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Abstract

In this paperweaddresstheproblemoflarge-scalevideo
confeencing bothfroma systemsnd userinterfacepoint
of view. W presentthe architectue and current imple-
mentationof our video confeencingtool, the Digital Am-
phitheaterwhich facilitateslarge scalevideoconfeencing
for hundedsof participantsin a natural andcohesiveervi-
ronment.We describea uniqueuserinterfacethat aimsto
engendera feelingof presenceusingbadkgroundsubstitu-
tion, eliminatingcontml functionsfrom the screen,and al-
lowing participantsto view themselvei an amphitheater
setting

1. Intr oduction

Video conferencing,once a novel technology has be-
comea stapleof modernbusinesslt is increasingcommon
to conductsmall meetingsvia video conferencing saving
time andeconomizingpn travel budgets.

A variety of conferencingsystemsare available: com-
mercial productstendto derive from the H.323 standards
[18] andsupportpoint-to-pointconferencingonly, or mul-
tipoint conferencingbasedarounda single centralsener.
Opensourcesystemssuchasvic [13] andrat [7] are ex-
amplesof the alternatve light-weight sessionsmodel [8],
whichrely onIP multicastandrelaxedmembershigontrols
to scaleto very large sessions.

Our experiencewith the implementationof systems
basedn thelight-weightsessionsnodelhasled usto real-
ize that, whilst they provide signi cant advantagesn scal-
ing comparedo H.323 basedsystemstherearemary as-
pectsto the problemof video conferencingwith hundreds
of participantawvhich areleft unsohed.

The rst andmostobviousis the userinterface: how to

t alarge numberof participantsonto a single screen,in
a cohesve and visually comprehendiblenanner? For ex-
ample,assuminga screensize of 1024x1024pixels, upto
35 QCIF (176x144pixel) video streamscan be displayed
in a 5x7 grid. This implies 35 differentbackgroundgas
eachpatrticipantis sendingfrom a differentervironment),

which canbe visually taxing. In addition, this variationin
backgroundsioesnot engender feeling of cohesveness,
presencegr of acommonmeetingplace.

Secondlyfrom asystemsointof view, thereis theissue
of the end-systenworkload. Although, powerful systems
capableof software decompressiofior hundredsof video
streamsarebecomingcommon they arestill notthenorm.
A typical consumegradedesktopcanperhapsiecompress
thirty to fty videostreams.Receving multiple individual
video streamsinvolvesa high overheadin termsof inter-
rupts processingdepacletization,frame construction,de-
compressiorand context switching betweenthe different
processes.

We have attemptedo addres®achof theseissuedn the
designof a large scalevideo conferencingool, which we
termtheDigital AmphitheaterIn ourdesignwe havedrawn
from a numberof differentdisciplines. We employ back-
ground removal and substitutionfrom image processing,
we utilize agentbasedtechnologyto reducenetwork and
end-systenfoad,andwe have appliedprinciplesof Human
Computerinteractionto our build userinterface. Although
eachof thetechniquesve have usedarewell establishedn
their correspondingreaspur contribution hasbeento pull
themtogetherandbuild a prototypesystem.

In the following, we describeour vision for the Digital
Amphitheaterin section2 and our prototypeimplementa-
tion in section3. In section4, we compareour uniqueuser
interfaceto other systemsfor large scaleconferencingin
section.We nish with adiscussiorof relatedwork in sec-
tion 5 andprovide conclusionsn section6.

2. The Digital Amphitheater

Our main motivation in the designof the Digital Am-
phitheatemwasto createa digital meetingplace wherehun-
dredsof participantscan meetasif at onelocation. This
involvedtwo designchallengeshow to createa feeling of
presencesuchthatall participantseel they areatthesame
location; and how to supporthundredsof video streams,
bothfrom networkingandendsystenperspecties.We rst
describehe concepbf our userinterface thentheprotocol
andend-systenarchitectureneededo realizethe system.



2.1 User Interface Concept

The aim of our userinterfaceis to createa digital meet-
ing place,an ervironmentwhere participantsin the meet-
ing canfeel thatthey areinteractingwith each-otherrather
thanusingacomplec teleconferencingystem We ernvisage
an auditorium, with seatingfor the audienceand a panel
of spealers, muchasonemight nd in a typical meeting
or seminar To implementthis on a at display we re-
ect the audiencesothatthe participantseesa view from
the “stage” shaving their presencevith the otheraudience
membersput shawv the spealer and panelistsasif viewed
from the audience.Figure 1 illustratesthe conceptwith a
mock-upwe usedin our earlydesign[12].
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Figure 1. A Digital Amphitheater .

In thismock-up theimagesof theparticipanthave been
processedo remove their background. Each participant
is seatedn an amphitheateseat. The seatingfollows the
rulesof perspectie, suchthatseatsandparticipantdecome
smallerasthey move towardsthe back. The useof back-
ground substitutionand natural seatingprovides the illu-
sionof presenceandallows alargenumberof videoimages
to be compositedvhilst maintaininga visually pleasingas-
pect.

While the participantsarescatteredhroughout the am-
phitheaterthe spealer appearsn the middle of the “front
row' amongstother “panel' members. The spealer occu-
piesarelatively largevideoframe(possiblywith highframe
rate)asdo otherpanelists.Both spealer andpanelistshave
their nameswritten in front of them, asthey would in an
actualpanelsession.

The only controlsvisible arefor audio,the microphone
anda small scroll bar, therebykeepingthe “amphitheater’
clearof clutter Thescroll bar, allows oneto scroll through

thenamesof attendeein theamphitheaterOncea userse-
lectsa name the attendeas high-lighted,andinformation
aboutthe personis displayedin a pop-upwindow. Alter-
natively, information canbe obtainedby “clicking' on the
personsimage.

Thereis no moderatorin place,thereforeit is possible
for everyoneto talk atthesametime, althoughof coursethe
resultwould be a dif cult to understangumble of sound.
Again, our modelis basedon real-life conferenceswhere

oor time is dictatedby socialnorms. In a morefuturistic
versionof the Digital Amphitheatemve foresedahe software
detectingaraisedhand,asaqueu€or requestingoor time.

2.2 Protocol Ar chitecture

To supporta large numberof video streamsn the digi-
tal amphitheatewe adoptedan agent-basedpproachdis-
tributing the processingrequiredto build the userinter-
facethroughoutthe network. Thereareseveral partsto the
system: backgroundsubstitutionat the transmittey tiling
agentswithin the network, and userinterfacecomposition
attherecever.

Eachtransmitterperformsthe backgroundsubstitution
algorithm on their own video, replacingthe actual back-
groundwith a syntheticimagesuppliedduring sessionni-
tiation. Eachaudiencememberparticipatesby unicasting
video to the closesttiling agent. The agent,in turn, tiles
togetherall the video streamst receves,andsendghere-
sulting streamto a multicastgroup. All participantsjoin
this group,receving anddisplayingthe combinedaudience
video. The panelistsandspealer senddirectly to the multi-
castgroup,thuscircumwentingthetiling agents.

The recevers composethe tiled audiencesggments,
spealer and panelistsinto a single display Audio is re-
ceived directly via a single multicastgroup, sinceit is ex-
pectedhattheaudioratewill below (silenceis suppressed,
sothereis typically only a singleactive audiosender).The
procesdy which the userinterfaceis composedandtiling
is done,is shavnin gure 2.

In addition to the agentbaseddistributed processing,
controlprotocolsareneededo announcendsetupthe ses-
sion, enablingthe participantsto nd thetiling agentsand
eachother The sessioncanbe announcedising SAP [5],
SIP [6], a web pageor even email. The announcedses-
sionhasa singlepieceof informationwithin it: ananycast
addresswhich shouldbe contactedvia SIP to obtain the
detailsneededo join the session.

On sendinga SIP requestto that anycastaddressthe
routing systemwill ensurethe responsecomesfrom the
closestmemberof the anycastgroup. This will be a SIP
sener, co-locatedwith a tiling agent,which will respond
to this requestandreturnboth the multicastgroupusedfor
theaudienceandunicastaddres®f theclosestiling agent.



3.1 Background Substitution
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An important motivation in our designof the Digital
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an amphitheatera classroomor a beachsideresort. Of
course this necessitateemoving differing background®f
eachparticipants,and substitutingit with a backgrouncbf
choice.
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( The backgroundsubstitution processrequires an initial
" backgroundimage to use as a baselinefor comparison.
Oncethe camerahasbeenpositionedand adjustedfor use
duringthe meeting the participantmovesout of the eld of
= - = view of the camerdor afew secondgo allow the software
to collect several framesof the background.Theseimages
Figure 2. System Architecture areaveragedogethetto provide alow-noiseestimateof the
backgroundasshowvnin the rst frameof gure 4.
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Figure 3. Flow of video through the Digital
Amphitheater architecture .
A usercanthenparticipateby sendingvideo to eitherthe
unicastaddres®r the multicastgroup,respectiely.
This architecturespreadshe processingoadthroughout
the network, while maintaininga simplemethodof joining
thesession. a

3. Implementation

The Digital Amphitheateiis implementedn threeparts:
backgroundsubstitutionat the transmittey spatial tiling
agentswithin thenetwork, anduserinterfacecompositiorin
therecever. Figure3 shavsthe o w of mediadatathrough
the systemfrom oneof the sendergo oneof therecevers,
andillustratesthis partitioning.

In thefollowing sectionswe provide moredetail on the
operationof the backgroundsubstitutionand spatialtiling,
and explain how the userinterfaceis composedrom the After this brief training period,the participantreturnsto
tiled elements. his seat,asillustratedin the secondrameof gure 2. The

Figure 4. Background Substitution



region of the currentvideo imagethat haschangedsignif-
icantly from the backgrounds is thensegmentedrom the
restof theimage allowing thebackgroundo besubstituted.
Thealgorithmby which we sggmenttheimageis shavn in
gure 5.

A direct comparisonbetweenthe current and back-
ground frames is made dif cult by features common
to mary commodity video camerasincluding lighting
changesautomatedxposure dynamicwhite balance and
increasedoise. This is the reasonfor the scalingstepin
our algorithm: we comparepixels primarily on their color,
but allow theapparentntensityto vary in orderto compen-
satefor changesn brightness.Theresultingdistancesare
thresholdedo producea binary masklabelingthe pixelsas
foregroundor background.

It is also possiblethat naturalbackgroundssuchasan
of ce, containsmallregionsthataredif cult to distinguish
from theforeground.We apply morphologicabperatorg9]
to the maskto compensatéor small regionsof anomalous
color match: the maskis erodedby a radiusof two pixels
to remove mostof the isolatedregions causedy noisein
thecurrentframe;themaskis thendilatedby roughlytwice
theerosionradiusto Il in voids(anadditionalerosionstep
maybeperformeddependingntheamountof noisein the
image);themaskis nally erodedoncemoresuchthatthe
total numberof erodesanddilatesbalanceo zeroto restore
the outerboundaryof the foreground

clear mask
foreach  (pixel) {
find scaling between stored
current  frame;
scale current  pixel

background and \

colour according to exposure;

calculate distance  between current pixel and \
stored  background;
if (distance > threshold) {
mark as foreground in  mask;
}
erode and dilate mask to remove outliers and voids;
foreach  (pixel) {
if  (mask[pixel] 1= foreground) {
replace  pixel with substitute background;

}
}

Figure 5. Outline of the background substitu-
tion algorithm

The resultis a low-compleity algorithm, with accept-
able performance. Performancesuffers when the back-
groundis subjectto large changesn lighting: a more dy-
namic approacho updatingthe storedbackgroundmage
is plannedfor future versions,and shouldimprove perfor
mance.

3.1.2 Frame Grabber Calibration

To achieve bestperformancdrom the backgroundsegmen-
tationalgorithm,it is necessaryo adjustthe brightnessand
contrastparametersf the framegrabberto matchthe cam-
era,sceneandlighting conditions.

The video samplingprocesscorvertsanalogvideo into
digital samplesin one of a rangeof formats (e.g. 8 bit
perchannelRGB). Whilst mary camerashave somelim-
ited ability to adjustthe samplingparametersit is typical
thatsomebright pointsoverloadthe corvertor, causingsat-
urationin the image. By adjustingthe contrastwe maxi-
mizethe color rangeof theimagewhilst limiting the num-
ber of saturatedpixels to a small percentagef the total.
An appropriatecontrasis choserstartingfrom alow value,
graduallyincreasinguntil the 98thpercentileof pixel values
remainunsaturatedvith the camerafacinga bright areaof
thescene.

The image brightnessshouldbe adjustedsuchthat the
“black level” of the analogvideo mapsto zerointensityin
the sampleddata. To do so, we collecttwo framesat dif-
ferentbrightnessettingswith the camerdenscovered.By
linearly extrapolatingthe averagevaluesof thesetwo im-
ageswe computethebrightnesghatwill produceanimage
with zerointensityblack.

At theseoptimizedsettingswe estimateahepattermoise
of the cameraby averaging128 frameswith the lenscov-
ered. The patternnoiseis storedasso thatit may be sub-
tractedfrom eachframe beforecomparisorwith the back-
ground.

Calibrationis performedeforestartingbackgroundub-
stitution, and helpsthat process. It should be notedthat
thereis sometradeof to be made:calibrationoptimizesthe
imagefor backgroundsegmentatiorperformancebut may
adwerselyaffect the perceved color delity. For our pur
posethis tradeof is acceptablebut otherapplicationamay
differ.

3.2 Spatial Tiling:  Framesto 1 Frame
Toreduceheprocessingoadontherecevers,partof the
userinterfacecompositioris donewithin thenetwork, using
spatialtiling agentSTAs). The conceptof spatialtiling is
totile framesnext to eachother andto modify the meta-
dataof thetiled frame,suchthatit representasingleframe.
In gure 6 threeindividual videoframesareplacedside by
sideto form a singleframe. Eachframeis completelyrep-
resentedhowever the meta-datain this caseblock coordi-
nateshasbeenadjustedaccordingly Currentlywe haveim-
plementedspatialtiling for two videorepresentationsigh
bandwidthraw YUV videowith conditionalreplenishment

(YUVCR) [4] andH.261[17] usingonly intra-framecom-
pression.
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Figure 6. Tiling three frames into a single
frame . Both frame size and block coor dinates
have been adjusted for the tiled frame.

Eachaudiencememberunicaststheir video to an STA.
The STA in turn tiles a numberof video streamsandsends
theresultto amulticastgroup,to form theaudienceThere-
fore, it isimportantthatthe STAs do notaddsigni cant ad-
ditional delayto the video stream.In our implementation,
the STAs parseanddeconstructheincomingvideostreams
into smallerbuilding blockswhilst maintainingtheir rele-
vantmeta-datano decompressiois donein the STAs.

Although, theorically it is possibleto tile an unlimited
numberof streamswe haverestrictecthe STAs to 15 video
streams.This restrictionallows usto usethebuilt in mixer
functionality of RTP/RTCP [16], sincean RTP paclet can
carrythe contributing sourceidenti ers for up to 15 differ-
entsourcesTheinputstreamganbetiled in any geometry
requestedfor 15streamgheSTA cangenerata singlerow
of 15x1,asquareof 4x4 (wherethelastsquarewill begray),
a5x3rectanglepr evenasinglecolumn.

The STAs areimplementedas software processes;un-
ning on active service hostslocatedwithin the network.
They canbe considerecinalogougo the H.323MCU unit,
althoughprovide a very differentform of mediamixing and
arbitration.

More detailsof thetiling processandthe performance
bene tsit brings,canbefoundin [3].

3.3 The User Interface

A key aspecbf thedigital amphitheateis its innovative
userinterface. This is implementedasedon the vic video
conferencingapplication[13] working in conjunctionwith
rat[7] for audio.

The vic userinterfacehasbeenaugmentedvith an ad-
ditional mode, which displaysthe spealer, four panelists,

anda numberof audiencesegments( gure 2). Dueto the
tiling, it is only necessaryto display a small number of
videostreamdor the audienceeachstreamcontainsa 5x3
block of 80x64pixel frames.Theuserinterfacedisplaysno
informationabouteachsourceby default: a “tool tip' popup
is usedto highlight participantnamesandother SDES[16]

information(themixerfunctionalityincludedin RTP allows
for thisto be corveyedalongwith atiled videostream).

In presenimplementationthoseparticipantswhich ap-
pearin the panelandasthe spealer areselecteccommand-
line parameterreferencedy RTP CNAME. This provides
for staticselectionof panelistandspealer. We planto add
the ability to dynamically chosepanelistsin a future ver-
sion.

Audio is provided by a separatdanstanceof the UCL
Rohust-AudioTool, rat, runningon alocal host. Communi-
cationandcoordinationbetweeraudioandvideo— includ-
ing lip-sync—is achievedvia amessagdus[14] interface.

4. Discussion

Figure 7 displaysvariousmodesof video conferencing
interface,with over 90 participants. Due to limitationsin
the numberof available live participantseach gure was
generatedising pre-recordedgtreamshencethe replicated
participantdn theaudience.

The rst modedisplayed,n Figure7(a)is the standard
userinterface of the conferencingtool vic [13], a widely
usedmulticastconferencingprogram. While vic was de-
signedto scaleto mary participantsusing multicast, it is
clearthatits userinterfacewasnot: largeamountsof statis-
tical anduserinformationis displayedfor eachparticipant,
resultingin signi cant screerclutter

In Figure7(b), we shov anexampleof our Digital Am-
phitheatersystemrunning without the use of background
substitution.The structureof the userinterfaceinterfaceis
clearlyvisible — atiled audiencewith separatspealer and
panelists- andhidingtheextraneousontrolsandstatistical
informationclearlyresultsin alesscluttereddisplay There
is still alot of distractingclutter though,dueto the of ce
backgroundsandthe systemasawholedoesnotfeellikeit
providesa uniform ervironment.

Finally, Figure 7(c) shows the completeDigital Am-
phitheateruserinterface,including the backgroundsubsti-
tution. It is very clearthatthe substitutionof the synthetic
backgroundn placeof the of ce clutterin Figure7(b) re-
sultsin amuchcleaneiinterface,onethatactuallyfeelslike
it providesa virtual ervironment. Using this systemis a
muchmore pleasanexperience:it is easierto concentrate
ontheparticipantssincethey areclearlyvisible withoutthe
distractionof the varied backgrounctlutter, andthereis a
heightenedensef presencdor users.
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Figure 7. Progression of the user interface:
(a) vic; (b) the digital amphitheater without
background substitution; (c) the digital am-
phitheater with background substitution.

5. Related Work

The digital amphitheateprovides a unique conferenc-
ing experiencebuilt from acombinatiorof innovativetech-
nologies.In creatingthisexperiencave built fromanumber
of elementdevelopedin earliersystemswhich arenoted
below.

The conceptof a seamleswirtual ervironmenthas, of
coursepeenwidely investigatedVirtual reality systemsre
the prime motivator, andmuchof the researctwith avatars
andvirtual environmentshaspotentialto be of relevancein
thefuture. Unfortunatelysuchsystemsreveryintensivein
their resourceconsumptionandimpracticalfor large scale
meetingsatthistime.

Simpler — two dimensional- virtual ervironmentand
image segmentationschemesare directly relatedto our
work, and therehave beena numberof these. The work
atMIT on “re ection of presence’andthe ISIS toolkit [1]
is closestto our system,and could provide an alternatve
implementation.

Also relatedis the MPEG-4video codingstandard15],
which provides a range of tools for sceneseggmentation
and object-orientedscenecomposition. Building aninter
facesuchasour digital amphitheatewould be a relatively
straightforward matterif the mediausedMPEG-4; tiling
shouldbe possiblealso. Use of the MPEG-4 framework
wouldlimit ourability to work with objectsotherthanthose
describedvithin thatframework, but thatmaybelessof an
issuein future. In addition,the MPEG-4systemanodelis
not well suitedto useover IP: the SIP-basedsolution we
proposés more e xible andscalablge.g. MPEG-4doesnt
have the conceptof anarycastinvitation).

Theprimarybene t of our approactio imagesegmenta-
tion is low compleity, andthe ability to work with arange
of video coding systems. Our systemdoesnot, however,
dependon the detailsof the sggmentationschemeandal-
ternative implementationgsrepossible.

Many H.323basedsystememploy an MCU to mix au-
dio andto actasa video switcher: video mixing andtiling
is the obvious extensionto that, althoughour agentbased
approachalso offers advantagegelating to the automatic
placementand location of agents,and our agentsprovide
scalingbene tstoo. It is clearlycritical to the ef cient op-
erationof the STAs to optimizetheir placementwvithin the
network. This hasrecevedconsiderablattentionin thelit-
eraturg19, 11, 2], particularlywhenrelatedto reliablemul-
ticast, leadingto recentstandardswork in the IETF [10].
We do not seekto designnew treebuilding mechanismsat
presentratherwe rely on existing work.



6. Conclusions

We have presentedurvision of largescalevideoconfer
encing. To supportthis vision we have designedand built
a large-scalevideo conferencingool, we term the Digital
Amphitheater In our designwe have borroved from dif-
ferentdisciplines: signal processinghumancomputerin-
teractionhetworkedagentsandvideocompressionWe be-
lievethatourimplementatiornas sofar, achievedourinitial
goals.

In termsof the userinterface, our utilization of back-
ground substitutionhelps engendera feeling of presence
and gives the participantsthe impressionof meetingin
the samelocation. A comparisorof gures 7(b) and7(c)
clearly demonstratethat replacing individual participant
backgroundswith a single background,doesvisually en-
hancethe Digital Amphitheater

Currently our implementatioris limited to manualses-
sioninitiation. As partof our future work we will imple-
mentthe SIP agentscompletewith automaticsessionni-
tiation. Anotheraxesthatwe intendedto expandthe archi-
tecturealong,is to addmorecodeccapabilitiego the STAs.
Also, giventhe strat@ic locationof the STAs, we foresee
utilizing themfor bandwidthandcongestiorcontrol. With
the RTCP feedbackthat the STAs receve they candetect
congestionwhere upon they can scaleback by reducing
videoframerate.
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