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ABSTRACT

This paperpresentsa uni ed setof abstraction@ndoperationdor hardwaredevices,softwareprocessesandmediadata
in adistributedaudioandvideo ervironment. Theseabstractionswhich areprovided througha middlevarelayer called
Indiva, usea le systemmetaphotto accessesourcesmndhigh-level commandso simplify the developmentof Internet
webcastand distributed collaborationcontrol applications. The designandimplementatiornof Indiva are describedand
examplesarepresentedo illustratethe usefulnes®sf the abstractions.
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1. INTRODUCTION

Webcastanddistributedcollaborationareimportantinternetapplications Many educationahndresearclinstitutionshave
begunto webcastecturesand seminarsover the Internet,and distributed collaborationsystemssuchasthe AccessGrid
(AG) areincreasinglypopular For example,the numberof AG nodeshasgronn from 20 to 182 during the pastthree
yearst 2 However, thesesystemsaredif cult andexpensie to operate- a high quality, multi-streamwebcasproduction
requires3 to 5 skilled equipmenbperatorandan AG conferenceequiresatleastoneoperatorat eachlocation.

To reducethe costandcomplity of operation severalresearchgroups,includingours,have developedapplications
to automatewebcastand distributed collaborationproduction®®  Our group developedtwo applications,namely the
Director's Consolé andBroadcastManager,® to simplify the productionof a live webcast.Theseapplicationsenablea
singleoperatoito producea high-qualitylive webcasttherebyreducingcost.

However, several problemsremain. First, applicationsthat managea productionervironmentare dif cult to write.
Detailedknowledgeof the ervironmentis required. The problemis that we cannotspecify “what we want; ratherwe
must specify “how to implementa request. For example,to adda TV channeloff a satellitedish, into a webcastwe
must (i) senda commandto the satelliterecever to changeto the desiredchannel,(ii) senda commancdto the routing
switcherto switchthe outputfrom the satellitedishto a capturecomputerwith availablecapturecard,and(iii) launchan
encodeprocesontheselectedapturecomputer Secondapplicationsareoftentightly coupledwith theenvironmentand
cannotadaptwell to changesWhennew equipments addedor whencablesarerewired, applicationshave to bemodi ed.
Furthermoreanapplicationwritten for oneernvironmentcannotbe easilyreusedn anotherervironment. Theseproblems
constrainthe developmentof innovative controlandautomatiorsoftwarefor webcasanddistributedcollaboration.

We believe a solutionto theseproblemsis to provide a layer of abstractiorbetweerthe audio/videocernvironmentand
theapplicationsMuch like relationaldatabaseandUNIX le systemsthis layershouldprovide abstractiongndan AP
for managingentitiesin the ervironmentwithoutrevealingthe underlyingdetails.As anexample we shouldbeableto say
“show methis TV channel”,or “move this streamfrom onesessiorto another” withoutworrying abouthow it is actually
implemented. This layer of abstractionwill allow programmergo focuson moreimportantissuessuchas automation
algorithmsratherthanlow level detailssuchasrouting signalsandlaunchingprocesses.

Thispaperdescribeshedesignandimplementatiorof suchanIN frastructurdor Dl stributedVideoandAudio (Indiva).
Thelndivamiddlevareprovideseasyto understana@bstractionbasedna le systemmetaphorlndhigh-level commands
requiredby applicationdevelopers.Besideeaseof use,Indivais designedo beextensibleandrobust. Extensibilityallows
minimalmodi cation to applicationsvhentheenvironmentchangeswhile robustnesgnsureshatequipmenandsoftware
failuresarehandledgracefully Thesegoalsareachiezed usingthe following ideas:(i) separatiorof logic from data, (ii)
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an additionallevel of indirectionbetweenapplicationsandernvironment,and (iii) soft-stateprotocolsfor communication
betweerprocesses.

Theremaindef this paperelaborate®nthe designandimplementatiorof Indiva. Section2 describesheabstractions
provided by Indiva. To illustrateshow theseabstraction@re used,Section3 shavs two sampleapplicationshat canbe
built usinglndiva. Section4 discussesheimplementatiorof Indiva. We evaluatethe performanceandeaseof useof the
systemin Section5. Finally, Indivais comparedvith relatedwork in Section6, andwe concluden Section?.

2. ABSTRACTIONS IN INDIV A

Beforewe proceedwith adescriptiorof Indiva, it isimportantto understandhetypeof ervironmentin whichit isintended
to beused.
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Figure 1. A DistributedAudio andVideo Environment

Figurel shavs ageneralizednodelfor adistributedaudioandvideo environment.Suchervironmentsarecommonto
mary InternetwebcasproductionanddistributedcollaborationsystemsTheernvironmentcontainsaudio/videaequipment
suchascamerasyideotaperecordersspecial-efiectsprocessorsandscancorverters. Theseequipmentanbe controlled
throughan RS232o0r IR interface(shavn asdottedlinesin Figure1) by control computes. The captule computes con-
tain hardwareandsoftwarefor translatingback-and-fortthetweemmediasignals(generatedy corventionalaudio/video
equipmentsandmediastreamgsequencef IP paclets). Theaudio/videcequipmenandcapturecomputer@areconnected
usingpoint-to-pointtransmissionechnologiege.g., ber, UTP etc.) throughanaudio/videarouting network This routing
network is a circuit switchnetwork thatinterconnectgquipmentandcomputerghrougha seriesof routingswitchersmul-
tiplexers,anddemultiplecersthatcanberemotelycontrolledby thecontrolcomputeraswell. Mediaprocessingcomputes
run software processethatmanipulatethe audioandvideo streamssuchastranscoding, mixing,'° special-efectspro-
cessing® andrecording/playback? Recordednediastreamsarestoredin mediaarchives Finally, applicationsaccess
andcontrolthe ervironmentby sendingRPC commandgo the control, capture andmediaprocessingomputerover an
IP network. For example,anapplicationmight wantto panor tilt aremotecameraor changethe encodingframe-rateof
anencoderTheseentitiesmight be physically locatedin differentrooms.

There are several different modelsfor managingmediastreamsin a distributed audio and video environment. In
Indiva, we adoptthe IETF ConferenceModel (sometimescalled MBone Conferencesgas the modelfor disseminating
mediastreamdbecausef its e xibility andcompatibilitywith the AG. A confeenceis composeaf oneor moresessions.
A sessions composeaf mediastreamf onetype,for exampleaudioor video,beingdeliveredfrom oneor moresenders



to oneor morereceversvia IP multicast. For instancea lecturewebcasimight be a conferencewith a video sessiorand
an audio session. The video sessionmight containtwo video streamspne shows the lecturer andthe othershaws the
presentatiomaterialge.g.,slides).Meta-datdor conferenceandsessionge.g.,descriptions|P addresspwners format)
arestoredin SDPformat® andareperiodicallyannouncedo awell-knowvn multicastaddress.

Indiva is a middlevare systembetweena distributedaudioandvideo ervironmentandapplications.It providesa set
of APIs for accessingnd controlling the threetypesof entitiesin the ervironment: hardware (e.g.,equipmentrouting
networks andvideo capturecards),softwae processesanddata(e.g.,live mediastreamsarchived media,andmeta-data
for conferencesnd sessions).The hardware, software processesand datamanagedn the ervironmentwill be called
Indivaresoucesin this paper
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Figure 2. Indiva SoftwareArchitecture

Figure2 shavsthesoftwarearchitecturef thesystem.lt is composeaf amanager andasetof agents Themanagers
aprocesghatcontrolsresourcesn anindivanode A nodeis anadministratiely de ned domainof equipmentprocesses
anddata.For example,an AG nodecanbeanindivanode.Thelndiva agentsareprocessesunningonthe capture control
andmediaprocessingomputers Eachprocesperformsa speci c task,suchasrecordingmediastreamsor controllinga
speci c pieceof equipment Eachtaskperformedby anagentis calleda service An agentmay provide multiple services
at the sametime. The managelactslike a network le sener, exceptthatit managesesourcesn anIndiva node. The
manageprocesss assumedo beup andrunningall thetime, while agentsaredynamicallylaunchedy themanagewhen
needed An applicationthatwishesto manipulateresourcesn the ervironmentinvokesRPC command®on the manager
Themanagedecideshow to executethe commandsandinvokesoneof the standardcRPCAPIs ontheagentso complete
the request.This architecturamprovesthe modularity of the system,asnewv equipmentsandsoftware processesanbe
addedby writing new agentsandrecon guringthe managesothatit cancommunicatavith theagentsNo modi cations
to applicationds needed.

The restof this sectiondescribedndiva abstractionsandhigh-level commandswithout going into detailsabouthow
they areactuallyimplemented Theimplementatioris describedn Section4.
2.1.ResourceNaming

In orderfor anapplicationto manipulatean Indiva resourceat a node the applicationmustnameor identify theresource.
Indiva provides a hierarchicalnamespacéor namingresources.Namescan be groupedinto hierarclty basedon either
logical grouping(e.g., physicallocation),or basedon a “has a” relationship. A resourcemay appeatin multiple places



in the hierarcly usinglinks. Namesfor staticresourcessuchasdevices,areprede nedby the Indiva nodeadministrator
Namesfor softwareprocesses;onferencesandmediastreamsarecreatedon-the- y whenprocessearelaunchedwhen
anew SDPannouncemernis received, or whenpacletsfrom anew sourcearedetectedrespectiely. Userscanalsogroup
resource#nto a customizechierarcly basedn theirinterest.

For instanceto specifythe compositeoutputof a camerdocatedin room405 SodaHall, onemight use
/rooms/405soda/front.cam/composite.out
andto specifytheaudiostreamin alecturewebcastpnemightuse
/confs/cs101.con/audio.ses/audio.rtp

Thereareseveral pointsto notein the abose examples.First, we useUNIX le systemsyntaxto namearesource.This
similarity is intentional. As canbe seenlater, we areusinga le systemmetaphoito manipulatethe resourcesAs such,
we also usethe term directoriesto refer to resourceghat can containotherresourcesand les to referto resourcesn
general.Secondwe useextensiondo indicateresourceypes:“.cam” for acamera;.out” for anoutputport, “.con” for a
conference’.ses”for asessionand“.rtp” for anRTP stream.Third, directoriesnotassociateavith ary resourcessuchas
rooms, confs , and405soda canbe createdor the purposeof organizingthe namespacekigure3 shavs anexample
of asimplenamespace.
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Figure 3. Namespacdn Indiva

Usersof applicationswritten in Indiva canhave a “home directory” in the namespaceThis directoryallows usersto
de ne theirown resourcesndlink to resourceshatareof interestto them.

Indivaresourcehave anassociatedist of attributes,whichis representetly key-valuepairs. Differentresourcaypes
have differentsetsof requiredattributesthatmustbe de ned. For example,every serial-controllablalevice mustde ne an
attributewith thekey host thathasahostnameof its controlcomputerasits value.In additionto therequiredattributes,
customizedattributescanbe addedby usersor administratorgor corvenience.

2.2.NamespaceManipulation

The Indiva manageiprovides several commanddor manipulatingthe namespaceThesecommandsare beingboundto
RPCmethodsn applications.andmary of themaresimilarto thoseona UNIX le system.In particularthels method
returnsthe contentsof a directory andthefind methodreturnsa list of resourcesvhoseattributesmatcha given list.
Theseareusefulmethodgor discoveringresourcesn an Indiva node. For instancejnvoking s on a sessiorreturnsthe
list of streamsinvokingls onasatellitedishreturnsthelist of availableTV channelsandinvokingls onaroomreturns



all devicesin aroom. To getall cameradooking atthe spealkerin all rooms,onecanusefind to searchor all resources
whosenamematches*.cam” andhasanattributeview whosevalueis “spealer”. Here,view is anexampleof auseful
userde ned attribute. Attributescanbe modi ed or addedduring run-timeusingthe configure  method. The Indiva
managerlsopravidesa methodnamednfo for inspectingattributesof aresource.

Othernamespacenanipulationmethodsincludemkdir , In andmv. mkdir createsadirectory In createsanalias
of aresourceandmv renamesa resource.However, asdescribedn the next section,In andmv arealsooverloadedo
managemediastreamsaswell.

2.3. Media StreamsManagement

One novel featureof Indiva is the high-level abstractiondor creating, manipulatingand deleting mediastreamsin a
distributedaudioandvideoervironment.The Indiva manageprovidesthemethodsencode , decode , play , record
In , cp, mvandrm for thesepurposes.

Theencode methodcapturesgencodesandtransmitsa videoor audiosignalinto a speci ed multicastsession.The
decode methoddecodesa speci ed streamfrom a multicastsessiorandtransmitsit asa video or audiosignal. Imple-
mentingthesemethodsnvolvesmorethanlaunchingan encodingor a decodingprocess.n the caseof encode , before
the processcanbe launchedthe managemustselecta capturecomputerandactivatethe sourceof the signal. Then,the
signalmustberoutedthroughthe audio/videnetwork to the selecteccapturecomputerencode returnsthe namefor the
resultingstreamin the namespaceBy default,encode usesthe RTP CNAME of thestreamasits le namebecausét is
uniqueamongall participantswithin anRTP sessiof* (An example le nameis shavn in Figure4).

The propertiesof the encodedstreamcan be speci ed by passingoptional agumentsto encode andmodi ed by
usingthe configure  method. Recallthatconfigure  canbe usedto modify attributesof a resource.In the caseof
mediastreamsgconfigure  may modify the propertiesof the video source routing path,andencodingprocessaswell.
For instanceconfigure  canbeusedto tilt thecameraswitchto anothercameraor increasahe frame-rate.

Theplay andrecord methodscorvert betweerlive mediastreamsandarchived mediastreamspusingRTSP'® or
Mars!?

The mv methodmaovesa streamfrom onesessiorto another In this casemv not only modi es the namespaceyut it
changeghe ervironmentto maintainthe semanticof the namespaceSincethe moved streamnow belongsto a different
multicastsessionthe Indiva managemustcontactthe encodingprocesf the streamandtell it to switchto a different
destinatioraddress Similarly, the methodscp andin modify boththe namespacandthe ervironment. Whena stream
is copiedor linkedto anothersessionpacletsareforwardedto the target session.The differencebetweencp andin is
thatthe attributesof a new streamcreatedby cp canbe modi ed without changingthe original stream while changing
the attributesof a streamcreatedby In - modi es the attribute of the original stream.Consequentlythe changes visible
to all recipientsof the stream.The semanticareanalogoudo their counterpartn the le system.Finally, a streamcanbe
removed by therm method.rm deletesa streamfrom the namespacegndstopsthe encodingprocess.

Thesemethoddurtherillustratethe le systenmetaphoin Indiva—wearetreatingmediastreamss les, andmulticast
sessionssdirectories.By manipulatingthe namespaceaye cancreate changeforward,andremove mediastreamsn an
intuitiveway. Theseareall importantoperationsn productioncontrolandautomatiorapplications Theoperationsarealso
valuablefor someonalynamicallycontrolling a desktopinterfaceto a complex distributedaudioandvideo ervironment.
But the operationsaredif cult to implementwithout Indiva becausesomary detailsarerequired.

We notethateventhoughindiva provideshigh-level abstractiongor manipulatingresourcesall resourcesn the ervi-
ronmentareexposedo theusers A powerusercanmanuallyselecta capturemachingusefulif othercapturemachinesare
shuttingdown for maintenanceoon),useroute methodto sendavideosignalto it, andlaunchthe encoderWe expect,
however, thatmostusersandapplicationswill usethe high-level abstractiondecausehey arecorvenientandprovide the
requiredfunctionality

3. INDIVA APPLICATIONS

Beforewe describetheimplementatiorof Indivain greaterdetailin the next section two applicationswritten usingIndiva
will bedescribedThe rst exampleis atext-basedjnteractie shell,calledthe Indiva shell,or ish . Thesecondexample
is aGUI applicationfor viewing videosources.



3.1.Indiva Shell

We wrotetheIndivashellfor two purposesFirst, we neededa simpleapplicationthatcallsthe APIs providedby theIndiva
managefor testinganddehugging. Secondshellscriptscanbewritten to automateepetitive tasksin producingawebcast
or acollaboratve session.

$ mount /bmrc otto.bmrc.berkeley.edu:9500
ish$ Is

devices home rooms confs  archives
ish$ cd home/bob

ish$ Is

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 -t 16
ish$ encode speaker.cam v.ses
v.ses/ive:8921@capture0.bmrc.berkeley.edu.rtp
ish$ record v.ses /bmrc/archives/today

Figure 4. An interactve sessiorwith ish .

ish isimplementedhsa Tcl shellextension,andprovidesa commandor eachof the methodgrovided by Indiva. In
addition, it providescd andpwd commandgo explore the namespaceandmount andumount commandgo connect
anddisconnecfrom anIndivanode.Figure4 shavs anexampleinteractve sessionn ish . In thisexample,ausernamed
Bob connectshimselfto an Indiva managerunningon a particularmachineat Berkeley. Bob thenchangeghe current
directoryto his homedirectory/bmrc/home/bob , wherehe hascreatedinks to threecamerasn alectureroom. To
starta webcastBob createsa conferenceanda sessiorunderhis homedirectory con guresthe sessiorto usemulticast
addres24.4.4.4andport 44444, Finally, he usesthe encode commando sendthe video from the camergpointingto
thespealer into the multicastsessiorandtherecord commando save a copy of the streamdor archving.

Thenext example,shavn in Figure5, illustrateshow ish canbeusedto scriptrepetitive taskswhenpreparingan AG
nodefor remotecollaboration.Thescript rst turnson all threewall projectors.It thensendsv GA outputfrom the multi-
headedlisplaycomputerto the projectorsandsendsvideoandaudiofrom thelocal AG nodeto the AG lobby. Finally, it
launchesaviewerto displayall streamsn the AG lobby. Theviewer, callediview |, is anotherexampleapplicationbuilt
ontopof Indiva. We brie y describaview next.

3.2.Indiva Viewer

The Indiva viewer, or iview , is intendedasa userfriendly GUI for viewing mediasourcesn anIndiva node. iview
acceptsesourcamamesascommandine agumentsandrenderssideoandaudiostream®f thegivenresourcesResources
thatcangeneratanediasignals(e.g.,camera,TV tuner scancorverter),generatenediastreamge.g. capturecard),or
containmediastreamge.g., conferencemulticastsessionsfanbe usedasarguments.We nd this interfaceusefulfor
previewing variousmediasourcesn our ervironment.For example,supposeve setup adirectory/tv  in thenamespace
thatcontainsalist of TV channelsavailable. To watchCNN on our desktopwe executethe command:

iview /tv/cnn

This causesdview to mountthe default Indiva node(de ned eitherin a con guration le or registry), call mkcon and
mkses to createtemporarymulticastsessionsandcall encode to sendthe video and audio signalsto the temporary
multicastsessions.view thenjoins the sessiongo receve, decode anddisplaythe video and audio streams.In this
example,the end-usergust 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/projl -on

configure /ag/dev/proj2 -on

configure /ag/dev/proj3 -on

route  $room/ctrl.pc/vgal.out /ag/dev/projl/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  $confivideo.ses

encode $room/left.cam $confivideo.ses

encode $room/right.cam $confivideo.ses

encode $room/audio.mix $conflaudio.ses

view $conf

Figure5. An ish scriptfor initializing AG environment.

signalis from a satellitedish, a settopbox or a TV tunercard, hor do they needto know aboutsignalrouting andthe
encodingprocessThis commandwvould still work if theernvironmenthaschanged.

Anotherusefulfeaturen iview isdrag-and-dropDragginganddroppingavideofrom onesessiono anotheexecutes
anRPCcall to the appropriatdndiva managemethodgo eithermove, link, or copy the streams.The semanticglepends
onwhetherkeyboardmodi ers CTRL or ALT arebeingpressedsimilarto atraditionaldesktople managerThisfeature
providesaneasy-to-usénterfacefor manipulatingmediastreamsn MBone sessionsSuchmanipulationsaarecommonin
awebcasproduction.A webcastlirectorcanrun

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

to createtwo windows, onefor the temporaryMBone sessiorthat containsvideo streamdrom all camerasn room 405
SodaHall, andanotheifor alive videosessiorbeingbroadcasbntothelnternet. Thedirectorcanpreview thecamerasand
usedrag-and-dropo forwardinterestingstreamsntothe Internet.Moreover, the directorcaneasilyincoorperatesources
from differentlocations(e.g.,rooms)in the production.

The two examplesshowvn in this sectiondemonstrateéhe versatility and usefulnesof the abstractiongrovided by
Indiva. In the next sectionwe will describeheunderlyingmechanisnusedto implementthe system.

4. IMPLEMENT ATION

Indiva is written using Tcl'® andthe OpenMashToolkit!” for rapid prototyping. Using OpenMashalso allowed us to
leverageexisting codein theMBonetools. For instancemary of ouragentsaresimply wrappersaroundexisting encoders,
paclet forwardersanddevice drivers. Thesetwo themeaunderscor@therimplementatiordecisionsaswell.

The remainderof this sectiondescribeshow resourcesare maintainedand how high-level APIs areimplementedn
Indiva.

4.1. Namespacdmplementation

The Indiva namespaceés storedin a le system. A directoryin the namespacés representedby a directoryin the le
systemplusa hiddentext le in thatdirectory A text le in the le systemrepresents le in thenamespaceResource
attributesarestoredin thetext les asaTcl list. Figure6 shavs two examplesof such les.



6(a)
lust/lib/indiva/rooms/soda405/spesicam/.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/speaicam/video.out

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

Figure 6. Exampleresourcecon guration les.

Administratorsof an Indiva nodecanadda resourceby simply creatinga text le with the appropriateattributes. A
resourcecanberemoved eitherby deletingthe le onthe le systemor hidinga le (i.e., pre x it with “.”). Hiding a le
is usefulfor “commenting”’out aresourcen Indiva.

Otherimplementationsre possible:for example,we consideredstoringthe namespace an LDAP sener'® orin a
databaseWe choseto usea le systemfor its corvinience,simplicity and e xibility in our prototype,asfeaturessuchas
softlinks andglob-stylepatternrmatchingarereadilyavailable. We alsoconsideredunningdiscovery protocolssothatnew
resourceganbe discareredby the Indiva Managerautomatically We decidedinsteadto storeall hardwareinformation
staticallyin a centralizedocationfor easeof administration.lt wasalsoeasierto implement.This decisioncanbe easily
changed.Moreover, certainresourcesuchas conferencemeta-dataand archived mediaare currently being discovered
duringrun-timeby listeningto an SDPchannelbr talkingto an RTSPsener respectrely.

Oneimportantconcepto notein Figure6(b) is theattributeto . Thevalueof this attributeis the nameof 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 manageto constructa graphthat representshe routing
network in the distributedaudioandvideoervironment.

4.2.A/V Graph

Thelndivamanagemaintainsanformationabouttheroutingnetwork asadirectedgraphcalledthe A/V Graph Thevertices
in the graphareresourcesThereis anedgefrom a vertex u to vertex v, if it is possibleto senda mediasignalor stream
from u to v. Hence thereareedgeshetweenary pair of portsthatarephysically connectedhroughcables.andbetween
all inputandoutputportsin aroutingswitcher Therearealsoedgesrom input portsof capturecardsto multicastsessions
andfrom multicastsessionso outputportsof displaycards.

A naierepresentatioof the A/V Graphwill resultin quadratimumberof edgesandis neitherspacenortime ef cient.
For example aroutingswitcherthathas256inputsand256outputsrequires65536edgesf every connectioris represented



explicitly. Fortunately the A/V Graphcontainsmary completebipartite subgraphshat canbe compresseef ciently. °
The graphcompressiorworks as follows: for eachcompletebipartite subgraphB = (U;V; E), replaceit with B© =

(U; V; w; E9, wherew is anew vertex andE ° consistonly of edgeshatconnectss 2 U to w andedgeshatconnectsv
tov 2 V. Usingthistechniquewe reduceghenumberof edgesn acompletebipartitesubgraptromjuj jVjtojUj+jVj.

However, in therestof the discussionwe will describethe Indiva managermplementatiorusinganuncompressedraph
for clarity.

4.3. Active Service Framework

Indiva adoptsthe Active ServiceFramavork (AS1Y° astheframewvork for managingndiva agents The AS1 Framavork
usesarequest/respondpft-stateprotocolto allocatea hoston a clusterof senersto run aprocessn ascalableandrobust
manner Hereis a brief descriptionof how it works: Clientsand senerscommunicatehrougha multicastchannelg. A
client c thatwishesto launcha proces9 on the clustersendsa launch(p) messagéo g. Eachsenerin the clusterrunsa
proces<alledthe hostmanayer (HM). HM listensto g for launch messagedJponreceving alaunch messaget setsa
randomtimer T. WhenT expires,HM executesp andsendsanannouncemertb g indicatingthatp hasbeenlaunched.
However, if HM recevvesan announcemerthatanotherHM haslaunchedp beforeits timer expired, it will suppressts
own timer to avoid duplicatelauncheof p. The useof randomizedimersdistributesprocessesandomlyacrosshostsin
a cluster By biasingthe timer using currentCPU load on a host, we canachiere reasonabléoad balancingamongthe
hosts.Rolustnesss built into theprotocol,asonly soft-states@remaintainin AS1. c andp periodicallyexchangeheartbeat
messageto indicatethatc is beingsenedby p. If ¢ stopsreceving the heartbeatnessagdrom p, c re-launche®. If p
stopsreceving the heartbeatnessagérom c, p exits.

In our casethe Indivamanageis the AS1 client. The capture mediaprocessingandcontrolcomputergorm acluster
of hostsfor launchingindivaagents We choseAS1 astheframewvork for managingagentsecausdt is robustandsimple.
Moreover, it allows hostsand agentsto be addedor deletedfrom the environmentwithout modi cations to the Indiva
manageisourcecode. However, we madeseveral modi cationsto AS1. First, not all Indiva agentscanrun on all hosts.
For example,anagentthatcapturendencodevideosignalscanonly runonhostswith videocapturecard. An agentthat
controlsa device canonly run on hostswith a physicalinterfaceto thedevice. We modi ed AS1to includea precondition
in therequesmessageOnly hoststhatsatis edthespeci ed preconditiorrespondo therequestSecondye decouplehe
launch messag@nto two new messageypes,select andlaunch-now. Theselect messagés exactly thesameaslaunch,
exceptthatwhenthetimer expires,the hostreplieswith an acknaviedgementwithout actuallylaunchingthe agent. This
responsés usedby the Indiva manageto selecta hostto run the agent. The secondmessagéeype, launch-now, tells the
selectedhostto launchtheagent. Thesetwo messageareusedwhendecidingwhich pathto usein the A/V Graphto route
amediasignal.

4.4, Routing Algorithm

One of the challengeswe facedwhen implementinglndiva is to choosean appropriatemodel for routing signalsand
streamghroughthe A/V Graph. Simply selectinga pathwith the leastnumberof edgesfrom a sourceto a destination
doesnot work well asthereare usuallymary suchpathsbetweenthem. Factorssuchasload balancingand sharingof

serviceshouldbe consideredn decidingthe bestpath. This oftenrequiresdistributedstateqe.g.,loadsof the machines)
or non-trival costfunctionson the edges.This subsectiordescribeghe routing algorithmwe designedusingthe stream
managemennethodsencode , my, cp, In andrm asillustrative examples.

To sendmediasignalsor streamdrom asources to adestinatiort, Indiva createsanobjectcalleda ow. A owf (s;t)
consistof apathfrom s tot in the A/V Graph,anduniqueidenti ers to Indiva agentperformingservicen edgesalong
thepath.

Flow creationis atwo-stageprocesslin the rst stagethelndiva managesearcheshroughthe A/V Graphfor a setof
shortespathshetweers andt. A subgraphhatcontaingheshortespathsis returned.Themanagetraverseghesubgraph
fromt to s. If thereis morethanoneincomingedgeto the currentvertex, the Indiva managedecideswhich incoming
edgeto includein the path by sendingan AS1 select messageo the hosts,so the HMs canmake resourceallocation
decisionausingtheir local states.At the endof this stage we obtaina shortespathfrom s to t. During the secondstage
of thealgorithm,theIndiva managetraverseghe selectegathfrom s to t, andsendsRPCcommandso the Indivaagents
(launchingthemwith anAS1launch-now messagé necessaryjo sendmediasignalsandstreamsalongtheedgesn the
path. In our implementationyve maintaina table of function pointersfor eachtype of edge,pointingto codethatcauses



datato o w alongthatedge.As anexample,anedgebetweennput porti andoutputportj of arouting switcherpoints
to afunctionthatqueriesthe port numbersof the portsincidentto the edge(i.e., the valuesof i andj ), andinvokesRPC
command®n the Indiva agentthat controlsthatrouting switcher to sendinputi to outputj . A o w maintaingheunique
identi er to theseagentsalongthe edgesasapplicationsmight needto sendfurther commanddo theseagentdater A
o w will bere-createcautomaticallyif we stopreceving heartbeamessageom oneof theseagents.

®
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Figure7. Adding A Flow

Figure7 illustrates o w creationthroughan example. Figure 7(a) shavs a simple A/V Graphwith 3 video sources,
denotedd;, d, ands. Eachof thesevideo sourcessendstheir outputto a 3x3 routing switcher The 3 outputsfrom the
switcherareeachconnectedo a capturecomputerwhich cansendencodedignalsto multicastsessiort. Oneof thevideo
sourcesd,, is capableof decodingstreamsrom the multicastsession.Therearethreepossibleshortespathfrom s to t,
asgivenin Figure7(b). To pick a path,the Indiva managetraverseghe graphin 7(b) fromt to s. Sincetherearethree
incomingedgesnto t, namely(c;;t), (c;t), and(cs; t), the Indiva managesendsan AS1 select messagéeo the capture
computers, ¢; andcz. Suppose¢he managerecevesanacknavledgemenfrom c;, theedge(c, ; t) will beaddedo the
path. The managesubsequentlyraverseshe verticespy, p; ands, addingthe remainingedgeson the pathfrom s to ¢;
to the o w sincethey have no morethanoneincomingedge.To complete o w creation the Indiva managetraverseshe
path(s;p2; ps; ¢1;t) andcallsthe functionsassociateavith the edgeso sendmediasignalsor streamsalongthe path. In
this example the Indiva managesendsa requesto the Indiva agentthatcontrolsthe routing switcherto switchinput 2 to
outputl whenit traversesedge(p;; ps), andstartsanencodeiprocesgshatcapturesavideosignalfrom c; andsendst tot
asit traverseghrough(cy ; t).

Otherhigh-level commandganbeimplementatedy manipulatingo ws. A o w f (s;t) canbesplit by creatinganen
ow f qs;t9 with the samesourcebut a differentdestination.f andf © may sharesomeservicesf they ow alongthe
sameedges.In andcp areimplementecby o w splitting. The Indiva managercanalsoredirecta o w (i.e., changethe
destinatiorof a o w to causet to o w alonga differentpath). This operationis the basisfor implementingmv. Finally, a
o w canbedeleted.Deletioninvolvestraversinga pathandsendingRPCcommandgo the agentdo stopits service.

Whenconfigure is calledonamediastreamtheamgumentgo theconfigure  methodarepassedo theagentdn
the o ws. Eachagentrespondgo the agumentst recognizesThis approactallows a userto modify the propertiesof a
streamwithout knowing implementatiordetails.

Thebehaior of theroutingalgorithmcanbemodi ed by assigningacostto eachedgein theA/V Graph.For example,
for accesgontrol, we canassignan1 costto edgesin a ow afterthe o w is established.As a result,no otherusers
cansharethe edgesn the o w. However, differentsituationsandapplicationamay requirea differentpolicy. In certain
casessharingbetweenusersshouldbe promoted. Considerthe casewherean encodingprocesss alreadyrunningand
transmittingvideo from CNN. If a seconduserwishesto view the samechannel,we shouldreusethe sameencoding
processf possible.In this case,we wantto assigna zerocostto edgesin that o w. Indiva handlesthesetwo casesy
identifying which type of resourceganbe sharedor readingandwriting. For instanceyideoandaudiooutputportscan
be sharedor readingandsessionganbe sharedor bothreadingandwriting. Ontheotherhand,anRTSParchive stream
cannotbe sharedor writing.

It is possiblefor an Indiva manageito deadlockattemptingto satisfy commandsrom two clients at the sametime
becauseesourcesreallocatedncrementallyandthe o w creationalgorithmmight allocatesegmentsin differentorders.
Thelndivamanageusespriority mechanisnto breakdeadlocksvhentwo commandsreattemptingo allocateresources
atthe sametime. If the requestingclient hasa higherpriority, the resourcds pre-emptedindallocatedto the requesting



client. The earliestcommandeceved abortslatercommandsf bothrequestdiave the samepriority. This priority-based
mechanismis required,for example,whentwo usersrequestacceson a camera. Higher priority can be assignedo
webcasiproducersover normalusersto ensurethatthe requiredresourcesre alwaysavailableto producea live webcast
whenneeded.

5. EVALUATION

Indiva is currentlyin productionstate. We have setuptwo Indiva nodes,onefor an Internetwebcastinfrastructureand
onefor an AG node. We have implementedsereral agentsjncluding an RTP video encoderan RTP audioencoderand
controllersfor routing switchers,a Miranda Kaleido multi-imagedisplay system,andan EchoStarsatellitedish. We are
currentlyworking on Indiva agentgo control pan/tilt camerasandprojectors. A webserviceinterfaceusingSQAP is also
plannedsothatindiva canbe usedby applicationswrittenin languagestherthanTcl.

During the implementatiorof the prototypesystem,we did not focuson performance.The main reasonis thatthe
lateng for calling a methodis typically dominatedby the lateng to control the equipmentseeTablel). For example,
switchinga channelon a satellitedish requiresat least1 secondbecausave need0.5 secondsnterval betweensending
eachdigit of achannehumberto thedish. Furtheremoregur decisionof implementingindiva usinga scriptinglanguage
for rapid prototypingcausesomeoverheadn the performance.Our measurementshov that Indiva cantake between
0.5- 5 seconddo executea commanddependingon the lengthof the pathin A/V graphandthe numberof equipments
involved. While thesenumbersare notimpressve, they areadequatdor the applicationswe have in mind, andthey are
still orderof magnitudesasterthanperformingthetasksmanually

| Step | Relatve Time |
Findingsetof shortespaths | 13%
Selectinga pathusingAS1select| 12%
Switchingchannelon satellitedish | 44%

Switchingrouteon routingswitcher | 2%
Launchingencoder| 18%
Startingencoder| 11%

Table 1. Time takento performthecommand'encodecnn”

To verify our claim that Indiva simpli es applicationdevelopmentin a distributed audioandvideo ervironment,we
developedseveral applicationsusingIndiva. iview , describedn section3.2,is composedf 1800lines of Tcl/Tk and
OpenMashcode. However, mostof this codedealswith creatingthe GUI interfaceand displayingvideo streamsand
informationaboutthem. Therearelessthan10 linesof codethatactuallymanagestreamsandencodingorocesses.

One of the designgoalsof Indiva is to make extendingan Indiva nodesimple. Thereare threecasesto consider:
addinga new resourceof anexisting type,addinga newv agent,andaddinga new resourcdype. As mentionedaddinga
new resourceof an existing type requiresaddinga text le with appropriatettributes. We provide templatesfor various
resourcetypes. An administratorcan copy the templateto the approrpiatelocation, renameit, and edit the attributes.
Alternatively, we provide a GUI resourceeditorfor creating modifying andvisualizingresourcednsidelndivato simplify
theprocesdurther Addinganew agents alsorelatively easyasmuchof thecommonfunctionalitiesof agentsarealready
abstractednto library classes.Writing a new agentinvolvesproviding a standardvrapperRPCAPI for creatinga nev
service,deletinga serviceand recon guring a service. Most of our existing agentsare either wrappersarounddevice
driversfor controlling devicesor existing mediastreamprocessingode. Table2 lists availableagentsandthe numberof
lines of uncommenteavrappercodewritten. In therarecasethata new resourcdype needgo be addedmodi cation to
the Indiva manageiis needed.Again, mostcommonfunctionalitiesare abstractednto library classes.To de ne a new
resourceype, the developeronly needgo createa subclasgor the IndivaResource  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 experiencdllustratesthatminimal effort is neededo extendIndiva andis a hugeimprovementover our
previousexperiencewherewe oftenhadto spendup to afew daysto adaptexisting toolsto a new ervironment.



Agent | Linesof code |

videoencoder| 390
audioencoder| 160
Kaleidocontroller | 150
Routingswitchercontroller | 110
Packetforwarder | 140

Table 2. Indiva Agents.

6. RELATED WORK

Several researclgroupshave implementedsoftware to control equipmentfor a speci ¢ application(e.g., video confer
encing?’ broadcasautomatior?? andpresentatiorcontrof®). Thesesystemsare excellentsolutionsfor the particular
application,but they aretoo limited in functionality In contrast,Indiva is an open,extensiblemiddlevare systemthat
providesmorefunctionalityandcanbe easilyre-usedor mary applications.

Specializedaudio andvideo equipmentcontrol system,suchas AMX, Crestron,and SmartHome provide APIs for
device control. Indiva differs from thesesystemby providing an API not only for controlling devices, but for managing
softwareprocesseandmediastreamsaswell. Furthermorethesespecializedcontrolsystemsequireadditionalhardware
andareless e xible. We notethatIndiva doesnot precludethe useof thesecontrolsystemsn theenvironment.In fact,in
our prototypeervironment,we have anAMX controllerthatcanbe controlledthroughindiva.

Jini2* UPnPZ andSalutatioR® arearchitecturesgor discovery, accessandcontrolof devicesandsoftwareservices.
Indiva differs from this work in a few ways. First, thesearchitecturesare meantfor networked devicesthat supporttheir
particularprotocols.They arenot suitablefor ervironmentthat mustintergrateoff-the-shelfaudio/videoequipmentmost
of which do not currentlyunderstandheseprotocols. Secondthe primary contritution of Indiva lies in its easyto use,
high-level abstractiongor manipulatinghardwaredevices, software servicesandmediadata,ratherthanthe lower-level
discovery, eventhandling,andpresentatiomprotocolsemphasizethy thesearchitectures.

Ninja®’ is anarchitecturefor building a large-scalesecureervironmentfor Internetservices.Ninja de nes amecha-
nismfor composingnternetservicedy searchingor a paththroughavailableservices This concepts very similarto the
o w creationprocessn Indiva, exceptthatindiva o ws canpasshroughhardwaredevicesandsoftwareserviceswhereas
Ninja pathcreationis restrictedto softwareservicenly.

HAVi?8 is a proposedstandardor networking homeentertainmentievicesde ned by several major electronicscom-
panies.HAVI providesJava API for streammanagemerdnddevice controlsandsharessomegoalswith Indiva. However,
HAVi is targetedat consumerfiomeaudio/videanetwork anddictateghe useof Firewire asatransporimechanismindiva
is meantfor the Internetand supportsmediatransmissiorthroughan IP network. It is independenof the point-to-point
signaltransportmechanismAs aresult,Indiva cansupportmary transportmechanisms.

7. CONCLUSION

Thispaperdescribec&middlenvaresystenfor adistributedaudioandvideoervironmentcalledindiva. Thesystermprovides
asingle,logicalview for manipulatingaudio/videcequipmentmediaprocessingervicesgconferenceneta-datalj ve media
streamsandarchivedmedia.Easy-to-understanabstractionbasedna le systemmetaphoiareprovidedfor application
developers.The goalis to hide low-level detailsin the ervironmentfrom applicationstherebyallowing programmergo
focuson building high-level functionality suchascontrolautomationrandend-useinterfaces.Indiva alsopromotescode
reuseby minimizing the coupling betweenapplicationand ervironment. We believe that Indiva hasotherapplications
outsidea distributed audio and video ervironment. For example,similar middlevare could be usefulin SAN or CDN
management.

The discussiorin this paperdescribesnanipulationof resourcesvithin a singleIndiva node. However, applications
canconnectto multiple Indiva nodesandmanageresourcesacrossadministratve boundries.We are currentlylooking at
issuesthatdealwith inter-nodeoperationssuchasestablishingo ws betweenmultiple Indiva nodes. Anotherissuewe
arecurrentlystudyingis building userlevel accessontrol on top of Indiva resourcesThe currentsolutionfor restricting
access$o amulticastconferences to encryptthe mediastreamsiusingakey thatis known to its intendedparticipantsonly.



This solutioncould be donetransparenthusingIndiva sinceits le systemmetaphomprovidesa naturalabstractiorover
accesgontrolusing le permission.
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