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Abstract

This paperpresentsa uni ed setof abstractionand
operationdor hardware devices, software processes,
and mediadatain a distributed audio and video en-
vironment. Theseabstractionswhich are provided
througha middlevare layer called Indiva, usea le
systemmetaphorto accessesourcesand high-level
commandsto simplify the developmentof Internet
webcastand distributed collaborationcontrol appli-
cations. The designandimplementatiorof Indiva is
describecandexamplesarepresentedo illustratethe
usefulnes®f theabstractions.

1 Intr oduction

Internetwebcastand distributed collaborationis an
importantclassof Internetapplications. Many edu-
cationalandresearchnstitutionshave begunto web-
castlecturesandseminarsover the Internet,and dis-
tributedcollaboratiorsystemsuchastheAccessGrid
(AG) areincreasinglypopular For example thenum-
ber of AG nodeshasgrown from 20 to 105 during
the pasttwo years[6, 12]. However, thesesystems
aredif cult andexpensve to operate- a high qual-
ity, multiple streamwebcasiproductionrequires3 to
5 skilled equipmentbperatorsandan AG conference
requiresat leastoneoperatorat eachlocation.

To reducethe costand complity of operation,sev-
eral researctgroups,including ours, have developed
applicationgo automatevebcastainddistributedcol-
laborationproduction[5, 15, 18, 22]. Our groupde-
velopediwo applicationsnamely theDirector's Con-
sole[28] andBroadcastManager [27], to simplify the
productionof a live webcast. Theseapplicationsen-
able a single operatorto producea high-quality live
webcasttherebyreducingcost.

However, severalproblemsemain.First, applications
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thatmanagea productionervironmentaredif cult to

write. Detailedknowledgeof the ervironmentis re-

quired. The problemis thatwe cannotspecify“what

we want; ratherwe mustspecify“how to implement
a request. For example,to adda TV channeloff a

satellitedish,into awebcastwe must(i) senda com-
mandto the satelliterecever to changeo the desired
channel(ii) senda commando the routing switcher
to switchtheoutputfrom the satellitedishto acapture
computemwith availablecapturecard,and(iii) launch
anencodemproceson the selecteccapturecomputer
Secondapplicationsareoftentightly coupledwith the

ervironmentandcannotadaptwell to changesWhen
new equipments addedor when cablesare rewired,

applicationshave to bemodi ed. Furthermoreanap-

plication written for one ervironmentcannotbe eas-
ily reusedin anotherervironment. Theseproblems
constrainthe developmentof innovative control and
automationsoftware for webcastanddistributed col-

laboration.

We believe a solutionto theseproblemsis to provide
a layer of abstractiorbetweenthe audio/videoervi-
ronmentand the applications. Much like relational
databasesnd UNIX le systems.this layer should
provide abstractionsand an API for managingenti-
tiesin the ervironmentwithout revealing the under
lying details. As an example,we shouldbe able to
say“show methis TV channel”,or “move this stream
from onesessiorto another” without worrying about
how it is actuallyimplementedThis layerof abstrac-
tion will allow programmers$o focuson moreimpor
tantissuessuchasautomatioralgorithmsratherthan
low level detailssuchasroutingsignalsandlaunching
processes.

This paperdescribeghe designand implementation
of suchan abstractiorlayer, calledthe INfrastructre
for Dlstributed Video and Audio (Indiva). The In-



diva middlewvareprovideseasyto understanébstrac-
tionsbasedon a le systemmetaphorandhigh-level

commandsequiredby applicationdevelopers. Be-

side easeof use,Indiva is designedo be extensible
androbust. Extensibilityallows minimalmodi cation

to applicationsvhenthe ervironmentchangeswhile

robustnessensureghat equipmentand software fail-

uresarehandledgracefully Thesegoalsareachieved

usingthefollowing ideas:(i) separatiorof logic from

data,(ii) anadditionallevel of indirectionbetweerap-

plicationsandervironment,and(iii) soft-stateproto-
colsfor communicatiorbetweemrocesses.

The remainderof this paperelaborate®n the design
andimplementatiorof Indiva. Section2 describeshe
abstractiongrovided by Indiva. To illustrateshow
theseabstractionsireused,Section3 shavs two sam-
ple applicationghatcanbebuilt usingindiva. Section
4 discussetheimplementatiorof Indiva. We evaluate
the performanceandeaseof useof the systemin Sec-
tion 5. Finally, Indiva is comparedwith relatedwork
in Section6, andwe concludein Section?.

2 Abstractionsin Indiva

Before we proceedwith a descriptionof Indiva, it is
importantto understandhe type of ervironmentin

whichit is intendedo beused.
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Figure 1. A Distributed Audio and Video Environ-
ment

Figurel shavs a generalizednodelfor a distributed
audio and video ervironment. Such ernvironments
are commonto mary Internet webcastproduction
and distributed collaborationsystems. The erviron-
ment containsaudio/videoequipmentsuch as cam-
eras,videotaperecordersspecial-efiectsprocessors,
and scancorverters. Theseequipmentcan be con-

trolled throughan RS232or IR interface (shavn as
dottedlinesin Figure 1) by control computes. The
captue computes contain hardware and software
for translatingback-and-fortthetweemmediasignals
(generatedy corventionalaudio/videoequipments)
andmediastreams(sequencef IP paclets). The au-
dio/videoequipmentand capturecomputersare con-
nectedusingpoint-to-pointtransmissiontechnologies
(e.g., ber, UTP etc.) throughan audio/videorout-
ing network This routing network is a circuit switch
network thatinterconnectgquipmentand computers
through a seriesof routing switchers, multiplexers,
anddemultiplexersthatcanberemotelycontrolledby
the controlcomputeraswell. Mediaprocessingcom-
puters run software processethat manipulatehe au-
dio andvideo streamssuchastranscodind1], mix-
ing [19], special-eflects processing16] and record-
ing/playbac23]. Recordednediastreamsarestored
in mediaarchives Finally, applicationsaccessand
control the environmentby sendingRPC commands
to the control,capture andmediaprocessingomput-
ersover an IP network. For example,an application
might wantto panor tilt a remotecameraor change
the encodingirame-rateof anencoder Theseentities
might be physically locatedin differentrooms.

Thereare several differentmodelsfor managingme-
dia streamdn a distributedaudioandvideo erviron-
ment.In Indiva, we adoptthe | ETF ConferencéModel
(sometimesalledMBone Conferencesasthe model
for disseminatingnediastreamsbecausef its e x-
ibility and compatibility with the AG. A confeence
is composedf one or more sessions.A sessionis
composeddf mediastreamsof one type, for exam-
ple audioor video, beingdeliveredfrom oneor more
senderd$o oneor morereceversvia IP multicast.For
instancealecturewebcasmightbeaconferencavith
avideo sessiorandan audiosession.Thevideo ses-
sion might containtwo video streamspneshaows the
lecturer andthe othershaws the presentationmateri-
als (e.g.,slides). Meta-datafor conferencesind ses-
sions(e.g.,descriptions]P addresspwners,format)
arestoredin SDPformat[13] andareperiodicallyan-
nouncedo awell-knovn multicastaddress.

Indiva is a middlevare systembetweena distributed
audioandvideoervironmentandapplicationslt pro-
videsa setof APIs for accessingandcontrolling the
threetypesof entitiesin the ervironment: hardware
(e.g.,equipmentrouting networks andvideo capture



cards), softwae processesand data (e.qg., live me-
dia streamsarchived media,and meta-datdor con-
ferencesand sessions).The hardware, software pro-
cessesanddatamanagedn the ervironmentwill be
calledindivaresoucesin this paper
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Figure2: Indiva SoftwareArchitecture
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Figure 2 shavs the software architectureof the sys-
tem. It is composeaf a manajer anda setof agents
The managelis a processthat controlsresourcesn
anindivanode A nodeis anadministratvely de ned
domainof equipmentprocesseanddata. For exam-
ple, an AG nodecanbe an Indiva node. The Indiva
agentsare processesunning on the capture,control
and mediaprocessingcomputers.Eachprocesgper
formsaspeci c task,suchasrecordingmediastreams
or controlling a speci ¢ piece of equipment. Each
task performedby an agentis called a service An
agentmay provide multiple servicesatthe sametime.
The manageractslike a network le sener, except
thatit managesesource# anindivanode.Theman-
agerprocesss assumedo be up andrunningall the
time, while agentsare dynamicallylaunchedby the
managewhenneeded. An applicationthatwishesto
manipulateesource# theernvironmentinvokesRPC
command®nthemanagerThemanagedecidesow
to executethecommandsandinvokesoneof thestan-
dardRPCAPIs ontheagentgo completetherequest.
This architecturamprovesthe modularityof the sys-
tem, as new equipmentsand software processesan
beaddedby writing new agentsandrecon guringthe
managerso thatit cancommunicatewith the agents.
No modi cationsto applicationds needed.

The restof this sectiondescribedndiva abstractions
and high-level commandswithout going into details
abouthow they areactuallyimplementedTheimple-

mentationis describedn Sectior4.

2.1 ResourceNaming

In orderfor anapplicationto manipulateanIndivare-
sourceatanode theapplicatiormustnameor identify
the resource. Indiva provides a hierarchicalnames-
pacefor namingresources.Namescan be grouped
into hierarcly basedon eitherlogical grouping(e.g.,
physicallocation),or basedon a“hasa” relationship.
A resourcemay appeatin multiple placesin the hi-
erarcly usinglinks. Namesfor staticresourcessuch
asdevices,areprede nedby the Indiva nodeadmin-
istrator Namesfor software processesgonferences,
and mediastreamsare createdon-the- y when pro-
cessearelaunchedwhena nev SDPannouncement
is receved, or when paclets from a newv sourceare
detectedrespectiely. Userscanalsogroupresources
into a customizedierarcty basedntheirinterest.

For instance,to specify the compositeoutput of a
camerdocatedin room405SodaHall, onemightuse

/ roomns/ 405soda/ f ront . cam conposi t e. out

andto specifythe audiostreamin a lecturewebcast,
onemightuse

/ conf s/ cs101. con/ audi 0. ses/audio.rtp

Thereare several pointsto notein the abose exam-
ples. First, we useUNIX le systemsyntaxto name
aresource.This similarity is intentional. As canbe
seenlater, we are usinga le systemmetaphorto
manipulatethe resources.As such,we alsousethe
term directoriesto refer to resourceghat can con-
tain otherresourcesand les to referto resourcesn
general. Second,we use extensionsto indicatere-
sourceypes:“.cam”for acamera;.out” for anoutput
port,“.con” for aconference;.ses”for asessionand
“rtp” for an RTP stream. Third, directoriesnot as-
sociatedwith ary resourcessuchasrooms, confs
and405soda canbecreatedor thepurposeof orga-
nizing the namespacekigure 3 shovs an exampleof
asimplenamespace.

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

Indiva resourcedave an associatedist of attributes,
whichis representetdy key-valuepairs. Differentre-
sourcetypeshave differentsetsof requiredattributes



speaker.cam
S<405$0d audience.cam
room:
306sodal: stage.cam

405-speaker.cam——= composite.out
405-audience Cam—= composite.out
405-stage.canfi—= composite.out

530-routing-switcher.rs
sblaster.cap—— mic.in

captureO.pc<:
i
home < z&%% video. se lecture.rtp
lides.rt
cs101. co% audio. ses\ slides.rtp

conf< ag-lobby. co video.ses audio.rtp
audlo ses
cnn
tv < espn
nbc

Figure3: Namespacen Indiva

composite.in

bttv. cap4 s-video.in

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-
tomizedattributescanbe addedby usersor adminis-
tratorsfor corvenience.

2.2 NamespaceéVianipulation

The Indiva managermprovides several commandsor
manipulatingthe namespace.Thesecommandsare
being boundto RPC methodsin applications. and
mary of themaresimilarto thoseonaUNIX le sys-
tem. In particulayr thels methodreturnsthe contents
of adirectory andthefind methodreturnsa list of
resourcesvhoseattributesmatcha givenlist. These
areusefulmethoddor discoreringresourcesn anin-
diva node.For instancejnvoking s on asessiorre-
turnsthelist of streamsinvokingls onasatellitedish
returnsthelist of availableTV channelsandinvoking
Is onaroomreturnsall devicesin a room. To get
all cameradooking at the spealer in all rooms,one
canusefind to searchfor all resourcesvhosename
matches™.cam” and hasan attribute view whose
valueis “spealer”. Here,view is anexampleof a
usefuluserde ned attribute. Attributescanbe modi-
ed or addedduringrun-timeusingthe configure
method. The Indiva manageilsoprovidesa method
namednfo for inspectingattributesof aresource.

Other namespacemanipulation methods include
mkdir , In andmv. mkdir createsa directory In
createsan alias of a resourceand mv renamesa re-
source.However, asdescribedn thenext sectionIn

andmv arealsooverloadedo managamnediastreams
aswell.

2.3 Media StreamsManagement

Onenovel featureof Indiva is the high-level abstrac-
tions for creating, manipulatingand deleting media
streamsn adistributedaudioandvideoernvironment.
The Indiva managerprovides the methodsencode ,
decode , play , record , In, cp, mvandrm for
thesepurposes.

The encode methodcaptures,encodesand trans-
mits a video or audio signalinto a speci ed multi-

castsession.The decode methoddecodesa speci-
ed streamfrom a multicastsessionand transmitsit

asavideoor audiosignal. Implementingthesemeth-
ods involves more than launchingan encodingor a

decodingprocessin the caseof encode , beforethe

processcan be launched the managemustselecta

capturecomputerand activate the sourceof the sig-

nal. Then,the signalmustbe routedthroughthe au-

dio/video network to the selectedcapturecomputer
encode returnsthe namefor theresultingstreamin

the namespace By default, encode usesthe RTP

CNAME of the streamasits le namebecauset is

uniqueamongall participantswithin an RTP session
[24] (An example le nameis shavn in Figure4).

Thepropertiesof theencodedstreamcanbespeci ed
by passingoptionalargumentsto encode andmod-
i ed by usingthe configure  method. Recallthat
configure  canbeusedto modify attributesof are-
source. In the caseof mediastreamsconfigure
may modify the propertiesof the video source rout-
ing path,andencodingprocessaswell. For instance,
configure  canbeusedto tilt thecameraswitchto
anothercamereor increaséheframe-rate.

The play andrecord methodscorvert between
live mediastreamsandarchived mediastreamsusing
RTSP[25] or Mars[23].

The mv methodmoves a streamfrom one sessiorto
anotherIn this casemvnotonly modi es thenames-
pace,but it changeghe ernvironmentto maintainthe
semanticof the namespaceSincethe moved stream
now belongsto a differentmulticastsessionthe In-
diva managemust contactthe encodingprocessof
the streamandtell it to switchto a differentdestina-
tion addressSimilarly, themethodsp andin mod-
ify both the namespacandthe ervironment. When



a streamis copiedor linkedto anothersessionpack-
ets are forwardedto the target session. The differ-

encebetweercp andin isthattheattributesof anew

streamcreatedoy cp canbemodi ed without chang-
ing the original stream while changingthe attributes
of astreancreatedby In modi es theattribute of the
original stream.Consequentlythe changeds visibleto

all recipientsof the stream.The semanticareanalo-
gousto their counterpartn the le system.Finally, a

streamcanberemovedby therm method.rm deletes
a streamfrom the namespacegndstopsthe encoding
process.

These methods further illustrate the le system
metaphorin Indiva — we are treatingmediastreams
as les, andmulticastsessionssdirectories.By ma-

nipulatingthe namespaceaye cancreate changefor-

ward, andremove mediastreamsn anintuitive way.

Theseareall importantoperationsn productioncon-

trol and automationapplications.The operationsare
alsovaluablefor someoneadynamicallycontrolling a

desktopinterfaceto a complec distributedaudioand

video ervironment.But the operationsaredif cult to

implementwithoutIndivabecaussomary detailsare
required.

We notethat even thoughIndiva provides high-level
abstractiongor manipulatingresourcesall resources
in the ervironmentareexposedto the users.A power
usercanmanuallyselecta capturemachine(usefulif
othercapturemachinesareshuttingdown for mainte-
nancesoon),useroute methodto senda video sig-
nalto it, andlaunchtheencoderWe expect,however,
thatmostusersandapplicationswill usethehigh-level
abstractionbecausehey arecorvenientandprovide
therequiredfunctionality

3 Indiva Applications

Before we describethe implementationof Indiva in

greaterdetail in the next section, two applications
writtenusingindivawill bedescribedThe rst exam-
pleis a text-basedjnteractve shell, calledthe Indiva
shell,orish . The secondexampleis a GUI applica-
tion for viewing videosources.

3.1 Indiva Shell

We wrote the Indiva shellfor two purposesFirst, we
neededa simple applicationthat calls the APIs pro-
vided by the Indiva managerfor testingand delug-
ging. Secondshellscriptscanbewritten to automate

repetitve tasksin producingawebcasbr a collabora-
tive session.

$ mount /bnrc otto. bnrc. berkel ey. edu: 9500
ish$ Is
devi ces
ish$ cd
ish$ Is
speaker.cam@ audi ence. cam@ stage.cam@
i sh$ nkcon | ecture.con

i sh$ nkses | ecture.con/v.ses -type video

hone roons confs archives

hone/ bob

ish$ cd lecture.con
ish$ configure v.ses -addr 224.4.4.4
i sh$ configure v.ses -port 44444 -ttl 16

i sh$ encode speaker.camv. ses
v.ses/ive: 8921@apt ure0. bnrc. berkel ey. edu.rtp
i sh$ record v.ses /bnrc/archives/today

Figure4: An interactive sessiorwith 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 namespaceand mount
and umount commandso connectand disconnect
from an Indiva node. Figure 4 shavs an example
interactve sessionin ish . In this example, a user
namedBob connectshimself to an Indiva manager
running on a particular machineat Berkeley. Bob
thenchangesghe currentdirectoryto his homedirec-
tory /omrc/home/bob , wherehe hascreatedinks
to threecameradn a lectureroom. To starta web-
cast,Bob createsa conferencenda sessiorunderhis
homedirectory con guresthesessiono usemulticast
addres24.4.4.Zandport44444 Finally, heuseshe
encode commando sendthevideofrom thecamera
pointingto the spealer into the multicastsessiorand
therecord commando save a copy of the streams
for archving.

The next example,shavn in Figure5, illustrateshow
ish canbeusedo scriptrepetitvetaskswhenprepar
ing an AG nodefor remotecollaboration. The script
rst turnson all threewall projectors. It thensends
VGA outputfrom the twin headeddisplay computer
to the projectorsandsendsvideo andaudiofrom the
local AG nodeto the AG lobby. Finally, it launches
aviewer to displayall streamsn the AG lobby. The
viewer, callediview , is anothemrexampleapplication
built on top of Indiva. We briey describeiview
next.



#!/bin/ish

mount /ag heart. cs. berkel ey. edu: 9500

set room /ag/ roomns/ 31l4soda

set conf /ag/confs/|obby.con

configure /ag/dev/projl -on

configure /ag/dev/proj2 -on

configure /ag/dev/proj3 -on

route $roomictrl.pc/vgal. out /ag/dev/projl/vga.in
route $roonfctrl.pc/vga2.out /ag/dev/proj2/vga.in
route $roomctrl.pc/vga3. out /ag/dev/proj3/vga.in
encode $roonm wi de. cam $conf/ vi deo. ses

encode $roonl | eft.cam $conf/vi deo. ses

encode $rooniright.cam $conf/vi deo. ses

encode $rooni audi o. mi x $conf/ audi o. ses

vi ew $conf

Figure5: An ish script for initializing AG erviron-
ment.

3.2 IndivaViewer

The Indiva viewer, or iview , is intendedas a user
friendly GUI for viewing mediasourcesn an Indiva
node. iview acceptsresourcenamesas command
line agumentsandrendersvideo and audio streams
of the given resources.Resourceshat can generate
mediasignalg(e.g.,cameraTV tuner scancorverter),
generatenediastreamge.g. capturecard),or contain
mediastreams(e.g., conferencemulticastsessions)
canbeusedasargumentsWe nd thisinterfaceuseful
for previewing variousmediasourcesn our erviron-
ment. For example supposeave setupadirectory/tv

in the namespacéhat containsa list of TV channels
available. To watchCNN on our desktopwe execute
thecommand:

iview /tv/cnn

This causesview to mountthe default Indiva node
(de ned eitherin acon guration le or registry), call
mkcon andmkses to createtemporarymulticastses-
sions,andcall encode to sendthe video andaudio
signalsto the temporarymulticastsessions.iview
thenjoinsthe sessionso receve, decodeanddisplay
thevideoandaudiostreamslIn this example theend-
usergust needto know theresourcename/tv/cnn
anddonotneedto careaboutwhetherthe TV signalis
from a satellitedish,a settopbox or a TV tunercard,
nordothey needto know aboutsignalroutingandthe
encodingprocess.This commandwould still work if
theernvironmenthaschanged.

Another useful featurein iview
Draggingand droppinga video from one sessiono

is drag-and-drop.

anotherxecutesanRPCcall to theappropriaténdiva
managermethodsto either move, link, or copy the
streamsThesemanticglepend®nwhetherkeyboard
modi ers CTRL or ALT arebeingpressedsimilarto
a traditionaldesktop le manager This featurepro-
videsaneasy-to-usinterfacefor manipulatingnedia
streamsn MBone sessions.Suchmanipulationsare
commonin awebcasproduction.A webcastirector
canrun

i view /roons/ soda405/*. cam
iview /confs/lecture.con/video. ses

to createtwo windows, onefor thetemporaryMBone
sessiorthat containsvideo streamdrom all cameras
in room 405 SodaHall, andanotherfor a live video
sessiorbeingbroadcasbnto the Internet. The direc-
tor canpreview thecamerasandusedrag-and-dropo
forward interestingstreamsonto the Internet. More-
over, thedirectorcaneasilyincoorperatsourcegrom
differentlocations(e.g.,rooms)in the production.

The two examplesshawvn in this sectiondemonstrate
the versatility and usefulnes®f the abstractiongro-
vided by Indiva. In the next section,we will describe
theunderlyingmechanisnusedto implementhe sys-
tem.

4 Implementation

Indiva is written using Tcl [20] and the OpenMash
Toolkit [10] for rapid prototyping. Using Open-
Mashalsoallowed usto leverageexisting codein the

MBone tools. For instance mary of our agentsare
simplywrappersaroundexistingencoderspacletfor-

wardersanddevice drivers. Thesawo themeaunder

scoreotherimplementatiordecisionsaswell.

Theremaindepf this sectiondescribedow resources
are maintainedand how high-level APls are imple-
mentedn Indiva.

4.1 Namespacdmplementation

Thelndivanamespaces storedin a le system A di-
rectoryin thenamespaces representetly adirectory
in the le systemplusahiddentext le in thatdirec-
tory. A text le inthe le systemrepresents le in
the namespaceResourceaattributesare storedin the
text les asaTcl list. Figure6 shovstwo examplesof
such les.

Administratorsof an Indiva nodecanadda resource
by simply creatinga text le with the appropriateat-



6(a)
lusr/lib/indiva/rooms/soda405/speaicam/.info

canera {
vi ew speaker
conpany Canon
nmodel VCC-4
host nane 405ctrl . bnrc. ber kel ey. edu
path /dev/cuac00
def aul t out conposite. out
| ocation {Soda 405}
friendl ynane {Audi ence Canera in 405 Soda}
norm ntsc

}

6 (b)
{usr/lib/indiva/rooms/soda405/speaicam/video.out

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

Figure6: Exampleresourcecon guration les.

tributes.A resourceanberemovedeitherby deleting
the le onthe le systemor hidinga le (i.e.,pre x
it with “.”). Hiding a le is usefulfor “commenting”
outaresourcen Indiva.

Otherimplementationgrepossible:for example,we

consideredstoringthe namespace an LDAP sener
[26] or in a database.We choseto usea le sys-
tem for its corvinience, simplicity and e xibility in

our prototype asfeaturessuchassoft links andglob-

style patternmatchingarereadily available. We also
consideredrunning discovery protocolsso that new

resourcesan be discovered by the Indiva Manager
automatically We decidedinsteadto storeall hard-
ware information statically in a centralizedlocation
for easeof administrationlt wasalsoeasierto imple-

ment. This decisioncanbeeasilychangedMoreover,

certainresourcessuch as conferencemeta-dataand
archived mediaarecurrentlybeingdiscoreredduring

run-timeby listeningto an SDP channelor talking to

anRTSPsenerrespectiely.

Oneimportantconcepto notein Figure6(b)is theat-
tributeto . Thevalueof this attribute is the nameof
the resourceo 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 managetto con-

structa graphthat representshe routing network in
thedistributedaudioandvideoervironment.

4.2 AV Graph

The Indiva managemaintainsinformationaboutthe
routing network as a directedgraph called the A/V
Graph Theverticesin thegraphareresourcesThere
is an edgefrom a vertex u to vertex v, if it is pos-
sible to senda mediasignal or streamfrom u to v.

Hence thereareedgeshetweenrary pair of portsthat
arephysically connectedhroughcablesandbetween
all inputandoutputportsin aroutingswitcher There
are also edgesfrom input ports of capturecardsto

multicastsessiongndfrom multicastsession$o out-

put portsof displaycards.

A naive representatiomf the A/V Graphwill result
in quadratilmumberof edgesandis neitherspacenor
time efcient. For example,a routing switcherthat
has256 inputsand256 outputsrequires65536edges
if every connectionis representeaxplicitly. Fortu-
nately the A/V Graphcontainsmary completebipar
tite subgraphshatcanbecompresseéf ciently [11].
The graph compressiorworks as follows: for each
completebipartitesubgrapB = (U; V; E), replacet
with B®= (U; V;w; E9, wherew is anew vertex and
E ° consistsonly of edgesthatconnectsu 2 U tow
andedgeghatconnectav tov 2 V. Usingthistech-
nigue, we reducethe numberof edgesin a complete
bipartitesubgraptHromjuj jVjtojUj+ jVj. How-
ever, in the restof the discussionwe will describe
the Indiva manageimplementatiorusingan uncom-
pressedjraphfor clarity.

4.3 Active Sewice Framework

Indiva adoptsthe Active ServiceFrameavork (AS1)
[2] as the framewvork for managingindiva agents.
The AS1 Frameavork usesa request/respondsoft-
stateprotocolto allocatea hoston a clusterof seners
to runaprocessn ascalableandrobustmannerHere
is a brief descriptionof how it works: Clients and
seners communicateghrougha multicastchannelg.
A clientcthatwishegto launchaproces ontheclus-
tersendsalaunch(p) messagéo g. Eachsenerin the
clusterrunsa processalledthe hostmanager (HM).
HM listensto g for launch messagedJponreceving
alaunch messaget setsarandomtimer T. WhenT
expires,HM executesp and sendsan announcement
to g indicatingthatp hasbeenlaunched.However, if



HM recevesan announcemerthat anotherHM has
launched beforeits timer expired,it will suppresgs
own timer to avoid duplicatelaunchesof p. The use
of randomizedimersdistributesprocessesandomly
acrosshostsin a cluster By biasingthe timer using
currentCPU load on a host, we canachieve reason-
ableload balancingamongthe hosts. Rolustnessds
built into the protocol,asonly soft-statesaremaintain
in AS1. c andp periodicallyexchangeheartbeates-
sagedo indicatethatc is beingsenedby p. If c stops
receving the heartbeatmessagéom p, c re-launches
p. If p stopsreceving theheartbeatmessagéromc, p
exits.

In our case,the Indiva manageris the AS1 client.
The capture,mediaprocessingand control comput-
ersform aclusterof hostsfor launchingindivaagents.
We choseAS1 astheframewnork for managingagents
becausét 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, notall Indivaagentscanrunon
all hosts.For example,anagentthatcapturesanden-
codesvideo signalscanonly run on hostswith video
capturecard.An agentthatcontrolsa device canonly
run on hostswith a physical interfaceto the device.
We modi ed AS1toincludea preconditionin there-
guestmessage.Only hoststhat satis ed the speci-
ed preconditionrespondo therequest.Secondwe
decouplethe launch messagénto two hew message
types,select andlaunch-now. The select message
is exactly the sameaslaunch, exceptthat whenthe
timer expires, the hostreplieswith an acknavledge-
mentwithout actually launchingthe agent. This re-
sponsds usedby the Indiva manageto selecta host
to run the agent. The secondmessageype, launch-
now, tellsthe selectedhostto launchtheagent.These
two messageare usedwhendecidingwhich pathto
usein the A/V Graphto routea mediasignal.

4.4 Routing Algorithm

One of the challengesve facedwhenimplementing
Indiva is to choosean appropriatemodelfor routing
signalsandstreamghroughthe A/V Graph. Simply
selectinga pathwith the leasthnumberof edgesfrom

a sourceto a destinationdoesnot work well asthere
are usually mary suchpathsbetweenthem. Factors
suchasloadbalancingandsharingof servicesshould

beconsideredn decidingthe bestpath. This oftenre-
quiresdistributed stateg(e.g.,loadsof the machines)
or non-trival costfunctionson the edges. This sub-
sectiondescribeghe routing algorithmwe designed,
usingthe streammanagemenmethodsncode , my,
cp, In andrm asillustrative examples.

To sendmediasignalsor streamdrom a sources to

adestinationt, Indiva createsanobjectcalleda ow.

A ow f(s;t) consistsof a pathfrom s to t in the
A/V Graph, and uniqueidenti ers to Indiva agents
performingserviceson edgesalongthe path.

Flow creationis atwo-stageprocessin the rst stage,
the Indiva managersearcheshroughthe A/V Graph
for a setof shortestpathsbetweens andt. A sub-
graphthatcontainghe shortespathsis returned.The
manageitraversesthe subgrapifromt to s. If there
is morethanoneincomingedgeto the currentvertex,
the Indiva managemdecideswhich incoming edgeto
includein 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 shortestpathfrom s to t.
During the secondstageof the algorithm, the Indiva
managetraversesthe selectedpathfrom s to t, and
sendsRPCcommanddgo thelndivaagentglaunching
themwith anAS1launch-now messagé necessary)
to sendmediasignalsandstreamsalongthe edgesn
the path. In our implementationye maintainatable
of functionpointersfor eachtype of edge pointingto
codethatcauseglatato o w alongthatedge. As an
example,anedgebetweerinputporti andoutputport
j of aroutingswitcherpointsto afunctionthatqueries
theportnumbersof the portsincidentto theedge(i.e.,
thevaluesof i andj ), andinvokesRPCcommand®n
the Indiva agentthatcontrolsthatrouting switcher to
sendinputi to outputj . A o w maintainsthe unique
identi er to theseagentsalongthe edgesasapplica-
tions might needto sendfurther commandgo these
agentdater A ow will be automaticallyre-created
if we stopreceving heartbeamessagefrom one of
theseagents.

Figure7? illustrates o w creationthroughanexample.
Figure7(a) shavs a simple A/V Graphwith 3 video
sourcesdenotedd;, d, ands. Eachof thesevideo
sourcessendstheir outputto a 3x3 routing switcher
The 3 outputsfrom the switcherare eachconnected
to a capturecomputey which cansendencodedsig-
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Figure7: Adding A Flow

nalsto multicastsessiort. Oneof thevideosources,
d», is capableof decodingstreamdrom the multicast
session.Therearethreepossibleshortespathfrom s
to t, asgivenin Figure7(b). To pick a path,the In-
diva managetraverseshe graphin 7(b) fromt to s.
Sincethereare threeincoming edgesinto t, namely
(c1;1), (c2;1), and(cs;t), the Indiva managersends
an AS1 select messagé¢o the capturecomputerscy,
C; andcsz. Supposdhe managerecevesanacknavl-
edgementrom cz, theedge(cs; t) will beaddedo the
path.Themanagesubsequentljyraverseghevertices
ps, p2 ands, addingthe remainingedgeson the path
from s to c; to the o w sincethey have no morethan
oneincomingedge. To complete o w creation,the
Indivamanagetraverseghepath(s; p2; ps; c1;t) and
calls the functionsassociatedvith the edgesto send
mediasignalsor streamsalongthepath.In this exam-
ple, the Indiva manageisendsa requesto the Indiva
agentthat controlsthe routing switcherto switchin-
put 2 to output1 whenit traversesedge(p2; ps), and
startsan encodeprocesghat capturesa video signal
from c; andsendst tot asit traverseghrough(c; t).

Otherhigh-level commandsare mappedto low-level

o w operationsA owf (s;t) canbesplitby creating
anev ow f qs;t9 with the samesourcebut a differ-

entdestination.f andf ®may sharesomeservicesf

they ow alongthe sameedges.In andcp areim-

plementedoy o w splitting. The Indiva managercan
alsoredirecta ow (i.e., changethe destinationof a
ow to causet to ow alonga differentpath). This
operationis the basisfor implementingmv. Finally,

a ow canbedeleted.Deletioninvolvestraversinga
pathandsendingRPCcommandso theagentdo stop
its service.

Whenconfigure is calledon a mediastream the
argumentsto the configure  methodare passedo
the agentsin the ows. Eachagentrespondgo the
argumentst recognizes.This approachallows a user

to modify the propertiesof a streamwithout knowing
implementatiordetails.

Thebehaior of theroutingalgorithmcanbemodi ed
by assigninga costto eachedgein the A/V Graph.
For example,for accessontrol, we canassignan 1
costto edgesin a ow afterthe ow is established.
As aresult,no otheruserscansharethe edgesn the
ow. However, differentsituationsand applications
may requirea differentpolicy. In certaincasesshar
ing betweenusersshouldbe promoted.Considerthe
casewhere an encodingprocessis alreadyrunning
and transmittingvideo from CNN. If a seconduser
wishesto view thesamechannelwe shouldreusethe
sameencodingprocessf possible. In this case,we
wantto assigna zerocostto edgesn that o w. Indiva
handleghesetwo casedy identifying which type of
resourcesanbe sharedor readingandwriting. For
instance yvideo andaudiooutputportscanbe shared
for reading,andsessionganbe sharedor bothread-
ing andwriting. On the otherhand,an RTSParchve
streamcannotbe sharedor writing.

It is possiblefor an Indiva managerto deadlockat-
temptingto satisfycommandgrom two clientsat the
sametime becauseesourcesareallocatedincremen-
tally andthe ow creationalgorithm might allocate
seggmentdn differentorders.Thelndivamanageuses
a priority mechanismo break deadlockswhen two
commandsare attemptingto allocateresourcest the
sametime. If therequestingclient hasa higherprior-
ity, theresourcas pre-emptedndallocatedo there-
guestingclient. Theearliestcommandecevedaborts
later commandsf both requestshave the samepri-
ority. This priority-basedmechanismis required,for
example,whentwo usersrequesticces®n a camera.
Higher priority canbe assignedo webcasiproducers
overnormalusergo ensurdhattherequiredresources
are always availableto producea live webcastwhen
needed.



5 Evaluation

Indivais currentlyin productionstate.We have setup
two Indiva nodesonefor an Internetwebcasinfras-
tructureand one for an AG node. We have imple-
mentedseveral agents,including an RTP video en-
coder anRTP audioencoderandcontrollersfor rout-
ing switchers,a Miranda Kaleido multi-image dis-
play system,and an EchoStarsatellitedish. We are
currentlyworking on Indiva agentgo control pan/tilt
camerasand projectors. A web serviceinterfaceus-
ing SQAP is also plannedso Indiva can be usedby
applicationswrittenin languagestherthanTcl.

During the implementationof the prototypesystem,
we did notfocuson performanceThe mainreasons
thatthelateng for callingamethodis typically domi-
natedby thelateny to controltheequipmentFor ex-
ample switchinga channebn a satellitedishrequires
atleastl seconddecauseave need0.5 secondsnter
val betweersendingeachdigit of achannehumberto
thedish. Furtheremoregur decisionof implementing
Indivausingascriptinglanguagédor rapidprototyping
causesomeoverheadn the performance Our mea-
surementshaw that Indiva cantake between0.5- 5
seconddo executea command While thesenumbers
arenotimpressie, they areadequatdor the applica-
tions we have in mind. This performancamay need
to beimprovedfor someapplicationsTablel givesa
breakdown of the stepsn sendinga signalfrom CNN
to a multicastsessiorandthe relative 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%

Tablel: Timetakento performthecommandencode
cnn”

To verify our claim that Indiva simpli es application
developmenin adistributedaudioandvideoerviron-
ment,we developedsereralapplicationausingindiva.
iview , describedn section3.2,is composeaf 1800
linesof Tcl/Tk andOpenMastcode. However, most
of this codedealswith creatingthe GUI interfaceand
displayingvideostreamsandinformationaboutthem.

Therearelessthan10linesof codethatactuallyman-
agesstreamsandencodingprocesses.

Oneof the designgoalsof Indivais to make extend-
ing an Indiva nodesimple. Thereare threecaseso
consider:addinga new resourceof an existing type,
addinga new agent,andaddinga new resourceaype.
As mentioned,addinga new resourceof an existing
type requiresaddinga text le with appropriateat-
tributes. We provide templatesfor variousresource
types. An administratorcancopy the templateto the
approrpiatdocation,renamet, andedittheattributes.
This task can be accomplishedn minutes. We are
developinga GUI resourceeditor for creating,modi-
fying andvisualizingresourcesnsideIndiva, to sim-
plify this procesdurther Adding a new agentis also
relatively easyasmuchof thecommonfunctionalities
of agentsare alreadyabstractednto library classes.
Writing a new agentinvolves providing a standard
wrappeRPCAPI for creatinga new service deleting
aserviceandrecon guringaservice.Most of our ex-
istingagentsareeitherwrappersaarounddevice drivers
for controlling devicesor existing mediastreampro-
cessingcode. Table 2 lists available agentsand the
numberof lines of uncommenteavrappercodewrit-
ten. In the rare casethat a new resourcetype needs
to be added,modi cation to the Indiva manageris
needed.Again, mostcommonfunctionalitiesare ab-
stractednto library classesTo de ne anew resource
type,thedeveloperonly needgo createa subclasgor
the IndivaResource class, de ne its extension,
type, andset ags to indicateif the resourcecanbe
sharedfor readingandwriting. All currentresource
typesrequiredessthan50linesof codeto implement.
During developmentof Indiva, we are ableto adda
new resourcdypein the orderof minutes.This expe-
rienceillustratesthat minimal effort is neededo ex-
tendIndiva andis a hugeimprovementover our pre-
viousexperiencewherewe oftenhadto spendupto a
few daysto adaptexistingtoolsto anew ervironment.

| Agent | Lines of code |

video encoder | 390

audio encoder | 160

Kaleido controller | 150

Routing switcher controller | 110
Packet forwarder | 140

Table2: Indiva Agents.



6 RelatedWork

Several researchgroupshave implementedsoftware
to control equipmentfor a speci ¢ 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, extensible middlevare systemthat
providesmorefunctionalityandcanbe easilyre-used
for mary applications.

Specializedaudio and video equipmentcontrol sys-
tem, suchas AMX, Crestron,and SmartHome pro-
vide APIsfor device control. Indiva differsfrom these
systemby providing an API not only for controlling
devices,but for managingsoftwareprocesseandme-
dia streamsaswell. Furthermore thesespecialized
control systemsrequire additionalhardware and are
less e xible. We notethat Indiva doesnot preclude
theuseof thesecontrolsystemsn theenvironment.in
fact,in our prototypeervironment,we have an AMX
controllerthatcanbe controlledthroughindiva.

Jini [17], UPnP[8], and Salutation[7] are architec-
turesfor discovery, accessandcontrolof devicesand
software services. Indiva differs from this work in

a few ways. First, thesearchitecturesare meantfor

networked devicesthat supporttheir particularproto-
cols. They arenot suitablefor ervironmentthat must
intergrate off-the-shelfaudio/videoequipment,most
of which do not currentlyunderstandheseprotocols.
Secondthe primary contrikution of Indivaliesin its

easyto use,high-level abstractiongor manipulating
hardwaredevices, software servicesandmediadata,
ratherthanthe lower-level discovery, eventhandling,
andpresentatioprotocolsesmphasizetly thesearchi-
tectures.

Ninja [9] is anarchitecturefor building a large-scale,
secureervironmentfor Internetservices. Ninja de-
nes amechanisnior composingnternetservicesy
searchingor a paththroughavailable services.This
conceptis very similarto the o w creationprocessn
Indiva, exceptthatindiva o wscanpasghroughhard-
ware devices and software services,whereasNinja
pathcreationis restrictedto softwareservicesonly.

HAVi [4] is aproposedstandardor networkinghome
entertainmentevicesde ned by several major elec-
tronics companies. HAVi provides Java API for

streammanagemenand device controls and shares
somegoalswith Indiva. However, HAVi is tamgeted
at consumersiomeaudio/videonetwork anddictates
the useof Firewire asa transportmechanism.ndiva
is meantfor the Internetandsupportamediatransmis-
sionthroughan IP network. It is independenbf the
point-to-pointsignal transportmechanism.As a re-
sult, Indiva cansupportmary transportmechanisms.

7 Conclusion

This paperdescribeda middlevare systemfor a dis-
tributed audio and video ervironmentcalled Indiva.
The systemprovides a single, logical view for ma-
nipulating audio/videoequipment,mediaprocessing
services,conferencemeta-dataive media streams,
andarchived media. Easy-to-understanabstractions
basedon a le systemmetaphorare provided for ap-
plicationdevelopers.Thegoalis to hidelow-level de-
tailsin theernvironmentfrom applicationstherebyal-
lowing programmergo focuson building high-level
functionality suchascontrolautomatiorandend-user
interfaces.Indiva also promotescodereuseby mini-
mizingthe couplingbetweerapplicationanderviron-
ment. We believe that Indiva hasother applications
outside a distributed audio and video ervironment.
For example, similar middlewvare could be usefulin
SAN or CDN management.

Thediscussiornn this paperdescribesnanipulatiorof
resourcesvithin asinglelndivanode.However, appli-
cationscanconnecto multiple Indivanodesandman-
ageresourcescrossaadministratve boundriesWe are
currently looking at issuesthat deal with inter-node
operations suchas establishing o ws betweenmul-
tiple Indiva nodes. Anotherissuewe are currently
studyingis building userlevel accesgontrolontop of
Indiva resources.The currentsolutionfor restricting
accesdo a multicastconferences to encryptthe me-
dia streamsausinga key thatis known to its intended
participantsonly. This solutioncould be donetrans-
parentlyusing Indiva sinceits le systemmetaphor
providesa naturalabstractiorover accessontrol us-
ing le permission.
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