
Lar geScaleVideoConferencing: A Digital Amphitheater

LadanGharai Colin Perkins RonRiley Allison Mankin
USCInformationSciencesInstitute

Abstract

In thispaperweaddresstheproblemof large-scalevideo
conferencing, bothfroma systemsanduserinterfacepoint
of view. We presentthe architecture and current imple-
mentationof our videoconferencingtool, the Digital Am-
phitheater, which facilitateslarge scalevideoconferencing
for hundredsof participantsin a natural andcohesiveenvi-
ronment.We describea uniqueuserinterfacethat aimsto
engendera feelingof presence, usingbackgroundsubstitu-
tion, eliminatingcontrol functionsfrom thescreen,andal-
lowing participantsto view themselvesin an amphitheater
setting.

1. Intr oduction

Video conferencing,oncea novel technology, hasbe-
comea stapleof modernbusiness.It is increasingcommon
to conductsmall meetingsvia video conferencing,saving
timeandeconomizingon travel budgets.

A variety of conferencingsystemsareavailable: com-
mercial productstend to derive from the H.323 standards
[18] andsupportpoint-to-pointconferencingonly, or mul-
tipoint conferencingbasedarounda single centralserver.
Opensourcesystemssuchas vic [13] and rat [7] are ex-
amplesof the alternative light-weight sessionsmodel [8],
whichrely onIP multicastandrelaxedmembershipcontrols
to scaleto very largesessions.

Our experiencewith the implementationof systems
basedon thelight-weightsessionsmodelhasledusto real-
ize that,whilst they provide signi�cant advantagesin scal-
ing comparedto H.323basedsystems,therearemany as-
pectsto the problemof video conferencingwith hundreds
of participantswhichareleft unsolved.

The �rst andmostobviousis theuserinterface:how to
�t a large numberof participantsonto a single screen,in
a cohesive andvisually comprehendiblemanner?For ex-
ample,assuminga screensize of 1024x1024pixels, upto
35 QCIF (176x144pixel) video streamscanbe displayed
in a 5x7 grid. This implies 35 differentbackgrounds(as
eachparticipantis sendingfrom a differentenvironment),

which canbe visually taxing. In addition,this variationin
backgroundsdoesnot engendera feeling of cohesiveness,
presence,or of acommonmeetingplace.

Secondly, from asystemspointof view, thereis theissue
of the end-systemworkload. Although, powerful systems
capableof softwaredecompressionfor hundredsof video
streamsarebecomingcommon,they arestill not thenorm.
A typical consumergradedesktopcanperhapsdecompress
thirty to �fty videostreams.Receiving multiple individual
video streamsinvolvesa high overheadin termsof inter-
ruptsprocessing,depacketization,frameconstruction,de-
compressionand context switching betweenthe different
processes.

We haveattemptedto addresseachof theseissuesin the
designof a large scalevideo conferencingtool, which we
termtheDigital Amphitheater. In ourdesignwehavedrawn
from a numberof differentdisciplines. We employ back-
ground removal and substitutionfrom image processing,
we utilize agentbasedtechnologyto reducenetwork and
end-systemload,andwe haveappliedprinciplesof Human
ComputerInteractionto our build userinterface.Although
eachof thetechniqueswe haveusedarewell establishedin
their correspondingareas,our contributionhasbeento pull
themtogetherandbuild a prototypesystem.

In the following, we describeour vision for the Digital
Amphitheaterin section2 andour prototypeimplementa-
tion in section3. In section4, we compareour uniqueuser
interfaceto other systemsfor large scaleconferencingin
section.We �nish with a discussionof relatedwork in sec-
tion 5 andprovideconclusionsin section6.

2. The Digital Amphitheater

Our main motivation in the designof the Digital Am-
phitheaterwasto createadigital meetingplace,wherehun-
dredsof participantscanmeetas if at one location. This
involvedtwo designchallenges:how to createa feelingof
presence,suchthatall participantsfeel they areat thesame
location; and how to supporthundredsof video streams,
bothfrom networkingandendsystemperspectives.We�rst
describetheconceptof ouruserinterface,thentheprotocol
andend-systemarchitectureneededto realizethesystem.
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2.1. User Interface Concept

Theaim of our userinterfaceis to createa digital meet-
ing place,an environmentwhereparticipantsin the meet-
ing canfeel thatthey areinteractingwith each-other;rather
thanusingacomplex teleconferencingsystem.Weenvisage
an auditorium,with seatingfor the audienceand a panel
of speakers,muchas onemight �nd in a typical meeting
or seminar. To implementthis on a �at display, we re-
�ect theaudience,so that theparticipantseesa view from
the“stage”showing their presencewith theotheraudience
members,but show the speaker andpanelistsasif viewed
from theaudience.Figure1 illustratestheconcept,with a
mock-upwe usedin our earlydesign[12].

Figure 1. A Digital Amphitheater .

In thismock-up,theimagesof theparticipantshavebeen
processedto remove their background. Each participant
is seatedin an amphitheaterseat. The seatingfollows the
rulesof perspective,suchthatseatsandparticipantsbecome
smallerasthey move towardsthe back. The useof back-
groundsubstitutionand natural seatingprovides the illu-
sionof presence,andallowsalargenumberof videoimages
to becompositedwhilst maintaininga visually pleasingas-
pect.

While theparticipantsarescatteredthroughout theam-
phitheater, the speaker appearsin the middle of the `front
row' amongstother `panel' members.The speaker occu-
piesarelatively largevideoframe(possiblywith highframe
rate)asdootherpanelists.Both speakerandpanelistshave
their nameswritten in front of them,as they would in an
actualpanelsession.

Theonly controlsvisible arefor audio,themicrophone
anda small scroll bar, therebykeepingthe `amphitheater'
clearof clutter. Thescroll bar, allows oneto scroll through

thenamesof attendeesin theamphitheater. Oncea userse-
lectsa name,theattendeeis high-lighted,andinformation
aboutthe personis displayedin a pop-upwindow. Alter-
natively, informationcanbe obtainedby `clicking' on the
person's image.

Thereis no moderatorin place,thereforeit is possible
for everyoneto talk at thesametime,althoughof coursethe
resultwould be a dif�cult to understandjumble of sound.
Again, our modelis basedon real-life conferences,where
�oor time is dictatedby socialnorms. In a morefuturistic
versionof theDigital Amphitheaterweforeseethesoftware
detectingaraisedhand,asaqueuefor requesting�oor time.

2.2. ProtocolAr chitecture

To supporta largenumberof videostreamsin thedigi-
tal amphitheaterwe adoptedanagent-basedapproach,dis-
tributing the processingrequiredto build the user inter-
facethroughoutthenetwork. Thereareseveralpartsto the
system: backgroundsubstitutionat the transmitter, tiling
agentswithin the network, anduserinterfacecomposition
at thereceiver.

Eachtransmitterperformsthe backgroundsubstitution
algorithm on their own video, replacingthe actualback-
groundwith a syntheticimagesuppliedduringsessionini-
tiation. Eachaudiencememberparticipatesby unicasting
video to the closesttiling agent. The agent,in turn, tiles
togetherall thevideostreamsit receives,andsendsthere-
sulting streamto a multicastgroup. All participantsjoin
thisgroup,receiving anddisplayingthecombinedaudience
video.Thepanelistsandspeakersenddirectly to themulti-
castgroup,thuscircumventingthetiling agents.

The receivers composethe tiled audiencesegments,
speaker and panelistsinto a single display. Audio is re-
ceived directly via a singlemulticastgroup,sinceit is ex-
pectedthattheaudioratewill below (silenceis suppressed,
sothereis typically only a singleactive audiosender).The
processby which theuserinterfaceis composed,andtiling
is done,is shown in �gure 2.

In addition to the agentbaseddistributed processing,
controlprotocolsareneededto announceandsetuptheses-
sion,enablingtheparticipantsto �nd the tiling agentsand
eachother. The sessioncanbe announcedusingSAP [5],
SIP [6], a web pageor even email. The announcedses-
sionhasa singlepieceof informationwithin it: ananycast
address,which shouldbe contactedvia SIP to obtain the
detailsneededto join thesession.

On sendinga SIP requestto that anycastaddress,the
routing systemwill ensurethe responsecomesfrom the
closestmemberof the anycastgroup. This will be a SIP
server, co-locatedwith a tiling agent,which will respond
to this requestandreturnboththemulticastgroupusedfor
theaudience,andunicastaddressof theclosesttiling agent.
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Figure 3. Flow of video thr ough the Digital
Amphitheater architecture .

A usercanthenparticipateby sendingvideo to either the
unicastaddressor themulticastgroup,respectively.

Thisarchitecturespreadstheprocessingloadthroughout
thenetwork, while maintaininga simplemethodof joining
thesession.

3. Implementation

TheDigital Amphitheateris implementedin threeparts:
backgroundsubstitutionat the transmitter, spatial tiling
agentswithin thenetwork,anduserinterfacecompositionin
thereceiver. Figure3 showsthe�o w of mediadatathrough
thesystem,from oneof thesendersto oneof thereceivers,
andillustratesthis partitioning.

In thefollowing sections,we providemoredetailon the
operationof thebackgroundsubstitutionandspatialtiling,
and explain how the userinterfaceis composedfrom the
tiled elements.

3.1. Background Substitution

An important motivation in our designof the Digital
Amphitheaterwasproviding a feeling of presence,so that
all participantsfeel as if they are in the samelocationi.e,
an amphitheater, a classroomor a beachsideresort. Of
course,this necessitateremoving differing backgroundsof
eachparticipants,andsubstitutingit with a backgroundof
choice.

3.1.1. Substitution Algorithm

The backgroundsubstitution processrequires an initial
backgroundimage to use as a baselinefor comparison.
Oncethe camerahasbeenpositionedandadjustedfor use
duringthemeeting,theparticipantmovesoutof the�eld of
view of thecamerafor a few secondsto allow thesoftware
to collectseveral framesof thebackground.Theseimages
areaveragedtogetherto providea low-noiseestimateof the
background,asshown in the�rst frameof �gure 4.

Figure 4. Backgr ound Substitution

After this brief trainingperiod,theparticipantreturnsto
his seat,asillustratedin thesecondframeof �gure 2. The



region of the currentvideo imagethat haschangedsignif-
icantly from thebackgroundis is thensegmentedfrom the
restof theimage,allowing thebackgroundto besubstituted.
Thealgorithmby which we segmenttheimageis shown in
�gure 5.

A direct comparisonbetweenthe current and back-
ground frames is made dif�cult by features common
to many commodity video camerasincluding lighting
changes,automatedexposure,dynamicwhite balance,and
increasednoise. This is the reasonfor the scalingstepin
our algorithm: we comparepixelsprimarily on their color,
but allow theapparentintensityto vary in orderto compen-
satefor changesin brightness.The resultingdistancesare
thresholdedto producea binarymasklabelingthepixelsas
foregroundor background.

It is alsopossiblethat naturalbackgrounds,suchasan
of�ce, containsmall regionsthataredif�cult to distinguish
from theforeground.Weapplymorphologicaloperators[9]
to themaskto compensatefor small regionsof anomalous
color match: the maskis erodedby a radiusof two pixels
to remove mostof the isolatedregionscausedby noisein
thecurrentframe;themaskis thendilatedby roughlytwice
theerosionradiusto �ll in voids(anadditionalerosionstep
maybeperformed,dependingontheamountof noisein the
image);themaskis �nally erodedoncemoresuchthat the
totalnumberof erodesanddilatesbalanceto zeroto restore
theouterboundaryof theforeground

clear mask
foreach (pixel) {

find scaling between stored background and \
current frame;

scale current pixel 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] != foreground) {
replace pixel with substitute background;

}
}

Figure 5. Outline of the backgr ound substitu­
tion algorithm

The result is a low-complexity algorithm,with accept-
able performance. Performancesuffers when the back-
groundis subjectto large changesin lighting: a moredy-
namicapproachto updatingthe storedbackgroundimage
is plannedfor future versions,andshouldimprove perfor-
mance.

3.1.2. Frame Grabber Calibration

To achievebestperformancefrom thebackgroundsegmen-
tationalgorithm,it is necessaryto adjustthebrightnessand
contrastparametersof theframegrabberto matchthecam-
era,sceneandlighting conditions.

The video samplingprocessconvertsanalogvideo into
digital samplesin one of a rangeof formats (e.g. 8 bit
per-channelRGB). Whilst many camerashave somelim-
ited ability to adjustthe samplingparameters,it is typical
thatsomebright pointsoverloadtheconvertor, causingsat-
uration in the image. By adjustingthe contrastwe maxi-
mizethecolor rangeof the imagewhilst limiting thenum-
ber of saturatedpixels to a small percentageof the total.
An appropriatecontrastis chosenstartingfrom alow value,
graduallyincreasinguntil the98thpercentileof pixel values
remainunsaturatedwith thecamerafacinga bright areaof
thescene.

The imagebrightnessshouldbe adjustedsuchthat the
“black level” of theanalogvideomapsto zerointensityin
the sampleddata. To do so, we collect two framesat dif-
ferentbrightnesssettings,with thecameralenscovered.By
linearly extrapolatingthe averagevaluesof thesetwo im-
ages,wecomputethebrightnessthatwill produceanimage
with zerointensityblack.

At theseoptimizedsettings,weestimatethepatternnoise
of the cameraby averaging128 frameswith the lenscov-
ered. The patternnoiseis storedasso that it may be sub-
tractedfrom eachframebeforecomparisonwith theback-
ground.

Calibrationis performedbeforestartingbackgroundsub-
stitution, and helpsthat process. It shouldbe notedthat
thereis sometradeoff to bemade:calibrationoptimizesthe
imagefor backgroundsegmentationperformance,but may
adverselyaffect the perceived color �delity . For our pur-
posethis tradeoff is acceptable,but otherapplicationsmay
differ.

3.2. Spatial Tiling:
�

Framesto 1 Frame

To reducetheprocessingloadonthereceivers,partof the
userinterfacecompositionisdonewithin thenetwork,using
spatialtiling agents(STAs). Theconceptof spatialtiling is
to tile

�

framesnext to eachother, andto modify themeta-
dataof thetiled frame,suchthatit representsasingleframe.
In �gure 6 threeindividualvideoframesareplacedsideby
sideto form a singleframe.Eachframeis completelyrep-
resented,however themeta-data,in this caseblock coordi-
nates,hasbeenadjustedaccordingly. Currentlywehaveim-
plementedspatialtiling for two videorepresentations:high
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 bloc k coor dinates
have been adjusted for the tiled frame .

Eachaudiencememberunicaststheir video to an STA.
TheSTA in turn tiles a numberof videostreamsandsends
theresultto amulticastgroup,to form theaudience.There-
fore, it is importantthattheSTAs donotaddsigni�cant ad-
ditional delayto thevideostream.In our implementation,
theSTAs parseanddeconstructtheincomingvideostreams
into smallerbuilding blockswhilst maintainingtheir rele-
vantmeta-data:nodecompressionis donein theSTAs.

Although, theorically, it is possibleto tile an unlimited
numberof streams,wehaverestrictedtheSTAs to 15video
streams.This restrictionallows usto usethebuilt in mixer
functionality of RTP/RTCP [16], sincean RTP packet can
carrythecontributing sourceidenti�ers for up to 15 differ-
entsources.Theinputstreamscanbetiled in any geometry
requested:for 15streamstheSTA cangenerateasinglerow
of 15x1,asquareof 4x4(wherethelastsquarewill begray),
a5x3 rectangle,or evena singlecolumn.

The STAs areimplementedassoftwareprocesses,run-
ning on active servicehostslocatedwithin the network.
They canbeconsideredanalogousto theH.323MCU unit,
althoughprovideaverydifferentform of mediamixing and
arbitration.

More detailsof the tiling process,andthe performance
bene�ts it brings,canbefoundin [3].

3.3. The User Interface

A key aspectof thedigital amphitheateris its innovative
userinterface.This is implementedbasedon thevic video
conferencingapplication[13] working in conjunctionwith
rat [7] for audio.

The vic userinterfacehasbeenaugmentedwith an ad-
ditional mode,which displaysthe speaker, four panelists,

anda numberof audiencesegments(�gure 2). Due to the
tiling, it is only necessaryto display a small numberof
videostreamsfor theaudience:eachstreamcontainsa 5x3
blockof 80x64pixel frames.Theuserinterfacedisplaysno
informationabouteachsourceby default: a`tool tip' popup
is usedto highlight participantnamesandotherSDES[16]
information(themixerfunctionalityincludedin RTPallows
for this to beconveyedalongwith a tiled videostream).

In presentimplementation,thoseparticipantswhich ap-
pearin thepanelandasthespeakerareselectedcommand-
line parameter, referencedby RTP CNAME. This provides
for staticselectionof panelistandspeaker. We planto add
the ability to dynamicallychosepanelistsin a future ver-
sion.

Audio is provided by a separateinstanceof the UCL
Robust-AudioTool, rat,runningona localhost.Communi-
cationandcoordinationbetweenaudioandvideo– includ-
ing lip-sync– is achievedvia a messagebus[14] interface.

4. Discussion

Figure7 displaysvariousmodesof video conferencing
interface,with over 90 participants.Due to limitations in
the numberof available live participantseach�gure was
generatedusingpre-recordedstreams,hencethereplicated
participantsin theaudience.

The �rst modedisplayed,in Figure7(a) is thestandard
user interfaceof the conferencingtool vic [13], a widely
usedmulticastconferencingprogram. While vic was de-
signedto scaleto many participants,usingmulticast,it is
clearthatits userinterfacewasnot: largeamountsof statis-
tical anduserinformationis displayedfor eachparticipant,
resultingin signi�cant screenclutter.

In Figure7(b), we show anexampleof our Digital Am-
phitheatersystemrunning without the useof background
substitution.Thestructureof theuserinterfaceinterfaceis
clearlyvisible– a tiled audience,with separatespeakerand
panelists– andhidingtheextraneouscontrolsandstatistical
informationclearlyresultsin a lesscluttereddisplay. There
is still a lot of distractingclutter though,dueto the of�ce
backgrounds,andthesystemasawholedoesnot feel like it
providesa uniformenvironment.

Finally, Figure 7(c) shows the completeDigital Am-
phitheateruserinterface,including the backgroundsubsti-
tution. It is very clearthat thesubstitutionof thesynthetic
backgroundin placeof theof�ce clutter in Figure7(b) re-
sultsin amuchcleanerinterface,onethatactuallyfeelslike
it providesa virtual environment. Using this systemis a
muchmorepleasantexperience:it is easierto concentrate
ontheparticipants,sincethey areclearlyvisiblewithoutthe
distractionof the variedbackgroundclutter, andthereis a
heightenedsenseof presencefor users.



(a)

(b)
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Figure 7. Progression of the user interface:
(a) vic; (b) the digital amphitheater without
backgr ound substitution; (c) the digital am­
phitheater with backgr ound substitution.

5. RelatedWork

The digital amphitheaterprovides a uniqueconferenc-
ing experience,built from acombinationof innovativetech-
nologies.In creatingthisexperiencewebuilt fromanumber
of elementsdevelopedin earliersystems,which arenoted
below.

The conceptof a seamlessvirtual environmenthas,of
course,beenwidely investigated.Virtual realitysystemsare
theprimemotivator, andmuchof theresearchwith avatars
andvirtual environmentshaspotentialto beof relevancein
thefuture.Unfortunately, suchsystemsareveryintensivein
their resourceconsumption,andimpracticalfor largescale
meetingsat this time.

Simpler – two dimensional– virtual environmentand
image segmentationschemesare directly related to our
work, and therehave beena numberof these. The work
at MIT on “re�ection of presence”andthe ISIS toolkit [1]
is closestto our system,andcould provide an alternative
implementation.

Also relatedis theMPEG-4videocodingstandard[15],
which provides a rangeof tools for scenesegmentation
andobject-orientedscenecomposition.Building an inter-
facesuchasour digital amphitheaterwould bea relatively
straightforward matterif the mediausedMPEG-4; tiling
shouldbe possiblealso. Use of the MPEG-4 framework
wouldlimit ourability to work with objectsotherthanthose
describedwithin thatframework, but thatmaybelessof an
issuein future. In addition,theMPEG-4systemsmodelis
not well suitedto useover IP: the SIP-basedsolution we
proposeis more�e xible andscalable(e.g.MPEG-4doesn't
havetheconceptof ananycastinvitation).

Theprimarybene�t of ourapproachto imagesegmenta-
tion is low complexity, andtheability to work with a range
of video codingsystems.Our systemdoesnot, however,
dependon the detailsof thesegmentationscheme,andal-
ternative implementationsarepossible.

Many H.323basedsystemsemploy anMCU to mix au-
dio andto actasa videoswitcher:videomixing andtiling
is the obvious extensionto that, althoughour agentbased
approachalso offers advantagesrelating to the automatic
placementand location of agents,andour agentsprovide
scalingbene�ts too. It is clearlycritical to theef�cient op-
erationof theSTAs to optimizetheir placementwithin the
network. Thishasreceivedconsiderableattentionin thelit-
erature[19, 11, 2], particularlywhenrelatedto reliablemul-
ticast, leadingto recentstandardswork in the IETF [10].
We do not seekto designnew treebuilding mechanismsat
present,ratherwe rely onexistingwork.



6. Conclusions

Wehavepresentedourvisionof largescalevideoconfer-
encing. To supportthis vision we have designedandbuilt
a large-scalevideo conferencingtool, we term the Digital
Amphitheater. In our designwe have borrowed from dif-
ferentdisciplines: signalprocessing,humancomputerin-
teraction,networkedagentsandvideocompression.Webe-
lievethatourimplementationhas,sofar, achievedourinitial
goals.

In termsof the user interface,our utilization of back-
groundsubstitutionhelpsengendera feeling of presence
and gives the participantsthe impressionof meeting in
the samelocation. A comparisonof �gures 7(b) and7(c)
clearly demonstratethat replacing individual participant
backgroundswith a single background,doesvisually en-
hancetheDigital Amphitheater.

Currently, our implementationis limited to manualses-
sion initiation. As part of our future work we will imple-
mentthe SIP agents,completewith automaticsessionini-
tiation. Anotheraxesthatwe intendedto expandthearchi-
tecturealong,is to addmorecodeccapabilitiesto theSTAs.
Also, given the strategic locationof the STAs, we foresee
utilizing themfor bandwidthandcongestioncontrol. With
the RTCP feedbackthat the STAs receive they candetect
congestion,whereupon they can scaleback by reducing
videoframerate.
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