecturepart. Finally, we presentedh virtual reality ap-
plication,usingreal-timevideopanoamasthatprovide new
visual experiencesand interactvity in the context of DTV
transmissions.

In conclusion,we hopeto have demonstratedhat com-
puter graphicsoffers considerable&know-how and technol-
ogy in areassuchasimage-basedendering interactive ap-
plications,andvirtual reality, thatcandirectly contritute to
creatingexciting nev DTV applications As digital televi-
sion technologybecomesmore widely available over the
next few monthandyearswe expectto seemary new devel-
opmentshatmayforever changeour notionof television.
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