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Abstract

This paperpresentsa uni�ed setof abstractionsand
operationsfor hardwaredevices,softwareprocesses,
andmediadatain a distributedaudioandvideo en-
vironment. Theseabstractions,which are provided
througha middleware layer called Indiva, usea �le
systemmetaphorto accessresourcesand high-level
commandsto simplify the developmentof Internet
webcastand distributed collaborationcontrol appli-
cations. The designandimplementationof Indiva is
describedandexamplesarepresentedto illustratethe
usefulnessof theabstractions.

1 Intr oduction

Internetwebcastand distributed collaborationis an
importantclassof Internetapplications. Many edu-
cationalandresearchinstitutionshave begunto web-
castlecturesandseminarsover the Internet,anddis-
tributedcollaborationsystemssuchastheAccessGrid
(AG) areincreasinglypopular. For example,thenum-
ber of AG nodeshasgrown from 20 to 105 during
the pasttwo years[6, 12]. However, thesesystems
aredif�cult andexpensive to operate– a high qual-
ity, multiple streamwebcastproductionrequires3 to
5 skilled equipmentoperatorsandan AG conference
requiresat leastoneoperatorateachlocation.

To reducethe costandcomplexity of operation,sev-
eral researchgroups,including ours,have developed
applicationsto automatewebcastanddistributedcol-
laborationproduction[5, 15, 18, 22]. Our groupde-
velopedtwo applications,namely, theDirector'sCon-
sole[28] andBroadcastManager [27], to simplify the
productionof a live webcast.Theseapplicationsen-
ablea singleoperatorto producea high-quality live
webcast,therebyreducingcost.

However, severalproblemsremain.First,applications

thatmanagea productionenvironmentaredif�cult to
write. Detailedknowledgeof the environmentis re-
quired. Theproblemis thatwe cannotspecify“what
we want,” ratherwe mustspecify“how to implement
a request.” For example,to add a TV channeloff a
satellitedish,into a webcast,we must(i) senda com-
mandto thesatellitereceiver to changeto thedesired
channel,(ii) senda commandto theroutingswitcher
to switchtheoutputfrom thesatellitedishto acapture
computerwith availablecapturecard,and(iii) launch
anencoderprocesson theselectedcapturecomputer.
Second,applicationsareoftentightly coupledwith the
environmentandcannotadaptwell to changes.When
new equipmentis addedor whencablesarerewired,
applicationshave to bemodi�ed. Furthermore,anap-
plication written for oneenvironmentcannotbe eas-
ily reusedin anotherenvironment. Theseproblems
constrainthe developmentof innovative control and
automationsoftwarefor webcastanddistributedcol-
laboration.

We believe a solutionto theseproblemsis to provide
a layer of abstractionbetweenthe audio/videoenvi-
ronmentand the applications. Much like relational
databasesand UNIX �le systems,this layer should
provide abstractionsand an API for managingenti-
ties in the environmentwithout revealing the under-
lying details. As an example,we shouldbe able to
say“show methisTV channel”,or “move thisstream
from onesessionto another”,withoutworryingabout
how it is actuallyimplemented.This layerof abstrac-
tion will allow programmersto focuson moreimpor-
tant issuessuchasautomationalgorithmsratherthan
low level detailssuchasroutingsignalsandlaunching
processes.

This paperdescribesthe designand implementation
of suchan abstractionlayer, calledthe INfrastructre
for DIstributed Video and Audio (Indiva). The In-



diva middlewareprovideseasyto understandabstrac-
tions basedon a �le systemmetaphorandhigh-level
commandsrequiredby applicationdevelopers. Be-
sideeaseof use,Indiva is designedto be extensible
androbust.Extensibilityallowsminimalmodi�cation
to applicationswhentheenvironmentchanges,while
robustnessensuresthat equipmentandsoftwarefail-
uresarehandledgracefully. Thesegoalsareachieved
usingthefollowing ideas:(i) separationof logic from
data,(ii) anadditionallevel of indirectionbetweenap-
plicationsandenvironment,and(iii) soft-stateproto-
colsfor communicationbetweenprocesses.

The remainderof this paperelaborateson thedesign
andimplementationof Indiva. Section2 describesthe
abstractionsprovided by Indiva. To illustrateshow
theseabstractionsareused,Section3 showstwo sam-
pleapplicationsthatcanbebuilt usingIndiva. Section
4 discussestheimplementationof Indiva. Weevaluate
theperformanceandeaseof useof thesystemin Sec-
tion 5. Finally, Indiva is comparedwith relatedwork
in Section6, andweconcludein Section7.

2 Abstractions in Indi va

Beforewe proceedwith a descriptionof Indiva, it is
important to understandthe type of environment in
which it is intendedto beused.
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Figure 1: A Distributed Audio and Video Environ-
ment

Figure1 shows a generalizedmodelfor a distributed
audio and video environment. Such environments
are common to many Internet webcastproduction
and distributed collaborationsystems.The environ-
ment containsaudio/videoequipmentsuch as cam-
eras,video taperecorders,special-effectsprocessors,
and scanconverters. Theseequipmentcan be con-

trolled throughan RS232or IR interface(shown as
dottedlines in Figure1) by control computers. The
capture computers contain hardware and software
for translatingback-and-forthbetweenmediasignals
(generatedby conventionalaudio/videoequipments)
andmediastreams(sequenceof IP packets). Theau-
dio/videoequipmentandcapturecomputersarecon-
nectedusingpoint-to-pointtransmissiontechnologies
(e.g., �ber, UTP etc.) throughan audio/videorout-
ing network, This routingnetwork is a circuit switch
network that interconnectsequipmentandcomputers
through a seriesof routing switchers,multiplexers,
anddemultiplexersthatcanberemotelycontrolledby
thecontrolcomputeraswell. Mediaprocessingcom-
puters run softwareprocessesthatmanipulatetheau-
dio andvideo streams,suchastranscoding[1], mix-
ing [19], special-effects processing[16] and record-
ing/playback[23]. Recordedmediastreamsarestored
in mediaarchives. Finally, applicationsaccessand
control the environmentby sendingRPCcommands
to thecontrol,capture,andmediaprocessingcomput-
ersover an IP network. For example,an application
might want to panor tilt a remotecameraor change
theencodingframe-rateof anencoder. Theseentities
mightbephysically locatedin differentrooms.

Thereareseveraldifferentmodelsfor managingme-
dia streamsin a distributedaudioandvideoenviron-
ment.In Indiva,weadopttheIETFConferenceModel
(sometimescalledMBoneConferences)asthemodel
for disseminatingmediastreamsbecauseof its �e x-
ibility andcompatibility with the AG. A conference
is composedof one or more sessions.A sessionis
composedof mediastreamsof one type, for exam-
ple audioor video,beingdeliveredfrom oneor more
sendersto oneor morereceiversvia IP multicast.For
instance,alecturewebcastmightbeaconferencewith
a videosessionandanaudiosession.Thevideoses-
sionmight containtwo videostreams,oneshows the
lecturer, andtheothershows thepresentationmateri-
als (e.g.,slides). Meta-datafor conferencesandses-
sions(e.g.,descriptions,IP address,owners,format)
arestoredin SDPformat[13] andareperiodicallyan-
nouncedto awell-known multicastaddress.

Indiva is a middlewaresystembetweena distributed
audioandvideoenvironmentandapplications.It pro-
videsa setof APIs for accessingandcontrolling the
threetypesof entitiesin the environment: hardware
(e.g.,equipment,routingnetworksandvideocapture



cards),software processes, and data (e.g., live me-
dia streams,archived media,andmeta-datafor con-
ferencesandsessions).The hardware,softwarepro-
cesses,anddatamanagedin theenvironmentwill be
calledIndiva resourcesin thispaper.
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Figure2: IndivaSoftwareArchitecture

Figure2 shows the softwarearchitectureof the sys-
tem. It is composedof a manager anda setof agents.
The manageris a processthat controlsresourcesin
anIndivanode. A nodeis anadministratively de�ned
domainof equipment,processesanddata.For exam-
ple, an AG nodecanbe an Indiva node. The Indiva
agentsareprocessesrunningon the capture,control
andmediaprocessingcomputers.Eachprocessper-
formsaspeci�c task,suchasrecordingmediastreams
or controlling a speci�c pieceof equipment. Each
task performedby an agentis called a service. An
agentmayprovidemultipleservicesat thesametime.
The manageracts like a network �le server, except
thatit managesresourcesin anIndivanode.Theman-
agerprocessis assumedto be up andrunningall the
time, while agentsare dynamicallylaunchedby the
managerwhenneeded.An applicationthatwishesto
manipulateresourcesin theenvironmentinvokesRPC
commandsonthemanager. Themanagerdecideshow
to executethecommands,andinvokesoneof thestan-
dardRPCAPIson theagentsto completetherequest.
This architectureimprovesthemodularityof thesys-
tem, asnew equipmentsandsoftwareprocessescan
beaddedby writing new agentsandrecon�guringthe
managerso that it cancommunicatewith the agents.
No modi�cationsto applicationsis needed.

The restof this sectiondescribesIndiva abstractions
andhigh-level commandswithout going into details
abouthow they areactuallyimplemented.Theimple-

mentationis describedin Section4.

2.1 ResourceNaming

In orderfor anapplicationto manipulateanIndiva re-
sourceatanode,theapplicationmustnameor identify
the resource. Indiva provides a hierarchicalnames-
pacefor namingresources.Namescan be grouped
into hierarchy basedon eitherlogical grouping(e.g.,
physical location),or basedon a “hasa” relationship.
A resourcemay appearin multiple placesin the hi-
erarchy usinglinks. Namesfor staticresources,such
asdevices,areprede�nedby the Indiva nodeadmin-
istrator. Namesfor softwareprocesses,conferences,
and mediastreamsare createdon-the-�y when pro-
cessesarelaunched,whena new SDPannouncement
is received, or when packets from a new sourceare
detected,respectively. Userscanalsogroupresources
into acustomizedhierarchy basedon their interest.

For instance,to specify the compositeoutput of a
cameralocatedin room405SodaHall, onemightuse
/rooms/405soda/front.cam/composite.out

andto specifythe audiostreamin a lecturewebcast,
onemightuse
/confs/cs101.con/audio.ses/audio.rtp

Thereare several points to note in the above exam-
ples. First, we useUNIX �le systemsyntaxto name
a resource.This similarity is intentional. As canbe
seenlater, we are using a �le systemmetaphorto
manipulatethe resources.As such,we alsousethe
term directoriesto refer to resourcesthat can con-
tain otherresources,and�les to refer to resourcesin
general. Second,we useextensionsto indicate re-
sourcetypes:“.cam” for acamera,“.out” for anoutput
port, “.con” for aconference,“.ses”for asession,and
“.rtp” for an RTP stream. Third, directoriesnot as-
sociatedwith any resources,suchasrooms , confs ,
and405soda canbecreatedfor thepurposeof orga-
nizing thenamespace.Figure3 shows anexampleof
asimplenamespace.

Usersof applicationswritten in Indiva can have a
“home directory” in the namespace.This directory
allows usersto de�ne their own resourcesandlink to
resourcesthatareof interestto them.

Indiva resourceshave an associatedlist of attributes,
which is representedby key-valuepairs.Differentre-
sourcetypeshave differentsetsof requiredattributes
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Figure3: Namespacein Indiva

that must be de�ned. For example, every serial-
controllabledevice mustde�ne an attribute with the
key host thathasahostnameof its controlcomputer
asits value.In additionto therequiredattributes,cus-
tomizedattributescanbeaddedby usersor adminis-
tratorsfor convenience.

2.2 NamespaceManipulation

The Indiva managerprovides several commandsfor
manipulatingthe namespace.Thesecommandsare
being bound to RPC methodsin applications. and
many of themaresimilar to thoseonaUNIX �le sys-
tem. In particular, thels methodreturnsthecontents
of a directory, andthe find methodreturnsa list of
resourceswhoseattributesmatcha given list. These
areusefulmethodsfor discoveringresourcesin anIn-
diva node.For instance,invoking ls on a sessionre-
turnsthelist of streams;invokingls onasatellitedish
returnsthelist of availableTV channels;andinvoking
ls on a room returnsall devices in a room. To get
all cameraslooking at the speaker in all rooms,one
canusefind to searchfor all resourceswhosename
matches“*.cam” and hasan attribute view whose
value is “speaker”. Here, view is an exampleof a
usefuluser-de�ned attribute. Attributescanbemodi-
�ed or addedduringrun-timeusingtheconfigure
method.The Indiva manageralsoprovidesa method
namedinfo for inspectingattributesof a resource.

Other namespacemanipulation methods include
mkdir , ln andmv. mkdir createsa directory, ln
createsan aliasof a resource,andmv renamesa re-
source.However, asdescribedin thenext section,ln

andmvarealsooverloadedto managemediastreams
aswell.

2.3 Media StreamsManagement

Onenovel featureof Indiva is thehigh-level abstrac-
tions for creating,manipulatingand deletingmedia
streamsin a distributedaudioandvideoenvironment.
The Indiva managerprovidesthe methodsencode ,
decode , play , record , ln , cp , mv and rm for
thesepurposes.

The encode methodcaptures,encodes,and trans-
mits a video or audio signal into a speci�ed multi-
castsession.The decode methoddecodesa speci-
�ed streamfrom a multicastsessionandtransmitsit
asa videoor audiosignal. Implementingthesemeth-
ods involves more than launchingan encodingor a
decodingprocess.In thecaseof encode , beforethe
processcanbe launched,the managermust selecta
capturecomputerandactivate the sourceof the sig-
nal. Then,the signalmustbe routedthroughthe au-
dio/video network to the selectedcapturecomputer.
encode returnsthenamefor theresultingstreamin
the namespace.By default, encode usesthe RTP
CNAME of the streamas its �le namebecauseit is
uniqueamongall participantswithin an RTP session
[24] (An example�le nameis shown in Figure4).

Thepropertiesof theencodedstreamcanbespeci�ed
by passingoptionalargumentsto encode andmod-
i�ed by usingthe configure method. Recall that
configure canbeusedto modify attributesof a re-
source. In the caseof mediastreams,configure
may modify the propertiesof the video source,rout-
ing path,andencodingprocessaswell. For instance,
configure canbeusedto tilt thecamera,switchto
anothercameraor increasetheframe-rate.

The play and record methodsconvert between
livemediastreamsandarchivedmediastreams,using
RTSP[25] or Mars[23].

The mv methodmovesa streamfrom onesessionto
another. In thiscase,mvnotonly modi�es thenames-
pace,but it changesthe environmentto maintainthe
semanticsof thenamespace.Sincethemovedstream
now belongsto a differentmulticastsession,the In-
diva managermust contactthe encodingprocessof
the streamandtell it to switch to a differentdestina-
tion address.Similarly, themethodscp andln mod-
ify both the namespaceandthe environment. When



a streamis copiedor linkedto anothersession,pack-
ets are forwardedto the target session. The differ-
encebetweencp andln is thattheattributesof anew
streamcreatedby cp canbemodi�ed without chang-
ing theoriginal stream,while changingtheattributes
of astreamcreatedby ln modi�es theattributeof the
originalstream.Consequently, thechangeis visibleto
all recipientsof thestream.Thesemanticsareanalo-
gousto their counterpartin the�le system.Finally, a
streamcanberemovedby therm method.rm deletes
a streamfrom thenamespace,andstopstheencoding
process.

These methods further illustrate the �le system
metaphorin Indiva – we are treatingmediastreams
as�les, andmulticastsessionsasdirectories.By ma-
nipulatingthenamespace,we cancreate,change,for-
ward,andremove mediastreamsin an intuitive way.
Theseareall importantoperationsin productioncon-
trol andautomationapplications.The operationsare
alsovaluablefor someonedynamicallycontrolling a
desktopinterfaceto a complex distributedaudioand
videoenvironment.But theoperationsaredif�cult to
implementwithoutIndivabecausesomany detailsare
required.

We notethat even thoughIndiva provideshigh-level
abstractionsfor manipulatingresources,all resources
in theenvironmentareexposedto theusers.A power
usercanmanuallyselecta capturemachine(usefulif
othercapturemachinesareshuttingdown for mainte-
nancesoon),useroute methodto senda videosig-
nal to it, andlaunchtheencoder. Weexpect,however,
thatmostusersandapplicationswill usethehigh-level
abstractionsbecausethey areconvenientandprovide
therequiredfunctionality.

3 Indi va Applications

Before we describethe implementationof Indiva in
greaterdetail in the next section, two applications
writtenusingIndivawill bedescribed.The�rst exam-
ple is a text-based,interactive shell,calledthe Indiva
shell,or ish . Thesecondexampleis a GUI applica-
tion for viewing videosources.

3.1 Indi va Shell

We wrotetheIndiva shell for two purposes.First,we
neededa simpleapplicationthat calls the APIs pro-
vided by the Indiva managerfor testingand debug-
ging. Second,shellscriptscanbewritten to automate

repetitive tasksin producingawebcastor acollabora-
tivesession.

$ 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 implementedas a Tcl shell extension, and
provides a commandfor eachof the methodspro-
videdby Indiva. In addition,it providescd andpwd
commandsto explore the namespace,and mount
and umount commandsto connectand disconnect
from an Indiva node. Figure 4 shows an example
interactive sessionin ish . In this example,a user
namedBob connectshimself to an Indiva manager
running on a particular machineat Berkeley. Bob
thenchangesthecurrentdirectoryto his homedirec-
tory /bmrc/home/bob , wherehehascreatedlinks
to threecamerasin a lectureroom. To start a web-
cast,Bobcreatesaconferenceandasessionunderhis
homedirectory, con�guresthesessiontousemulticast
address224.4.4.4andport44444.Finally, heusesthe
encode commandto sendthevideofrom thecamera
pointingto thespeaker into themulticastsessionand
therecord commandto save a copy of thestreams
for archiving.

Thenext example,shown in Figure5, illustrateshow
ish canbeusedtoscriptrepetitivetaskswhenprepar-
ing anAG nodefor remotecollaboration.Thescript
�rst turnson all threewall projectors. It thensends
VGA outputfrom the twin headeddisplaycomputer
to theprojectorsandsendsvideoandaudiofrom the
local AG nodeto the AG lobby. Finally, it launches
a viewer to displayall streamsin theAG lobby. The
viewer, callediview , is anotherexampleapplication
built on top of Indiva. We brie�y describeiview
next.



#!/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

Figure 5: An ish script for initializing AG environ-
ment.

3.2 Indi va Viewer

The Indiva viewer, or iview , is intendedasa user-
friendly GUI for viewing mediasourcesin an Indiva
node. iview acceptsresourcenamesas command
line arguments,andrendersvideo andaudiostreams
of the given resources.Resourcesthat cangenerate
mediasignals(e.g.,camera,TV tuner, scanconverter),
generatemediastreams(e.g.capturecard),or contain
mediastreams(e.g., conference,multicastsessions)
canbeusedasarguments.We�nd thisinterfaceuseful
for previewing variousmediasourcesin our environ-
ment.Forexample,supposewesetupadirectory/tv
in the namespacethat containsa list of TV channels
available.To watchCNN on our desktop,we execute
thecommand:
iview /tv/cnn

This causesiview to mountthedefault Indiva node
(de�ned eitherin a con�guration �le or registry), call
mkcon andmkses to createtemporarymulticastses-
sions,andcall encode to sendthe video andaudio
signalsto the temporarymulticastsessions.iview
thenjoins thesessionsto receive,decode,anddisplay
thevideoandaudiostreams.In thisexample,theend-
usersjust needto know theresourcename/tv/cnn
anddonotneedto careaboutwhethertheTV signalis
from a satellitedish,a settopbox or a TV tunercard,
nordo they needto know aboutsignalroutingandthe
encodingprocess.This commandwould still work if
theenvironmenthaschanged.

Another useful featurein iview is drag-and-drop.
Dragginganddroppinga video from onesessionto

anotherexecutesanRPCcall to theappropriateIndiva
managermethodsto either move, link, or copy the
streams.Thesemanticsdependsonwhetherkeyboard
modi�ers CTRL or ALT arebeingpressed,similar to
a traditionaldesktop�le manager. This featurepro-
videsaneasy-to-useinterfacefor manipulatingmedia
streamsin MBone sessions.Suchmanipulationsare
commonin a webcastproduction.A webcastdirector
canrun
iview /rooms/soda405/*.cam
iview /confs/lecture.con/video.ses

to createtwo windows,onefor thetemporaryMBone
sessionthat containsvideo streamsfrom all cameras
in room 405 SodaHall, andanotherfor a live video
sessionbeingbroadcastonto the Internet. Thedirec-
tor canpreview thecameras,andusedrag-and-dropto
forward interestingstreamsonto the Internet. More-
over, thedirectorcaneasilyincoorperatesourcesfrom
differentlocations(e.g.,rooms)in theproduction.

The two examplesshown in this sectiondemonstrate
theversatilityandusefulnessof theabstractionspro-
videdby Indiva. In thenext section,we will describe
theunderlyingmechanismusedto implementthesys-
tem.

4 Implementation

Indiva is written using Tcl [20] and the OpenMash
Toolkit [10] for rapid prototyping. Using Open-
Mashalsoallowedusto leverageexisting codein the
MBone tools. For instance,many of our agentsare
simplywrappersaroundexistingencoders,packetfor-
warders,anddevicedrivers.Thesetwo themesunder-
scoreotherimplementationdecisionsaswell.

Theremainderof thissectiondescribeshow resources
are maintainedand how high-level APIs are imple-
mentedin Indiva.

4.1 NamespaceImplementation

TheIndivanamespaceis storedin a �le system.A di-
rectoryin thenamespaceis representedby adirectory
in the�le system,plusa hiddentext �le in thatdirec-
tory. A text �le in the �le systemrepresentsa �le in
the namespace.Resourceattributesarestoredin the
text �les asaTcl list. Figure6 showstwo examplesof
such�les.

Administratorsof an Indiva nodecanadda resource
by simply creatinga text �le with theappropriateat-



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.

tributes.A resourcecanberemovedeitherby deleting
the �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 server
[26] or in a database.We choseto usea �le sys-
tem for its convinience,simplicity and �e xibility in
our prototype,asfeaturessuchassoft links andglob-
stylepatternmatchingarereadilyavailable. We also
consideredrunning discovery protocolsso that new
resourcescan be discoveredby the Indiva Manager
automatically. We decidedinsteadto storeall hard-
ware information statically in a centralizedlocation
for easeof administration.It wasalsoeasierto imple-
ment.Thisdecisioncanbeeasilychanged.Moreover,
certain resourcessuchas conferencemeta-dataand
archivedmediaarecurrentlybeingdiscoveredduring
run-timeby listeningto anSDPchannelor talking to
anRTSPserver respectively.

Oneimportantconceptto notein Figure6(b) is theat-
tribute to . Thevalueof this attribute is thenameof
the resourceto 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 con-

structa graphthat representsthe routing network in
thedistributedaudioandvideoenvironment.

4.2 A/V Graph

The Indiva managermaintainsinformationaboutthe
routing network as a directedgraph called the A/V
Graph. Theverticesin thegraphareresources.There
is an edgefrom a vertex u to vertex v, if it is pos-
sible to senda mediasignal or streamfrom u to v.
Hence,thereareedgesbetweenany pair of portsthat
arephysicallyconnectedthroughcables,andbetween
all input andoutputportsin a routingswitcher. There
are also edgesfrom input ports of capturecardsto
multicastsessionsandfrom multicastsessionsto out-
putportsof displaycards.

A naive representationof the A/V Graphwill result
in quadraticnumberof edgesandis neitherspacenor
time ef�cient. For example,a routing switcherthat
has256inputsand256outputsrequires65536edges
if every connectionis representedexplicitly. Fortu-
nately, theA/V Graphcontainsmany completebipar-
tite subgraphsthatcanbecompressedef�ciently [11].
The graphcompressionworks as follows: for each
completebipartitesubgraphB = (U; V; E), replaceit
with B 0 = (U; V; w; E 0), wherew is anew vertex and
E 0 consistsonly of edgesthat connectsu 2 U to w
andedgesthatconnectsw to v 2 V . Usingthis tech-
nique,we reducethe numberof edgesin a complete
bipartitesubgraphfrom jUj � jV j to jUj + jV j. How-
ever, in the rest of the discussion,we will describe
the Indiva managerimplementationusinganuncom-
pressedgraphfor clarity.

4.3 ActiveServiceFramework

Indiva adoptsthe Active ServiceFramework (AS1)
[2] as the framework for managingIndiva agents.
The AS1 Framework usesa request/respond,soft-
stateprotocolto allocatea hostona clusterof servers
to runaprocessin ascalableandrobustmanner. Here
is a brief descriptionof how it works: Clients and
serverscommunicatethrougha multicastchannelg.
A clientc thatwishesto launchaprocesspontheclus-
tersendsalaunch(p) messageto g. Eachserver in the
clusterrunsa processcalledthehostmanager (HM).
HM listensto g for launch messages.Uponreceiving
a launch message,it setsa randomtimer T. WhenT
expires,HM executesp andsendsan announcement
to g indicatingthatp hasbeenlaunched.However, if



HM receivesan announcementthat anotherHM has
launchedp beforeits timerexpired,it will suppressits
own timer to avoid duplicatelaunchesof p. The use
of randomizedtimersdistributesprocessesrandomly
acrosshostsin a cluster. By biasingthe timer using
currentCPU load on a host,we canachieve reason-
able load balancingamongthe hosts. Robustnessis
built into theprotocol,asonly soft-statesaremaintain
in AS1. c andp periodicallyexchangeheartbeatmes-
sagesto indicatethatc is beingservedby p. If c stops
receiving theheartbeatmessagefrom p, c re-launches
p. If p stopsreceiving theheartbeatmessagefrom c, p
exits.

In our case,the Indiva manageris the AS1 client.
The capture,mediaprocessing,andcontrol comput-
ersform aclusterof hostsfor launchingIndivaagents.
We choseAS1astheframework for managingagents
becauseit is robust andsimple. Moreover, it allows
hostsandagentsto be addedor deletedfrom the en-
vironmentwithout modi�cations to the Indiva man-
agersourcecode.However, we madeseveralmodi�-
cationsto AS1. First,not all Indiva agentscanrun on
all hosts.For example,anagentthatcapturesanden-
codesvideosignalscanonly run on hostswith video
capturecard.An agentthatcontrolsadevicecanonly
run on hostswith a physical interfaceto the device.
We modi�ed AS1 to includea preconditionin there-
questmessage.Only hoststhat satis�ed the speci-
�ed preconditionrespondto therequest.Second,we
decouplethe launch messageinto two new message
types,select andlaunch-now. The select message
is exactly the sameas launch, except that whenthe
timer expires, the hostreplieswith an acknowledge-
mentwithout actually launchingthe agent. This re-
sponseis usedby the Indiva managerto selecta host
to run the agent.The secondmessagetype, launch-
now, tells theselectedhostto launchtheagent.These
two messagesareusedwhendecidingwhich pathto
usein theA/V Graphto routeamediasignal.

4.4 Routing Algorithm

Oneof the challengeswe facedwhen implementing
Indiva is to choosean appropriatemodel for routing
signalsandstreamsthroughthe A/V Graph. Simply
selectinga pathwith the leastnumberof edgesfrom
a sourceto a destinationdoesnot work well asthere
areusuallymany suchpathsbetweenthem. Factors
suchasloadbalancingandsharingof servicesshould

beconsideredin decidingthebestpath.Thisoftenre-
quiresdistributedstates(e.g.,loadsof the machines)
or non-trival cost functionson the edges. This sub-
sectiondescribesthe routing algorithmwe designed,
usingthestreammanagementmethodsencode , mv,
cp , ln andrm asillustrativeexamples.

To sendmediasignalsor streamsfrom a sources to
a destinationt, Indiva createsanobjectcalleda �ow .
A �o w f (s; t) consistsof a path from s to t in the
A/V Graph, and unique identi�ers to Indiva agents
performingservicesonedgesalongthepath.

Flow creationis atwo-stageprocess.In the�rst stage,
the Indiva managersearchesthroughthe A/V Graph
for a set of shortestpathsbetweens and t. A sub-
graphthatcontainstheshortestpathsis returned.The
managertraversesthe subgraphfrom t to s. If there
is morethanoneincomingedgeto thecurrentvertex,
the Indiva managerdecideswhich incomingedgeto
include in the path by sendingan AS1 select mes-
sageto the hosts,so the HMs canmake resourceal-
locationdecisionsusingtheir local states.At theend
of this stage,we obtain a shortestpath from s to t.
During the secondstageof the algorithm,the Indiva
managertraversesthe selectedpathfrom s to t, and
sendsRPCcommandsto theIndivaagents(launching
themwith anAS1launch-now messageif necessary)
to sendmediasignalsandstreamsalongtheedgesin
thepath. In our implementation,we maintaina table
of functionpointersfor eachtypeof edge,pointingto
codethat causesdatato �o w alongthat edge.As an
example,anedgebetweeninputport i andoutputport
j of aroutingswitcherpointsto afunctionthatqueries
theportnumbersof theportsincidentto theedge(i.e.,
thevaluesof i andj ), andinvokesRPCcommandson
theIndiva agentthatcontrolsthatroutingswitcher, to
sendinput i to outputj . A �o w maintainstheunique
identi�er to theseagentsalongtheedges,asapplica-
tions might needto sendfurther commandsto these
agentslater. A �o w will be automaticallyre-created
if we stopreceiving heartbeatmessagesfrom oneof
theseagents.

Figure7 illustrates�o w creationthroughanexample.
Figure7(a) shows a simpleA/V Graphwith 3 video
sources,denotedd1, d2 ands. Eachof thesevideo
sourcessendstheir output to a 3x3 routing switcher.
The 3 outputsfrom the switcherareeachconnected
to a capturecomputer, which cansendencodedsig-
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nalsto multicastsessiont. Oneof thevideosources,
d2, is capableof decodingstreamsfrom themulticast
session.Therearethreepossibleshortestpathfrom s
to t, asgiven in Figure7(b). To pick a path,the In-
diva managertraversesthegraphin 7(b) from t to s.
Sincethereare threeincomingedgesinto t, namely
(c1; t), (c2; t), and (c3; t), the Indiva managersends
an AS1 select messageto the capturecomputersc1,
c2 andc3. Supposethemanagerreceivesanacknowl-
edgementfrom c1, theedge(c1; t) will beaddedto the
path.Themanagersubsequentlytraversesthevertices
p4, p2 ands, addingtheremainingedgeson thepath
from s to c1 to the�o w sincethey have no morethan
one incoming edge. To complete�o w creation,the
Indivamanagertraversesthepath(s;p2; p4; c1; t) and
calls the functionsassociatedwith the edgesto send
mediasignalsor streamsalongthepath.In thisexam-
ple, the Indiva managersendsa requestto the Indiva
agentthat controlsthe routing switcherto switch in-
put 2 to output1 whenit traversesedge(p2; p4), and
startsanencoderprocessthatcapturesa videosignal
from c1 andsendsit to t asit traversesthrough(c1; t).

Otherhigh-level commandsaremappedto low-level
�o w operations.A �o w f (s; t) canbesplit by creating
a new �o w f 0(s; t0) with thesamesourcebut a differ-
entdestination.f andf 0 maysharesomeservicesif
they �o w alongthe sameedges.ln andcp areim-
plementedby �o w splitting. TheIndiva managercan
alsoredirecta �o w (i.e., changethe destinationof a
�o w to causeit to �o w alonga differentpath). This
operationis the basisfor implementingmv. Finally,
a �o w canbedeleted.Deletioninvolvestraversinga
pathandsendingRPCcommandsto theagentsto stop
its service.

Whenconfigure is calledon a mediastream,the
argumentsto the configure methodarepassedto
the agentsin the �o ws. Eachagentrespondsto the
argumentsit recognizes.This approachallows a user

to modify thepropertiesof a streamwithout knowing
implementationdetails.

Thebehavior of theroutingalgorithmcanbemodi�ed
by assigninga cost to eachedgein the A/V Graph.
For example,for accesscontrol,we canassignan1
cost to edgesin a �o w after the �o w is established.
As a result,no otheruserscansharetheedgesin the
�o w. However, different situationsand applications
mayrequirea differentpolicy. In certaincases,shar-
ing betweenusersshouldbepromoted.Considerthe
casewherean encodingprocessis alreadyrunning
and transmittingvideo from CNN. If a seconduser
wishesto view thesamechannel,weshouldreusethe
sameencodingprocessif possible. In this case,we
wantto assignazerocostto edgesin that�o w. Indiva
handlesthesetwo casesby identifying which typeof
resourcescanbesharedfor readingandwriting. For
instance,video andaudiooutputportscanbe shared
for reading,andsessionscanbesharedfor bothread-
ing andwriting. On theotherhand,anRTSParchive
streamcannotbesharedfor writing.

It is possiblefor an Indiva managerto deadlockat-
temptingto satisfycommandsfrom two clientsat the
sametime becauseresourcesareallocatedincremen-
tally and the �o w creationalgorithm might allocate
segmentsin differentorders.TheIndivamanageruses
a priority mechanismto breakdeadlockswhen two
commandsareattemptingto allocateresourcesat the
sametime. If therequestingclient hasa higherprior-
ity, theresourceis pre-emptedandallocatedto there-
questingclient. Theearliestcommandreceivedaborts
later commandsif both requestshave the samepri-
ority. This priority-basedmechanismis required,for
example,whentwo usersrequestaccesson a camera.
Higherpriority canbeassignedto webcastproducers
overnormalusersto ensurethattherequiredresources
arealwaysavailableto producea live webcastwhen
needed.



5 Evaluation

Indiva is currentlyin productionstate.We have setup
two Indiva nodes,onefor an Internetwebcastinfras-
tructureand one for an AG node. We have imple-
mentedseveral agents,including an RTP video en-
coder, anRTPaudioencoder, andcontrollersfor rout-
ing switchers,a Miranda Kaleido multi-image dis-
play system,andan EchoStarsatellitedish. We are
currentlyworking on Indiva agentsto controlpan/tilt
camerasandprojectors.A web serviceinterfaceus-
ing SOAP is also plannedso Indiva canbe usedby
applicationswritten in languagesotherthanTcl.

During the implementationof the prototypesystem,
we did not focuson performance.Themainreasonis
thatthelatency for callingamethodis typically domi-
natedby thelatency to controltheequipment.For ex-
ample,switchingachannelonasatellitedishrequires
at least1 secondsbecausewe need0.5secondsinter-
val betweensendingeachdigit of achannelnumberto
thedish.Furtheremore,ourdecisionof implementing
Indivausingascriptinglanguagefor rapidprototyping
causessomeoverheadin theperformance.Our mea-
surementsshow that Indiva cantake between0.5 - 5
secondsto executea command.While thesenumbers
arenot impressive, they areadequatefor theapplica-
tions we have in mind. This performancemay need
to beimprovedfor someapplications.Table1 givesa
breakdown of thestepsin sendingasignalfrom CNN
to a multicastsessionandtherelative amountof time
taken.

Step Relative Time

Finding set of shortest paths 13%
Selecting a path using AS1 select 12%

Switching channels on satellite dish 44%
Switching route on routing switcher 2%

Launching encoder 18%
Starting encoder 11%

Table1: Timetakento performthecommand”encode
cnn”

To verify our claim that Indiva simpli�es application
developmentin adistributedaudioandvideoenviron-
ment,wedevelopedseveralapplicationsusingIndiva.
iview , describedin section3.2,is composedof 1800
linesof Tcl/Tk andOpenMashcode. However, most
of this codedealswith creatingtheGUI interfaceand
displayingvideostreamsandinformationaboutthem.

Therearelessthan10 linesof codethatactuallyman-
agesstreamsandencodingprocesses.

Oneof thedesigngoalsof Indiva is to make extend-
ing an Indiva nodesimple. Thereare threecasesto
consider:addinga new resourceof an existing type,
addinga new agent,andaddinga new resourcetype.
As mentioned,addinga new resourceof an existing
type requiresaddinga text �le with appropriateat-
tributes. We provide templatesfor variousresource
types. An administratorcancopy the templateto the
approrpiatelocation,renameit, andedit theattributes.
This task can be accomplishedin minutes. We are
developinga GUI resourceeditor for creating,modi-
fying andvisualizingresourcesinsideIndiva, to sim-
plify this processfurther. Adding a new agentis also
relatively easy, asmuchof thecommonfunctionalities
of agentsare alreadyabstractedinto library classes.
Writing a new agent involves providing a standard
wrapperRPCAPI for creatinganew service,deleting
a serviceandrecon�guringa service.Most of ourex-
istingagentsareeitherwrappersarounddevicedrivers
for controllingdevicesor existing mediastreampro-
cessingcode. Table 2 lists available agentsand the
numberof linesof uncommentedwrappercodewrit-
ten. In the rarecasethat a new resourcetype needs
to be added,modi�cation to the Indiva manageris
needed.Again, mostcommonfunctionalitiesareab-
stractedinto library classes.To de�ne a new resource
type,thedeveloperonly needsto createasubclassfor
the IndivaResource class,de�ne its extension,
type, andset �ags to indicateif the resourcecanbe
sharedfor readingandwriting. All currentresource
typesrequireslessthan50linesof codeto implement.
During developmentof Indiva, we areable to adda
new resourcetypein theorderof minutes.This expe-
rienceillustratesthat minimal effort is neededto ex-
tendIndiva andis a hugeimprovementover our pre-
viousexperience,whereweoftenhadto spendupto a
few daysto adaptexistingtoolsto anew environment.

Agent Lines of code

video encoder 390
audio encoder 160

Kaleido controller 150
Routing switcher controller 110

Packet forwarder 140

Table2: IndivaAgents.



6 RelatedWork

Several researchgroupshave implementedsoftware
to control equipmentfor a speci�c application(e.g.,
video conferencing[21], broadcastautomation[3],
and presentationcontrol [14]). Thesesystemsare
excellentsolutionsfor the particularapplication,but
they aretoo limited in functionality. In contrast,In-
diva is an open, extensiblemiddleware systemthat
providesmorefunctionalityandcanbeeasilyre-used
for many applications.

Specializedaudio and video equipmentcontrol sys-
tem, suchasAMX, Crestron,andSmartHome,pro-
videAPIsfor devicecontrol. Indivadiffersfrom these
systemby providing an API not only for controlling
devices,but for managingsoftwareprocessesandme-
dia streamsas well. Furthermore,thesespecialized
control systemsrequireadditionalhardware and are
less�e xible. We note that Indiva doesnot preclude
theuseof thesecontrolsystemsin theenvironment.In
fact,in our prototypeenvironment,we have anAMX
controllerthatcanbecontrolledthroughIndiva.

Jini [17], UPnP[8], andSalutation[7] arearchitec-
turesfor discovery, access,andcontrolof devicesand
software services. Indiva differs from this work in
a few ways. First, thesearchitecturesaremeantfor
networkeddevicesthatsupporttheir particularproto-
cols. They arenot suitablefor environmentthatmust
intergrateoff-the-shelfaudio/videoequipment,most
of which do not currentlyunderstandtheseprotocols.
Second,the primary contribution of Indiva lies in its
easyto use,high-level abstractionsfor manipulating
hardwaredevices,softwareservices,andmediadata,
ratherthanthe lower-level discovery, eventhandling,
andpresentationprotocolsemphasizedby thesearchi-
tectures.

Ninja [9] is anarchitecturefor building a large-scale,
secureenvironmentfor Internetservices. Ninja de-
�nes amechanismfor composingInternetservicesby
searchingfor a paththroughavailableservices.This
conceptis very similar to the�o w creationprocessin
Indiva,exceptthatIndiva�o wscanpassthroughhard-
ware devices and software services,whereasNinja
pathcreationis restrictedto softwareservicesonly.

HAVi [4] is aproposedstandardfor networkinghome
entertainmentdevicesde�ned by several major elec-
tronics companies. HAVi provides Java API for

streammanagementand device controlsand shares
somegoalswith Indiva. However, HAVi is targeted
at consumershomeaudio/videonetwork anddictates
theuseof Firewire asa transportmechanism.Indiva
is meantfor theInternetandsupportsmediatransmis-
sion throughan IP network. It is independentof the
point-to-pointsignal transportmechanism.As a re-
sult, Indivacansupportmany transportmechanisms.

7 Conclusion

This paperdescribeda middlewaresystemfor a dis-
tributed audio and video environmentcalled Indiva.
The systemprovides a single, logical view for ma-
nipulatingaudio/videoequipment,mediaprocessing
services,conferencemeta-data,live mediastreams,
andarchivedmedia. Easy-to-understandabstractions
basedon a �le systemmetaphorareprovided for ap-
plicationdevelopers.Thegoalis to hidelow-level de-
tails in theenvironmentfrom applications,therebyal-
lowing programmersto focuson building high-level
functionalitysuchascontrolautomationandend-user
interfaces.Indiva alsopromotescodereuseby mini-
mizingthecouplingbetweenapplicationandenviron-
ment. We believe that Indiva hasotherapplications
outsidea distributed audio and video environment.
For example,similar middleware could be useful in
SAN or CDN management.

Thediscussionin thispaperdescribesmanipulationof
resourceswithin asingleIndivanode.However, appli-
cationscanconnectto multipleIndivanodesandman-
ageresourcesacrossadministrativeboundries.Weare
currently looking at issuesthat deal with inter-node
operations,suchas establishing�o ws betweenmul-
tiple Indiva nodes. Another issuewe are currently
studyingis building user-level accesscontrolontopof
Indiva resources.The currentsolutionfor restricting
accessto a multicastconferenceis to encrypttheme-
dia streamsusinga key that is known to its intended
participantsonly. This solutioncould be donetrans-
parentlyusing Indiva sinceits �le systemmetaphor
providesa naturalabstractionover accesscontrolus-
ing �le permission.
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