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ABSTRACT

This paperpresentsa uni�ed setof abstractionsandoperationsfor hardwaredevices,softwareprocesses,andmediadata
in a distributedaudioandvideoenvironment.Theseabstractions,which areprovided througha middlewarelayercalled
Indiva, usea �le systemmetaphorto accessresourcesandhigh-level commandsto simplify thedevelopmentof Internet
webcastanddistributedcollaborationcontrol applications.The designandimplementationof Indiva aredescribedand
examplesarepresentedto illustratetheusefulnessof theabstractions.
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1. INTRODUCTION

WebcastanddistributedcollaborationareimportantInternetapplications.Many educationalandresearchinstitutionshave
begun to webcastlecturesandseminarsover the Internet,anddistributedcollaborationsystemssuchastheAccessGrid
(AG) are increasinglypopular. For example,the numberof AG nodeshasgrown from 20 to 182 during the pastthree
years.1, 2 However, thesesystemsaredif�cult andexpensive to operate– a highquality, multi-streamwebcastproduction
requires3 to 5 skilledequipmentoperatorsandanAG conferencerequiresat leastoneoperatorateachlocation.

To reducethecostandcomplexity of operation,several researchgroups,includingours,have developedapplications
to automatewebcastanddistributedcollaborationproduction.3{6 Our groupdevelopedtwo applications,namely, the
Director's Console7 andBroadcastManager,8 to simplify theproductionof a live webcast.Theseapplicationsenablea
singleoperatorto produceahigh-qualitylivewebcast,therebyreducingcost.

However, several problemsremain. First, applicationsthat managea productionenvironmentaredif�cult to write.
Detailedknowledgeof the environmentis required. The problemis that we cannotspecify“what we want,” ratherwe
mustspecify “how to implementa request.” For example,to adda TV channeloff a satellitedish, into a webcast,we
must (i) senda commandto the satellitereceiver to changeto the desiredchannel,(ii) senda commandto the routing
switcherto switchtheoutputfrom thesatellitedishto a capturecomputerwith availablecapturecard,and(iii) launchan
encoderprocessontheselectedcapturecomputer. Second,applicationsareoftentightly coupledwith theenvironmentand
cannotadaptwell to changes.Whennew equipmentis addedor whencablesarerewired,applicationshaveto bemodi�ed.
Furthermore,anapplicationwritten for oneenvironmentcannotbeeasilyreusedin anotherenvironment.Theseproblems
constrainthedevelopmentof innovative controlandautomationsoftwarefor webcastanddistributedcollaboration.

We believe a solutionto theseproblemsis to provide a layerof abstractionbetweentheaudio/videoenvironmentand
theapplications.Much like relationaldatabasesandUNIX �le systems,this layershouldprovide abstractionsandanAPI
for managingentitiesin theenvironmentwithout revealingtheunderlyingdetails.As anexample,weshouldbeableto say
“show methis TV channel”,or “move this streamfrom onesessionto another”,without worrying abouthow it is actually
implemented.This layer of abstractionwill allow programmersto focuson more importantissuessuchasautomation
algorithmsratherthanlow level detailssuchasroutingsignalsandlaunchingprocesses.

Thispaperdescribesthedesignandimplementationof suchanINfrastructurefor DIstributedVideoandAudio(Indiva).
TheIndivamiddlewareprovideseasyto understandabstractionsbasedona�le systemmetaphorandhigh-level commands
requiredby applicationdevelopers.Besideeaseof use,Indiva is designedto beextensibleandrobust.Extensibilityallows
minimalmodi�cation to applicationswhentheenvironmentchanges,while robustnessensuresthatequipmentandsoftware
failuresarehandledgracefully. Thesegoalsareachievedusingthefollowing ideas:(i) separationof logic from data,(ii)
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anadditionallevel of indirectionbetweenapplicationsandenvironment,and(iii) soft-stateprotocolsfor communication
betweenprocesses.

Theremainderof thispaperelaboratesonthedesignandimplementationof Indiva. Section2 describestheabstractions
provided by Indiva. To illustrateshow theseabstractionsareused,Section3 shows two sampleapplicationsthat canbe
built usingIndiva. Section4 discussestheimplementationof Indiva. We evaluatetheperformanceandeaseof useof the
systemin Section5. Finally, Indiva is comparedwith relatedwork in Section6, andweconcludein Section7.

2. ABSTRACTIONS IN INDIVA

Beforeweproceedwith adescriptionof Indiva,it is importantto understandthetypeof environmentin whichit is intended
to beused.
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Figure1. A DistributedAudio andVideoEnvironment

Figure1 showsageneralizedmodelfor adistributedaudioandvideoenvironment.Suchenvironmentsarecommonto
many Internetwebcastproductionanddistributedcollaborationsystems.Theenvironmentcontainsaudio/videoequipment
suchascameras,videotaperecorders,special-effectsprocessors,andscanconverters.Theseequipmentcanbecontrolled
throughanRS232or IR interface(shown asdottedlines in Figure1) by control computers. Thecapture computers con-
tain hardwareandsoftwarefor translatingback-and-forthbetweenmediasignals(generatedby conventionalaudio/video
equipments)andmediastreams(sequenceof IP packets).Theaudio/videoequipmentandcapturecomputersareconnected
usingpoint-to-pointtransmissiontechnologies(e.g.,�ber, UTPetc.) throughanaudio/videoroutingnetwork, This routing
network is acircuit switchnetwork thatinterconnectsequipmentandcomputersthroughaseriesof routingswitchers,mul-
tiplexers,anddemultiplexersthatcanberemotelycontrolledby thecontrolcomputeraswell. Mediaprocessingcomputers
run softwareprocessesthatmanipulatetheaudioandvideostreams,suchastranscoding,9 mixing,10 special-effectspro-
cessing11 andrecording/playback.12 Recordedmediastreamsarestoredin mediaarchives. Finally, applicationsaccess
andcontrol theenvironmentby sendingRPCcommandsto thecontrol,capture,andmediaprocessingcomputersover an
IP network. For example,anapplicationmight want to panor tilt a remotecameraor changetheencodingframe-rateof
anencoder. Theseentitiesmightbephysically locatedin differentrooms.

Thereare several different modelsfor managingmediastreamsin a distributed audio and video environment. In
Indiva, we adoptthe IETF ConferenceModel (sometimescalledMBone Conferences)as the model for disseminating
mediastreamsbecauseof its �e xibility andcompatibilitywith theAG. A conferenceis composedof oneor moresessions.
A sessionis composedof mediastreamsof onetype,for exampleaudioor video,beingdeliveredfrom oneor moresenders



to oneor morereceiversvia IP multicast.For instance,a lecturewebcastmight bea conferencewith a videosessionand
an audiosession.The video sessionmight containtwo video streams,oneshows the lecturer, andthe othershows the
presentationmaterials(e.g.,slides).Meta-datafor conferencesandsessions(e.g.,descriptions,IP address,owners,format)
arestoredin SDPformat13 andareperiodicallyannouncedto awell-known multicastaddress.

Indiva is a middlewaresystembetweena distributedaudioandvideoenvironmentandapplications.It providesa set
of APIs for accessingandcontrolling the threetypesof entitiesin the environment: hardware (e.g.,equipment,routing
networksandvideocapturecards),software processes, anddata(e.g.,live mediastreams,archivedmedia,andmeta-data
for conferencesandsessions).The hardware,softwareprocesses,anddatamanagedin the environmentwill be called
Indiva resourcesin thispaper.
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Figure2. IndivaSoftwareArchitecture

Figure2 showsthesoftwarearchitectureof thesystem.It is composedof amanager andasetof agents. Themanageris
aprocessthatcontrolsresourcesin anIndivanode. A nodeis anadministratively de�ned domainof equipment,processes
anddata.For example,anAG nodecanbeanIndivanode.TheIndivaagentsareprocessesrunningon thecapture,control
andmediaprocessingcomputers.Eachprocessperformsa speci�c task,suchasrecordingmediastreamsor controllinga
speci�c pieceof equipment.Eachtaskperformedby anagentis calleda service. An agentmayprovide multiple services
at the sametime. The manageractslike a network �le server, exceptthat it managesresourcesin an Indiva node. The
managerprocessis assumedto beupandrunningall thetime,while agentsaredynamicallylaunchedby themanagerwhen
needed.An applicationthatwishesto manipulateresourcesin theenvironmentinvokesRPCcommandson themanager.
Themanagerdecideshow to executethecommands,andinvokesoneof thestandardRPCAPIson theagentsto complete
the request.This architectureimprovesthemodularityof thesystem,asnew equipmentsandsoftwareprocessescanbe
addedby writing new agentsandrecon�guringthemanagersothatit cancommunicatewith theagents.No modi�cations
to applicationsis needed.

The restof this sectiondescribesIndiva abstractionsandhigh-level commandswithout going into detailsabouthow
they areactuallyimplemented.Theimplementationis describedin Section4.

2.1.ResourceNaming

In orderfor anapplicationto manipulateanIndiva resourceat a node,theapplicationmustnameor identify theresource.
Indiva providesa hierarchicalnamespacefor namingresources.Namescanbe groupedinto hierarchy basedon either
logical grouping(e.g.,physical location),or basedon a “has a” relationship.A resourcemay appearin multiple places



in thehierarchy usinglinks. Namesfor staticresources,suchasdevices,areprede�nedby theIndiva nodeadministrator.
Namesfor softwareprocesses,conferences,andmediastreamsarecreatedon-the-�y whenprocessesarelaunched,when
anew SDPannouncementis received,or whenpacketsfrom anew sourcearedetected,respectively. Userscanalsogroup
resourcesinto acustomizedhierarchy basedon their interest.

For instance,to specifythecompositeoutputof acameralocatedin room405SodaHall, onemightuse

/rooms/405soda/front.cam/composite.out

andto specifytheaudiostreamin a lecturewebcast,onemightuse

/confs/cs101.con/audio.ses/audio.rtp

Thereareseveralpointsto notein theabove examples.First, we useUNIX �le systemsyntaxto namea resource.This
similarity is intentional.As canbeseenlater, we areusinga �le systemmetaphorto manipulatetheresources.As such,
we alsousethe term directoriesto refer to resourcesthat cancontainotherresources,and�les to refer to resourcesin
general.Second,we useextensionsto indicateresourcetypes:“.cam” for a camera,“.out” for anoutputport, “.con” for a
conference,“.ses”for asession,and“.rtp” for anRTPstream.Third, directoriesnotassociatedwith any resources,suchas
rooms , confs , and405soda canbecreatedfor thepurposeof organizingthenamespace.Figure3 shows anexample
of asimplenamespace.
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Figure3. Namespacein Indiva

Usersof applicationswritten in Indiva canhave a “homedirectory” in thenamespace.This directoryallows usersto
de�ne their own resourcesandlink to resourcesthatareof interestto them.

Indiva resourceshave anassociatedlist of attributes,which is representedby key-valuepairs.Differentresourcetypes
havedifferentsetsof requiredattributesthatmustbede�ned. For example,everyserial-controllabledevicemustde�ne an
attributewith thekey host thathasa hostnameof its controlcomputerasits value.In additionto therequiredattributes,
customizedattributescanbeaddedby usersor administratorsfor convenience.

2.2.NamespaceManipulation

The Indiva managerprovidesseveral commandsfor manipulatingthe namespace.Thesecommandsarebeingboundto
RPCmethodsin applications.andmany of themaresimilar to thoseon a UNIX �le system.In particular, thels method
returnsthe contentsof a directory, andthe find methodreturnsa list of resourceswhoseattributesmatcha given list.
Theseareusefulmethodsfor discoveringresourcesin anIndiva node.For instance,invoking ls on a sessionreturnsthe
list of streams;invoking ls onasatellitedishreturnsthelist of availableTV channels;andinvoking ls onaroomreturns



all devicesin a room.To getall cameraslooking at thespeaker in all rooms,onecanusefind to searchfor all resources
whosenamematches“*.cam” andhasanattributeview whosevalueis “speaker”. Here,view is anexampleof a useful
user-de�ned attribute. Attributescanbe modi�ed or addedduring run-timeusingthe configure method.The Indiva
manageralsoprovidesamethodnamedinfo for inspectingattributesof a resource.

Othernamespacemanipulationmethodsincludemkdir , ln andmv. mkdir createsa directory, ln createsanalias
of a resource,andmv renamesa resource.However, asdescribedin thenext section,ln andmv arealsooverloadedto
managemediastreamsaswell.

2.3.Media StreamsManagement

One novel featureof Indiva is the high-level abstractionsfor creating,manipulatingand deletingmediastreamsin a
distributedaudioandvideoenvironment.TheIndiva managerprovidesthemethodsencode , decode , play , record ,
ln , cp , mvandrm for thesepurposes.

Theencode methodcaptures,encodes,andtransmitsa videoor audiosignalinto a speci�edmulticastsession.The
decode methoddecodesa speci�ed streamfrom a multicastsessionandtransmitsit asa videoor audiosignal. Imple-
mentingthesemethodsinvolvesmorethanlaunchinganencodingor a decodingprocess.In thecaseof encode , before
theprocesscanbelaunched,themanagermustselecta capturecomputerandactivatethesourceof thesignal. Then,the
signalmustberoutedthroughtheaudio/videonetwork to theselectedcapturecomputer. encode returnsthenamefor the
resultingstreamin thenamespace.By default,encode usestheRTP CNAME of thestreamasits �le namebecauseit is
uniqueamongall participantswithin anRTPsession14 (An example�le nameis shown in Figure4).

The propertiesof the encodedstreamcanbe speci�ed by passingoptionalargumentsto encode andmodi�ed by
usingthe configure method.Recallthat configure canbe usedto modify attributesof a resource.In the caseof
mediastreams,configure maymodify thepropertiesof thevideosource,routingpath,andencodingprocessaswell.
For instance,configure canbeusedto tilt thecamera,switchto anothercameraor increasetheframe-rate.

Theplay andrecord methodsconvert betweenlive mediastreamsandarchivedmediastreams,usingRTSP15 or
Mars.12

Themv methodmovesa streamfrom onesessionto another. In this case,mv not only modi�es thenamespace,but it
changestheenvironmentto maintainthesemanticsof thenamespace.Sincethemovedstreamnow belongsto a different
multicastsession,the Indiva managermustcontacttheencodingprocessof thestreamandtell it to switch to a different
destinationaddress.Similarly, themethodscp andln modify both thenamespaceandtheenvironment.Whena stream
is copiedor linked to anothersession,packetsareforwardedto the targetsession.Thedifferencebetweencp andln is
that the attributesof a new streamcreatedby cp canbe modi�ed without changingthe original stream,while changing
theattributesof a streamcreatedby ln modi�es theattributeof theoriginal stream.Consequently, thechangeis visible
to all recipientsof thestream.Thesemanticsareanalogousto their counterpartin the�le system.Finally, a streamcanbe
removedby therm method.rm deletesastreamfrom thenamespace,andstopstheencodingprocess.

Thesemethodsfurtherillustratethe�le systemmetaphorin Indiva–wearetreatingmediastreamsas�les, andmulticast
sessionsasdirectories.By manipulatingthenamespace,we cancreate,change,forward,andremove mediastreamsin an
intuitiveway. Theseareall importantoperationsin productioncontrolandautomationapplications.Theoperationsarealso
valuablefor someonedynamicallycontrollinga desktopinterfaceto a complex distributedaudioandvideoenvironment.
But theoperationsaredif�cult to implementwithout Indivabecausesomany detailsarerequired.

We notethateventhoughIndiva provideshigh-level abstractionsfor manipulatingresources,all resourcesin theenvi-
ronmentareexposedto theusers.A powerusercanmanuallyselectacapturemachine(usefulif othercapturemachinesare
shuttingdown for maintenancesoon),useroute methodto senda videosignalto it, andlaunchtheencoder. We expect,
however, thatmostusersandapplicationswill usethehigh-level abstractionsbecausethey areconvenientandprovide the
requiredfunctionality.

3. INDIVA APPLICATIONS

Beforewedescribetheimplementationof Indiva in greaterdetailin thenext section,two applicationswrittenusingIndiva
will bedescribed.The�rst exampleis a text-based,interactive shell,calledtheIndiva shell,or ish . Thesecondexample
is aGUI applicationfor viewing videosources.



3.1. Indi va Shell

WewrotetheIndivashellfor two purposes.First,weneededasimpleapplicationthatcallstheAPIsprovidedby theIndiva
managerfor testinganddebugging.Second,shellscriptscanbewrittento automaterepetitivetasksin producingawebcast
or acollaborative session.

$ mount /bmrc otto.bmrc.berkeley.edu:9500
ish$ ls
devices home rooms confs archives
ish$ cd home/bob
ish$ ls
speaker.cam@ audience.cam@ stage.cam@
ish$ mkcon lecture.con
ish$ mkses lecture.con/v.ses -type video
ish$ cd lecture.con
ish$ configure v.ses -addr 224.4.4.4
ish$ configure v.ses -port 44444 -ttl 16
ish$ encode speaker.cam v.ses
v.ses/ive:8921@capture0.bmrc.berkeley.edu.rtp
ish$ record v.ses /bmrc/archives/today

Figure4. An interactivesessionwith ish .

ish is implementedasa Tcl shellextension,andprovidesa commandfor eachof themethodsprovidedby Indiva. In
addition,it providescd andpwd commandsto explore thenamespace,andmount andumount commandsto connect
anddisconnectfrom anIndivanode.Figure4 showsanexampleinteractivesessionin ish . In thisexample,ausernamed
Bob connectshimself to an Indiva managerrunningon a particularmachineat Berkeley. Bob thenchangesthe current
directoryto his homedirectory/bmrc/home/bob , wherehe hascreatedlinks to threecamerasin a lectureroom. To
starta webcast,Bob createsa conferenceanda sessionunderhis homedirectory, con�guresthesessionto usemulticast
address224.4.4.4andport 44444.Finally, heusestheencode commandto sendthevideofrom thecamerapointingto
thespeaker into themulticastsessionandtherecord commandto saveacopy of thestreamsfor archiving.

Thenext example,shown in Figure5, illustrateshow ish canbeusedto scriptrepetitive taskswhenpreparinganAG
nodefor remotecollaboration.Thescript�rst turnson all threewall projectors.It thensendsVGA outputfrom themulti-
headeddisplaycomputerto theprojectorsandsendsvideoandaudiofrom thelocal AG nodeto theAG lobby. Finally, it
launchesa viewer to displayall streamsin theAG lobby. Theviewer, callediview , is anotherexampleapplicationbuilt
on topof Indiva. Webrie�y describeiview next.

3.2. Indi va Viewer

The Indiva viewer, or iview , is intendedasa user-friendly GUI for viewing mediasourcesin an Indiva node. iview
acceptsresourcenamesascommandline arguments,andrendersvideoandaudiostreamsof thegivenresources.Resources
that cangeneratemediasignals(e.g.,camera,TV tuner, scanconverter),generatemediastreams(e.g. capturecard),or
containmediastreams(e.g.,conference,multicastsessions)canbe usedasarguments.We �nd this interfaceusefulfor
previewing variousmediasourcesin our environment.For example,supposewe setup a directory/tv in thenamespace
thatcontainsa list of TV channelsavailable.To watchCNN onourdesktop,weexecutethecommand:

iview /tv/cnn

This causesiview to mountthe default Indiva node(de�ned eitherin a con�guration �le or registry), call mkcon and
mkses to createtemporarymulticastsessions,andcall encode to sendthe video andaudiosignalsto the temporary
multicastsessions.iview thenjoins the sessionsto receive, decode,anddisplaythe video andaudiostreams.In this
example,the end-usersjust needto know the resourcename/tv/cnn anddo not needto careaboutwhetherthe TV



#!/bin/ish
mount /ag heart.cs.berkeley.edu:9500
set room /ag/rooms/314soda
set conf /ag/confs/lobby.con
configure /ag/dev/proj1 -on
configure /ag/dev/proj2 -on
configure /ag/dev/proj3 -on
route $room/ctrl.pc/vga1.out /ag/dev/proj1/vga.in
route $room/ctrl.pc/vga2.out /ag/dev/proj2/vga.in
route $room/ctrl.pc/vga3.out /ag/dev/proj3/vga.in
encode $room/wide.cam $conf/video.ses
encode $room/left.cam $conf/video.ses
encode $room/right.cam $conf/video.ses
encode $room/audio.mix $conf/audio.ses
view $conf

Figure5. An ishscriptfor initializing AG environment.

signal is from a satellitedish, a settopbox or a TV tunercard,nor do they needto know aboutsignal routing andthe
encodingprocess.Thiscommandwouldstill work if theenvironmenthaschanged.

Anotherusefulfeaturein iview is drag-and-drop.Dragginganddroppingavideofromonesessiontoanotherexecutes
anRPCcall to theappropriateIndiva managermethodsto eithermove, link, or copy thestreams.Thesemanticsdepends
onwhetherkeyboardmodi�ers CTRL or ALT arebeingpressed,similar to a traditionaldesktop�le manager. This feature
providesaneasy-to-useinterfacefor manipulatingmediastreamsin MBonesessions.Suchmanipulationsarecommonin
awebcastproduction.A webcastdirectorcanrun

iview /rooms/soda405/*.cam
iview /confs/lecture.con/video.ses

to createtwo windows, onefor the temporaryMBonesessionthatcontainsvideostreamsfrom all camerasin room405
SodaHall, andanotherfor alivevideosessionbeingbroadcastontotheInternet.Thedirectorcanpreview thecameras,and
usedrag-and-dropto forwardinterestingstreamsontotheInternet.Moreover, thedirectorcaneasilyincoorperatesources
from differentlocations(e.g.,rooms)in theproduction.

The two examplesshown in this sectiondemonstratethe versatility andusefulnessof the abstractionsprovided by
Indiva. In thenext section,wewill describetheunderlyingmechanismusedto implementthesystem.

4. IMPLEMENT ATION

Indiva is written usingTcl16 and the OpenMashToolkit17 for rapid prototyping. Using OpenMashalsoallowed us to
leverageexistingcodein theMBonetools.For instance,many of ouragentsaresimplywrappersaroundexistingencoders,
packet forwarders,anddevicedrivers.Thesetwo themesunderscoreotherimplementationdecisionsaswell.

The remainderof this sectiondescribeshow resourcesaremaintainedandhow high-level APIs are implementedin
Indiva.

4.1.NamespaceImplementation

The Indiva namespaceis storedin a �le system. A directory in the namespaceis representedby a directory in the �le
system,plusa hiddentext �le in thatdirectory. A text �le in the�le systemrepresentsa �le in thenamespace.Resource
attributesarestoredin thetext �les asaTcl list. Figure6 shows two examplesof such�les.



6 (a)
/usr/lib/indiva/rooms/soda405/speaker.cam/.info

camera {
view speaker
company Canon
model VCC-4
hostname 405ctrl.bmrc.berkeley.edu
path /dev/cuac00
defaultout composite.out
location {Soda 405}
friendlyname {Audience Camera in 405 Soda}
norm ntsc

}

6 (b)
/usr/lib/indiva/rooms/soda405/speaker.cam/video.out

outport {
type composite
to ../knox.rs/v07.in

}

Figure6. Exampleresourcecon�guration�les.

Administratorsof an Indiva nodecanadda resourceby simply creatinga text �le with theappropriateattributes. A
resourcecanberemovedeitherby deletingthe�le on the�le systemor hiding a �le (i.e., pre�x it with “.”). Hiding a �le
is usefulfor “commenting”outa resourcein Indiva.

Otherimplementationsarepossible:for example,we consideredstoringthenamespacein anLDAP server18 or in a
database.We choseto usea �le systemfor its convinience,simplicity and�e xibility in our prototype,asfeaturessuchas
soft links andglob-stylepatternmatchingarereadilyavailable.Wealsoconsideredrunningdiscoveryprotocolssothatnew
resourcescanbediscoveredby the Indiva Managerautomatically. We decidedinsteadto storeall hardwareinformation
staticallyin a centralizedlocationfor easeof administration.It wasalsoeasierto implement.This decisioncanbeeasily
changed.Moreover, certainresourcessuchasconferencemeta-dataandarchived mediaarecurrentlybeingdiscovered
duringrun-timeby listeningto anSDPchannelor talking to anRTSPserver respectively.

Oneimportantconceptto notein Figure6(b) is theattributeto . Thevalueof this attributeis thenameof theresource
to which video.outis connected.In this example,it is a port namedv07.in (i.e., input port number7) on a routing
switchernamedknox.rs . This attribute is usedby the Indiva managerto constructa graphthat representsthe routing
network in thedistributedaudioandvideoenvironment.

4.2.A/V Graph

TheIndivamanagermaintainsinformationabouttheroutingnetwork asadirectedgraphcalledtheA/VGraph. Thevertices
in thegraphareresources.Thereis anedgefrom a vertex u to vertex v, if it is possibleto senda mediasignalor stream
from u to v. Hence,thereareedgesbetweenany pair of portsthatarephysically connectedthroughcables,andbetween
all inputandoutputportsin aroutingswitcher. Therearealsoedgesfrom inputportsof capturecardsto multicastsessions
andfrom multicastsessionsto outputportsof displaycards.

A naiverepresentationof theA/V Graphwill resultin quadraticnumberof edgesandis neitherspacenortimeef�cient.
For example,aroutingswitcherthathas256inputsand256outputsrequires65536edgesif everyconnectionis represented



explicitly. Fortunately, theA/V Graphcontainsmany completebipartitesubgraphsthatcanbecompressedef�ciently. 19

The graphcompressionworks as follows: for eachcompletebipartitesubgraphB = (U; V; E), replaceit with B 0 =
(U; V; w; E 0), wherew is a new vertex andE 0 consistsonly of edgesthatconnectsu 2 U to w andedgesthatconnectsw
to v 2 V . Usingthistechnique,wereducethenumberof edgesin acompletebipartitesubgraphfrom jUj � jV j to jUj+ jV j.
However, in therestof thediscussion,we will describetheIndiva managerimplementationusinganuncompressedgraph
for clarity.

4.3.ActiveServiceFramework

Indiva adoptstheActive ServiceFramework (AS1)20 astheframework for managingIndiva agents.TheAS1 Framework
usesarequest/respond,soft-stateprotocolto allocateahostonaclusterof serversto runaprocessin ascalableandrobust
manner. Hereis a brief descriptionof how it works: Clientsandserverscommunicatethrougha multicastchannelg. A
client c thatwishesto launcha processp on theclustersendsa launch(p) messageto g. Eachserver in theclusterrunsa
processcalledthehostmanager (HM). HM listensto g for launch messages.Uponreceiving a launch message,it setsa
randomtimer T. WhenT expires,HM executesp andsendsanannouncementto g indicatingthatp hasbeenlaunched.
However, if HM receivesanannouncementthatanotherHM haslaunchedp beforeits timer expired, it will suppressits
own timer to avoid duplicatelaunchesof p. Theuseof randomizedtimersdistributesprocessesrandomlyacrosshostsin
a cluster. By biasingthe timer usingcurrentCPU load on a host,we canachieve reasonableload balancingamongthe
hosts.Robustnessis built into theprotocol,asonly soft-statesaremaintainin AS1. c andp periodicallyexchangeheartbeat
messagesto indicatethatc is beingservedby p. If c stopsreceiving theheartbeatmessagefrom p, c re-launchesp. If p
stopsreceiving theheartbeatmessagefrom c, p exits.

In ourcase,theIndivamanageris theAS1client. Thecapture,mediaprocessing,andcontrolcomputersform acluster
of hostsfor launchingIndivaagents.WechoseAS1astheframework for managingagentsbecauseit is robustandsimple.
Moreover, it allows hostsandagentsto be addedor deletedfrom the environmentwithout modi�cations to the Indiva
managersourcecode.However, we madeseveralmodi�cations to AS1. First, not all Indiva agentscanrun on all hosts.
For example,anagentthatcapturesandencodesvideosignalscanonly runonhostswith videocapturecard.An agentthat
controlsadevicecanonly runonhostswith aphysicalinterfaceto thedevice. Wemodi�ed AS1 to includeaprecondition
in therequestmessage.Only hoststhatsatis�edthespeci�edpreconditionrespondto therequest.Second,wedecouplethe
launch messageinto two new messagetypes,select andlaunch-now. Theselect messageis exactly thesameaslaunch,
exceptthatwhenthetimer expires,thehostreplieswith anacknowledgementwithout actuallylaunchingtheagent.This
responseis usedby theIndiva managerto selecta hostto run theagent.Thesecondmessagetype,launch-now, tells the
selectedhostto launchtheagent.Thesetwo messagesareusedwhendecidingwhichpathto usein theA/V Graphto route
amediasignal.

4.4.Routing Algorithm

One of the challengeswe facedwhen implementingIndiva is to choosean appropriatemodel for routing signalsand
streamsthroughthe A/V Graph. Simply selectinga pathwith the leastnumberof edgesfrom a sourceto a destination
doesnot work well asthereareusuallymany suchpathsbetweenthem. Factorssuchasload balancingandsharingof
servicesshouldbeconsideredin decidingthebestpath.This oftenrequiresdistributedstates(e.g.,loadsof themachines)
or non-trival costfunctionson theedges.This subsectiondescribesthe routingalgorithmwe designed,usingthestream
managementmethodsencode , mv, cp , ln andrm asillustrativeexamples.

To sendmediasignalsor streamsfrom asources to adestinationt, Indivacreatesanobjectcalleda�ow . A �o w f (s; t)
consistsof apathfrom s to t in theA/V Graph,anduniqueidenti�ers to Indivaagentsperformingservicesonedgesalong
thepath.

Flow creationis a two-stageprocess.In the�rst stage,theIndivamanagersearchesthroughtheA/V Graphfor asetof
shortestpathsbetweens andt. A subgraphthatcontainstheshortestpathsis returned.Themanagertraversesthesubgraph
from t to s. If thereis morethanoneincomingedgeto the currentvertex, the Indiva managerdecideswhich incoming
edgeto include in the pathby sendingan AS1 select messageto the hosts,so the HMs canmake resourceallocation
decisionsusingtheir local states.At theendof this stage,we obtaina shortestpathfrom s to t. During thesecondstage
of thealgorithm,theIndivamanagertraversestheselectedpathfrom s to t, andsendsRPCcommandsto theIndivaagents
(launchingthemwith anAS1 launch-now messageif necessary)to sendmediasignalsandstreamsalongtheedgesin the
path. In our implementation,we maintaina tableof functionpointersfor eachtypeof edge,pointingto codethatcauses



datato �o w alongthatedge.As anexample,anedgebetweeninput port i andoutputport j of a routingswitcherpoints
to a functionthatqueriestheport numbersof theportsincidentto theedge(i.e., thevaluesof i andj ), andinvokesRPC
commandson theIndiva agentthatcontrolsthatroutingswitcher, to sendinput i to outputj . A �o w maintainstheunique
identi�er to theseagentsalongthe edges,asapplicationsmight needto sendfurther commandsto theseagentslater. A
�o w will bere-createdautomaticallyif westopreceiving heartbeatmessagesfrom oneof theseagents.
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Figure7. AddingA Flow

Figure7 illustrates�o w creationthroughan example. Figure7(a) shows a simpleA/V Graphwith 3 video sources,
denotedd1, d2 ands. Eachof thesevideo sourcessendstheir outputto a 3x3 routingswitcher. The 3 outputsfrom the
switcherareeachconnectedto acapturecomputer, whichcansendencodedsignalsto multicastsessiont. Oneof thevideo
sources,d2, is capableof decodingstreamsfrom themulticastsession.Therearethreepossibleshortestpathfrom s to t,
asgiven in Figure7(b). To pick a path,the Indiva managertraversesthegraphin 7(b) from t to s. Sincetherearethree
incomingedgesinto t, namely(c1; t), (c2; t), and(c3; t), theIndiva managersendsanAS1 select messageto thecapture
computersc1, c2 andc3. Supposethemanagerreceivesanacknowledgementfrom c1, theedge(c1; t) will beaddedto the
path. Themanagersubsequentlytraversestheverticesp4, p2 ands, addingtheremainingedgeson thepathfrom s to c1

to the�o w sincethey have no morethanoneincomingedge.To complete�o w creation,theIndiva managertraversesthe
path(s;p2; p4; c1; t) andcalls thefunctionsassociatedwith theedgesto sendmediasignalsor streamsalongthepath. In
this example,theIndiva managersendsa requestto theIndiva agentthatcontrolstheroutingswitcherto switchinput 2 to
output1 whenit traversesedge(p2; p4), andstartsanencoderprocessthatcapturesavideosignalfrom c1 andsendsit to t
asit traversesthrough(c1; t).

Otherhigh-level commandscanbeimplementatedby manipulating�o ws. A �o w f (s; t) canbesplit by creatinganew
�o w f 0(s; t0) with the samesourcebut a differentdestination.f andf 0 may sharesomeservicesif they �o w alongthe
sameedges.ln andcp areimplementedby �o w splitting. TheIndiva managercanalsoredirecta �o w (i.e., changethe
destinationof a �o w to causeit to �o w alonga differentpath).This operationis thebasisfor implementingmv. Finally, a
�o w canbedeleted.DeletioninvolvestraversingapathandsendingRPCcommandsto theagentsto stopits service.

Whenconfigure is calledonamediastream,theargumentsto theconfigure methodarepassedto theagentsin
the�o ws. Eachagentrespondsto theargumentsit recognizes.This approachallows a userto modify thepropertiesof a
streamwithoutknowing implementationdetails.

Thebehavior of theroutingalgorithmcanbemodi�ed by assigningacostto eachedgein theA/V Graph.For example,
for accesscontrol, we canassignan 1 costto edgesin a �o w after the �o w is established.As a result,no otherusers
cansharetheedgesin the �o w. However, differentsituationsandapplicationsmay requirea differentpolicy. In certain
cases,sharingbetweenusersshouldbe promoted.Considerthe casewherean encodingprocessis alreadyrunningand
transmittingvideo from CNN. If a seconduserwishesto view the samechannel,we shouldreusethe sameencoding
processif possible.In this case,we want to assigna zerocostto edgesin that �o w. Indiva handlesthesetwo casesby
identifying which typeof resourcescanbesharedfor readingandwriting. For instance,videoandaudiooutputportscan
besharedfor reading,andsessionscanbesharedfor bothreadingandwriting. Ontheotherhand,anRTSParchivestream
cannotbesharedfor writing.

It is possiblefor an Indiva managerto deadlockattemptingto satisfycommandsfrom two clientsat the sametime
becauseresourcesareallocatedincrementallyandthe�o w creationalgorithmmight allocatesegmentsin differentorders.
TheIndivamanagerusesapriority mechanismto breakdeadlockswhentwo commandsareattemptingto allocateresources
at thesametime. If therequestingclient hasa higherpriority, theresourceis pre-emptedandallocatedto therequesting



client. Theearliestcommandreceivedabortslatercommandsif bothrequestshave thesamepriority. This priority-based
mechanismis required,for example,when two usersrequestaccesson a camera. Higher priority can be assignedto
webcastproducersover normalusersto ensurethat therequiredresourcesarealwaysavailableto producea live webcast
whenneeded.

5. EVALUATION

Indiva is currently in productionstate. We have setuptwo Indiva nodes,onefor an Internetwebcastinfrastructureand
onefor anAG node.We have implementedseveralagents,includinganRTP videoencoder, anRTP audioencoder, and
controllersfor routingswitchers,a MirandaKaleidomulti-imagedisplaysystem,andanEchoStarsatellitedish. We are
currentlyworking on Indiva agentsto controlpan/tilt camerasandprojectors.A webserviceinterfaceusingSOAP is also
plannedsothatIndiva canbeusedby applicationswritten in languagesotherthanTcl.

During the implementationof the prototypesystem,we did not focuson performance.The main reasonis that the
latency for calling a methodis typically dominatedby the latency to control the equipment(seeTable1). For example,
switchinga channelon a satellitedish requiresat least1 secondbecausewe need0.5 secondsinterval betweensending
eachdigit of a channelnumberto thedish. Furtheremore,our decisionof implementingIndiva usinga scriptinglanguage
for rapid prototypingcausessomeoverheadin the performance.Our measurementsshow that Indiva cantake between
0.5 - 5 secondsto executea command,dependingon the lengthof thepathin A/V graphandthenumberof equipments
involved. While thesenumbersarenot impressive, they areadequatefor theapplicationswe have in mind, andthey are
still orderof magnitudesfasterthanperformingthetasksmanually.

Step Relative Time
Findingsetof shortestpaths 13%

SelectingapathusingAS1select 12%
Switchingchannelsonsatellitedish 44%
Switchingrouteon routingswitcher 2%

Launchingencoder 18%
Startingencoder 11%

Table1. Time takento performthecommand“encodecnn”

To verify our claim that Indiva simpli�es applicationdevelopmentin a distributedaudioandvideo environment,we
developedseveral applicationsusingIndiva. iview , describedin section3.2, is composedof 1800lines of Tcl/Tk and
OpenMashcode. However, mostof this codedealswith creatingthe GUI interfaceanddisplayingvideo streamsand
informationaboutthem.Therearelessthan10 linesof codethatactuallymanagesstreamsandencodingprocesses.

Oneof the designgoalsof Indiva is to make extendingan Indiva nodesimple. Thereare threecasesto consider:
addinga new resourceof anexisting type,addinga new agent,andaddinga new resourcetype. As mentioned,addinga
new resourceof anexisting typerequiresaddinga text �le with appropriateattributes.We provide templatesfor various
resourcetypes. An administratorcan copy the templateto the approrpiatelocation, renameit, and edit the attributes.
Alternatively, weprovideaGUI resourceeditorfor creating,modifyingandvisualizingresourcesinsideIndiva to simplify
theprocessfurther. Addinganew agentis alsorelatively easy, asmuchof thecommonfunctionalitiesof agentsarealready
abstractedinto library classes.Writing a new agentinvolvesproviding a standardwrapperRPCAPI for creatinga new
service,deletinga serviceand recon�guring a service. Most of our existing agentsareeitherwrappersarounddevice
driversfor controllingdevicesor existing mediastreamprocessingcode.Table2 lists availableagentsandthenumberof
linesof uncommentedwrappercodewritten. In therarecasethata new resourcetypeneedsto beadded,modi�cation to
the Indiva manageris needed.Again, mostcommonfunctionalitiesareabstractedinto library classes.To de�ne a new
resourcetype,thedeveloperonly needsto createa subclassfor theIndivaResource class,de�ne its extension,type,
andset �ags to indicateif the resourcecanbe sharedfor readingandwriting. All currentresourcetypesrequiresless
than50 lines of codeto implement.During developmentof Indiva, we areableto adda new resourcetype in the order
of minutes.This experienceillustratesthatminimal effort is neededto extendIndiva andis a hugeimprovementover our
previousexperience,whereweoftenhadto spendup to a few daysto adaptexisting toolsto anew environment.



Agent Linesof code
videoencoder 390
audioencoder 160

Kaleidocontroller 150
Routingswitchercontroller 110

Packet forwarder 140

Table2. IndivaAgents.

6. RELATED WORK

Several researchgroupshave implementedsoftware to control equipmentfor a speci�c application(e.g.,video confer-
encing,21 broadcastautomation,22 andpresentationcontrol23). Thesesystemsareexcellentsolutionsfor theparticular
application,but they are too limited in functionality. In contrast,Indiva is an open,extensiblemiddlewaresystemthat
providesmorefunctionalityandcanbeeasilyre-usedfor many applications.

Specializedaudioandvideo equipmentcontrol system,suchasAMX, Crestron,andSmartHome,provide APIs for
device control. Indiva differs from thesesystemby providing anAPI not only for controllingdevices,but for managing
softwareprocessesandmediastreamsaswell. Furthermore,thesespecializedcontrolsystemsrequireadditionalhardware
andareless�e xible. We notethatIndiva doesnot precludetheuseof thesecontrolsystemsin theenvironment.In fact,in
ourprototypeenvironment,wehave anAMX controllerthatcanbecontrolledthroughIndiva.

Jini,24 UPnP,25 andSalutation26 arearchitecturesfor discovery, access,andcontrolof devicesandsoftwareservices.
Indiva differs from this work in a few ways. First, thesearchitecturesaremeantfor networkeddevicesthatsupporttheir
particularprotocols.They arenot suitablefor environmentthatmustintergrateoff-the-shelfaudio/videoequipment,most
of which do not currentlyunderstandtheseprotocols.Second,the primary contribution of Indiva lies in its easyto use,
high-level abstractionsfor manipulatinghardwaredevices,softwareservices,andmediadata,ratherthanthe lower-level
discovery, eventhandling,andpresentationprotocolsemphasizedby thesearchitectures.

Ninja27 is anarchitecturefor building a large-scale,secureenvironmentfor Internetservices.Ninja de�nesa mecha-
nismfor composingInternetservicesby searchingfor apaththroughavailableservices.Thisconceptis verysimilar to the
�o w creationprocessin Indiva,exceptthatIndiva �o wscanpassthroughhardwaredevicesandsoftwareservices,whereas
Ninja pathcreationis restrictedto softwareservicesonly.

HAVi28 is a proposedstandardfor networking homeentertainmentdevicesde�ned by severalmajorelectronicscom-
panies.HAVi providesJavaAPI for streammanagementanddevicecontrolsandsharessomegoalswith Indiva. However,
HAVi is targetedatconsumershomeaudio/videonetwork anddictatestheuseof Firewire asatransportmechanism.Indiva
is meantfor the Internetandsupportsmediatransmissionthroughan IP network. It is independentof thepoint-to-point
signaltransportmechanism.As a result,Indiva cansupportmany transportmechanisms.

7. CONCLUSION

Thispaperdescribedamiddlewaresystemfor adistributedaudioandvideoenvironmentcalledIndiva. Thesystemprovides
asingle,logicalview for manipulatingaudio/videoequipment,mediaprocessingservices,conferencemeta-data,livemedia
streams,andarchivedmedia.Easy-to-understandabstractionsbasedona�le systemmetaphorareprovidedfor application
developers.Thegoal is to hide low-level detailsin theenvironmentfrom applications,therebyallowing programmersto
focuson building high-level functionalitysuchascontrolautomationandend-userinterfaces.Indiva alsopromotescode
reuseby minimizing the couplingbetweenapplicationandenvironment. We believe that Indiva hasotherapplications
outsidea distributedaudioandvideo environment. For example,similar middlewarecould be useful in SAN or CDN
management.

Thediscussionin this paperdescribesmanipulationof resourceswithin a singleIndiva node. However, applications
canconnectto multiple Indiva nodesandmanageresourcesacrossadministrative boundries.We arecurrentlylooking at
issuesthat dealwith inter-nodeoperations,suchasestablishing�o ws betweenmultiple Indiva nodes.Anotherissuewe
arecurrentlystudyingis building user-level accesscontrolon top of Indiva resources.Thecurrentsolutionfor restricting
accessto amulticastconferenceis to encryptthemediastreamsusingakey thatis known to its intendedparticipantsonly.



This solutioncouldbedonetransparentlyusingIndiva sinceits �le systemmetaphorprovidesa naturalabstractionover
accesscontrolusing�le permission.
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