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Abstract

This paperintroducesconcast a hew networkservice
Concastis the inverse of multicast: multiple sourcessend
messgestoward the samedestination,which resultsin a
singlemessge beingdeliveredto the destination. There-
ceivedmessge appeas to comefrom the concastgroup
ratherthanany particular receiver Differentformsof con-
castservicecanbedefinedoy varyingthemappingiromthe
setof sentmessgesto the receivedmessge. Theservice
is usefulfor preventingimplosionand reducingbandwidth
consumptiorin caseswhele manysendes transmitto the
sameeceiver—forexamplein aggregating(or suppessing)
positive(or negative)adknowledgments

We definethe semantic®f a simpleconcastservicethat
is theinverseof multicast,aswell asa more genewrl custom
concastwhich allows usess to definecertainaspectf the
services semantics\We describehowto implementhe ser
vicesothatit scalesapproximatelyaswell asIP multicast.
Wealsopresentesultsfroma simulationstudyshowinghat
concastprovidessignificantbenefitan a layered-videcap-
plication.

1. Intr oduction

Multicastserviceis now arealityin mary partsof theln-
ternet. The multicastabstractiorusesa singlenetwork ad-
dressto represena groupof recevers. Whena hostsends
a paclet to a multicastgroup addressthe network makes
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its besteffort to deliver a copy to all receversin thegroup.
The sendemeednot know the identitiesof the recevers,
andindeedcannotlearnthemvia the multicastserviceit-
self. Internetmulticastis a scalableservicebecausét hides
thenumberandidentity of receversbehinda singleaddress
and allows a senderto communicatewith ary numberof
receversasa singleentity. Efficient multicastserviceim-
plementationgluplicatepacletsin the network asneeded,
therebyreducingbandwidthconsumptionas comparedo
unicastimplementations).

An increasingnumber of applicationsnow require a
communicationservicein which a recever collectsmes-
sagesfrom mary senders. This raisesthe questionof
whethera scalableservicesimilar to multicastcan be de-
fined for messagedlowing in the opposite direction—
essentiallyan“inversemulticast”service.In this paperwe
proposeanddescribesucha service whichwe call concast
With concasta single network addresgepresents group
of sendes. When multiple group memberssendpaclets
addressetb asingledestinationpnly asinglepacletis de-
liveredto that destination(Figure 1). Wherea multicast
datagramhasa unicastsourceaddressand a group desti-
nationaddressa concastlatagrancontainsa groupsource
addressindaunicastdestinatioraddressThus,concastoo
is scalableit abstractsway thereality of multiple senders
andallows a recever to avoid implosion—thatis, process-
ing a numberof incomingpacletsthatgrows with the size
of the group. Like multicast,a goodimplementationwill
alsoconsere bandwidthby reducingor eliminatingredun-
danttransmissions.

However, the precisedefinitionof an“inversemulticast”
serviceis non-olvious. In particular two interestingques-
tions arise. First, what paclet is deliveredto the recever
asaresultof the multiple senderstransmissionsBecond,
whenis this single paclet deliveredto the recever? We
referto theanswergo thesequestionsasthe meige seman-
tics andthe timing semanticsrespectiely. Variousmege
andtiming semanticarepossibleandgiveriseto different
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Figure 1. Multicast (left) and concast services.

formsof concastervice.

In what follows we presenttwo concastservicemod-
els. Like multicast,both arebest-efort services.Thefirst,
simpleconcast provides generic,application-independent
meige semanticghat are the exact oppositeof multicast:
thenetwork “fuses”identicalpacletsfrom differentsenders
into onecopy thatis deliveredto the recever. It alsopro-
videsapplication-independetiming semanticsdelivery of
the “fused” paclet occursasif it werethefirst transmitted
copy. Obsere thatthis simpleservicecanbe usedto im-
plementnadk suppessionwhichis usefulin implementing
reliable multicast: the network forwardsthe first nackand
discardsall othernacksfor the samemessage.

Our secondmodelis called customconcast This form
allows the userof the serviceto choosethe mege andtim-
ing semanticseither by selectingthemfrom a predefined
set,or by installing codein someform. Customconcasis
thusanexcellentmatchfor activenetworkdq5].

As atrivial exampleof how a concastservicemight be
customizedconsideralternatvesfor the timing semantics.
Onepossibilityis thatdeliveryto thereceveris triggeredoy
the last send. The definition of “last” is problematichere,
especiallyin view of the best-efort natureof the service.
However, it is easyto ervision applicationsdesiringdeliv-
ery of a messagassoonasa certainthresholdnumberof
sendshasoccurred;the recever could specifythis thresh-
old via signalingwhensubscribingo the service. Another
possibilityis to transmita melgedmessagat fixedtime in-
tenals.

Therestof this paperis organizedasfollows. Section2
describessomeclassesof applicationsthat could benefit
from a concastervice;in Section3 we discussprior work
relatedto concast.Section4 reviews the characteristicef
the Internetmulticastservice.Section5 describeghe sim-
ple andcustomconcastservicesemanticsyhile Section6
describeshow the servicecanbe implementedby placing
concast-specificapabilitiesin routers. Section7 presents
resultsof a simulationstudy involving a particularmulti-
mediadistance-learningpplication. Section8 offers con-
clusionsandsomedirectionsfor futurework.

2. Usesfor Concast

Concastservicescan benefita groving numberof ap-
plicationsinvolving group communicationjncluding tele-
conferencing, virtual offices, shared whiteboards, chat
rooms,applicationsharing,and multi-playergames;infor-
mation disseminatiorapplicationssuchas stock price up-
dates,network news feeds,mailing lists, and webcasting.
Historically thesetypes of applicationsalso benefitfrom
multicast, but have had to achieve concaststyle services
via N independentinicastchannelr hierarcly of unicast
channels. Considerthe following broad classesf appli-
cationswhich canbe expectedto benefitfrom concaster
vices:

Group-request-Goup-reply: In theseapplicationsa sin-
gle machineissuesa requesto a groupof machinegtypi-
cally via multicast)andthenwaits for a responsdrom all
group members.This model of interactionoccursboth at
the network-level and application-leel. For example,re-
liable multicastprotocols[12, 22, 13, 20] canuseconcast
to provide ACK/NACK supression. Similarly, mary dis-
tributedapplicationsrequireend-to-endapplication-leel)
ACK message$o ensurereliability [15]. For example,a
multicastfile transfemprogram(evenwhenimplementedis-
ing a reliable multicastprotocol) may requireapplication-
level end-to-endACKsto ensurehe datahasbeenstored.
Report-in: Theseapplicationsarise in systemsof dis-
tributed sensorsyobots,or other devicesthat periodically
transmitdatato a centralizednonitoringor controlsystem.
For example,camerasnay transmitsignalsusedfor secu-
rity/tracking purposesmanufcturing quality control sys-
tems, stereoreconstructionof 3D objects,etc. In mary
casesthe signalsonly becomemeaningfulwhenthey are
combinedandprocessedConcast mary-to-onecommu-
nicationmodelis idealfor suchprocesses.
Client-Multiser ver andMulticlient-Server: To ensurere-
liability oravailability, client-multiserveapplicationgepli-
catesener functionality acrossmultiple machines.Client
requestsare multicastedto the senerswho sendsimulta-
neousresponseso the client. The client often needsonly
one,or K outof N, responsesFor example,a distributed
databasenayrequireK outof N ACKswhenstoringrepli-
casof anewly written record. We usethetermmulticlient-
server to representthe classicalclient-serer model, in
which a single sener respondgo requestfrom ary num-
ber of client machines. Concastoffers benefitswheneer
concurrentequestaresimilaror eventhesame(e.g.,URL
requesto awebsener).

Collaborative: Real-time conferencingand application
sharingcanbenefitfrom concastommunicatiorwhenthey
requiresynchronizatior(e.qg., floor control) and/orresolu-
tion of inputsinto a single streamor program. Several
systemsalreadyprovide audiomixersthatmeige the voice



streamsof conferencecall participants. Similarly, shared
control of whiteboardsor other sharedapplicationsoften
requiresmeiging and mixing userinputsto provide floor
control.

3. RelatedWork

As notedabove, concastcommunicationpatternsarise
in avariety of applicationdomainsjncludingreliablemul-
ticast,wherereceversmustall transmitack/nackmessages
tothesendef22, 9,13,12].

Multimediagatevaysexemplify theapplication-leel ap-
proachto providing concast-styleommunicatiorservices.
Suchgatewvays perform mixing and transcodingon multi-
mediaflows to matchthe receve capabilitiesof specific
audio/videoconferenceparticipants[1, 2, 3]. They must
be explicitly deployed asapplicationprogramsrunningon
stratgjically-placechostsin thenetwork. Ontheotherhand,
by placing functionality “in” the network layer, concast
freesboth sendersandreceversfrom having to determine
the location of the gatevay functionality—it is automati-
cally deployedin the“correct” location.

Otherresearcherbave identifiedthe problemof small-
paclet overheadandsomehave suggestedhat small pack-
ets be combinedinto larger paclets at routersin the net-
work. One exampleis the gathecast approach[4]: an
aggregation mechanisnbasedon transformettunnels[17].
The basicideais to delaysmall pacletsslightly asthey go
througharouterin hopeghatothersmallpacletsheadingn
thesamedirectionwill arrive. After a certaintime, all such
pacletsarethenencapsulateth a singlelarge paclet and
forwardedtoward the destination. Becausemessagesgre
pacled and unpacled transparentlyen routg sendersand
receversdont necessariljknow thataggreationis occur
ing. Thusgathercaséppearso beasemantics-independent
mux/demuxmechanismgelivering pacletsto the recever
asif they wereunicastpaclets;assuch,it doesnot prevent
messagemplosion at the receving application (e.g.,web
sener). Concastpntheotherhand,is agroupcommunica-
tion serviceandtreatsthe senders@asa group. As suchit is
not transparento the application,which mustbe designed
to take the concassemanticsnto account.

In previouswork [7, 18], two of this papers authorgre-
sentedh general-purposgroupcommunicatiormodelthat
canbe usedto constructspecial-purposgroup communi-
cationservicesThis papetbuilds onthatwork, focusingon
ageneral-purposeoncasservice—arameawork for imple-
mentingapplication-specifiservicesaswell assemantics-
independenservicesuchasgathercast.

4. Review of IP Multicast

In designingthe concastserviceswe have beenguided
by the goal of maintainingsymmetrywith IP multicast
whereit wasreasonabléo do so. Thereforewe presenta
brief summaryof the salientfeaturesof Internetmulticast
(bothserviceandimplementationpeforedefiningour con-
castservices.

Multicastdatagramsreidentifiedby a multicastIP ad-
dressin the destinationfield and a unicastaddressn the
sourcdield. Endpointge.g.socketsin Unix) maybebound
to a particularmulticastaddresgo ensurethatthey receve
only datagramssentto that group. Any hostcansenda
datagramwith a multicastaddressn the destinatiorfield.
Themulticastserviceis best-efort: the network triesto de-
liverthemessagéo all receversin thegroup,but makesno
guaranteesln particular somememberof the groupmay
receve themessagavhile othersdo not.

A host “joins” a multicast group by signaling the
network using the Internet Group ManagementProtocol
(IGMP) [6]. Specifically routersperiodicallypoll their lo-
cal hoststo find out which groupshave memberson the
local subnetverk. If a grouphasno memberson a local
subnetmessageaddressedb thatgrouparenot transmit-
tedonthesubnet.

The stateinformation maintainedby multicast-capable
routersdependon the multicastrouting protocolused. In
shortest-patimulticastrouting, stateis maintainedor each
(sendergroup)pair, andeachpacletis forwardedbasecn
bothits sourceanddestinatiorlP addressedn shaed-tree
routing, stateis maintainedfor eachgroup,androutingis
independentf senderIn eachcasethe stateincludesa list
of interfaceson which paclets shouldbe forwarded,plus
otherprotocol-specifienformation.

5. ConcastSelwvice

We now definethe semanticof two new internetser
vices: simpleconcastand customconcast Like multicast,
botharebest-efort servicespothimplementaform of mes-
sagemeige. Our descriptionis couchedin termsof In-
ternetProtocoldatagrams.Becausave are describingthe
service we describethe behaior of “the network” asif it
werea monolithic “cloud” whoseinternalstructureis hid-
den.Stepgakenby individual routersaredescribedn Sec-
tion 6. We alsoassumesomepart of the IP addresspace
representsoncasigroupaddresses

Tablel highlightsthecorrespondendeetweemmulticast
andconcastwith respecto serviceabstractiorandsignal-
ing characteristicsln multicast,recevers(groupmembers)
signalthe network via IGMP in orderto receve. Concast

10nepossibilityis to useClassE addressefor concast.



is similar in that signalingis performedby the (single)re-
ceiver, which mustindicateits desireto receve messages
froma particularconcasgroup. This causeshe network to
setup the statenecessaryor messageso be “merged” on
their way to therecever. In multicast,any hostcansendto
amulticastgroupwithoutsignaling;concasts again similar
in thatary hostcansendadatagran{containingary concast
groupassourceaddressyvithout signalingfirst. Alternative

| IP Multicast

Concast

Recevers signal to re-
ceive.

Recever signals to re-
ceive.

Individual recevers are
unknavn to senders.

Individual senders are
unknawn to recevers.

Paclets have group des-
tination address,unicast
sourceaddress

Pacletshave unicastdes-
tination address, group
sourceaddress

Multicast addressesnay
only beusedin thedesti-
nationfield.

Concastaddressesmay
only be used in the
sourcefield.

Any hostcansendto the
mulicastgroup.

Any hostcan sendfrom
theconcasgroup.

Pacletsareduplicatedin
thenetwork.

Packets are “merged” in
thenetwork.

Table 1. Multicast vs. Concast

definitionsof the “merge” operationperformedby the net-
work give riseto the two flavors of concastwhich we de-
scribenext.

5.1 Simple Concast

Simpleconcasts anapplication-independeservice.lts
meige semanticgretheoppositeof “duplication”: identical
datagramsransmittedby differentsendersesultin the de-
livery of at mostonecopy to therecever. For the purposes
of the simpleconcastservice,|P datagramsreconsidered
to be“identical” if they have the samesource(concastiad-
dressdestinatioraddressprotocolnumbeiin thelP header
andpayload® Thus,to make pacletseligible for mewging,
a sendingapplicationmustarrangefor themto comefrom
the samesourceport on eachsendingmachine andensure
that payloadsarethe same(e.g. they containthe sameack
sequencaumbers).

Signalingfor concastanbeachieredby a slight modifi-
cationto theIGMP. Insteadbf amulticastgroupaddressthe
“membershipreport” messagesentby the recever would
containa concastaddress. The interpretationof a mes-
sagecontaininga concastaddresshy the concast-capable
router(s)on the local network would be differentfrom that

20therdefinitionsof “identical” might be useful,e.g. consideringonly
afixed-lengthprefix of the payload.

of messagesontainingmulticastaddresseslnsteadof in-
dicatinga groupthatthe sendemantsto join, the message
indicatesa group from which the sendemwantsto receive
messages.

To senda concastdatagramthe sendingprogramsup-
pliesits local IP implementationwith the concastaddress
to be placedin the sourceaddresdield® The local ma-
chinethenroutesandtransmitghepacletjustlike aunicast
paclet.

To keeptrack of whethera messagéiasalreadybeen
delivered thenetwork mustkeeptrackof themessagesent
on eachactive concasftflow. A flow is identifiedby a pair
(R, G), whereR representshereceving hosts IP address,
andG representshe concasgroupaddressFor eachflow,
thenetwork keepsalist of (protocol,payload)pairs

Whena sendettransmitsa concastatagranto the net-
work, the network checksto seewhetheralist of “current”
messagealreadyexists for the (R, G) pair. If no suchlist
exists, the network silently discardshe datagrampecause
thereceverhasnotyetsignaledts intentionto recevefrom
thatgroup. If alist of messagesxistsfor flow (R, G), the
network checkswhetherthe (protocol, payload)pair from
theincomingdatagrammatchesanentryalreadyin thelist.
If not, it addsthe pair to thelist, andthe original datagram
is deliveredto therecever. If it is alreadyin the list, the
incomingdatagranis discarded.

Theamountof statemaintainedoy the network for each
concastflow needsto be bounded. A straightforvard ap-
proachis to keeponly a hashof the payload,andto placea
boundon the numberof messagdist entrieskeptfor each
flow; whenaflow’slist becomegull, nev messagefor that
flow pushold entriesout, in FIFO order Clearlya number
of otherapproachearepossible.

Notethatmultiple receversmaybelocatedon the same
host. Messageslestinedor differentreceversonthesame
hostwill notbemeiged,providedthey usedifferenthigher
level addresseée.g. UDP port numbers)which will cause
their IP payloadsto differ. Multiple senderamay also be
locatedon the samehost, and neednot be aware of each
other

5.2.Custom Concast

More sophisticatedorms of concastcanbe definedby
specifying other meige functions timing semantics and
padket identification functions (definitions of “identical”
datagrams) Suchcustomconcastservicesprovide the op-
portunity for applicationgo tailor the serviceto their spe-
cific needs. However, they alsoraisethe issueof control.

3In termsof the “sockets” API, this could be achieved via a soclet
optionthatmarksthesocletsothatdatagramsentfromit have aparticular
concassourceaddressAlternatively, thesoclet mightbindto theconcast
addresshut in thatcaseit cannotbeusedto receve.



How muchcanthe applicationcustomizethe service?One
option is to provide one or more parameterizedervices,
andallow applicationsto selecta serviceandits parame-
ters. Anotherapproachs to allow the usermuch greater
freedomin specifyingthe semantics—sayby providing a
descriptionof the meiging algorithmfunctionandotheras-
pectsof the service.This enablesapplicationto definetheir
own form of the service.

In this paperwe pursuethe latter option and describe
a “programmable’customconcastservice. In this service
therecever givesthe network a meige specificationwhich
consistof codedefiningthe following application-specific
functions:

getTag(m): atag extraction function returninga hashor
key identifying the messageMessagesn andm/' are
eligible for meging iff getTag(m) = getTag(m').

mergds, m, f): the function that combinesmessageso-
gether Thefirst parameteis the currentmeige state
(i.e., informationrepresentingnessagethat have al-
readybeenprocessed).The secondparameteiis the
new messag¢o meigeinto thesavedstates. Thethird
parameteis a “flow stateblock” containinginforma-
tion aboutthe concastflow to which m belongs(see
Section6.1).

donds): the forwarding predicatethat checkss, the cur
rent mege state, and decideswhether a message
shouldbe constructedby calling buildMsg) andfor-
wardedto therecever.

buildMsg(s): the messge constructionfunction, which
takesthe currentmeige state,s, andreturnsthe pay-
loadto beforwardedtowardtherecever.

The customconcastsignalinginterfacemustenablethe
recever to provide the network with descriptionsof these
computations. This might be accomplishedising Java or
anothemobile-coddanguageor amorerestrictive special-
purposdanguagecouldbe defined.We do not consideithe
languagefurther in this paper exceptto notethata num-
berof researclprojectsaredevelopinglanguagesor active
networkd8, 19, 16].

Thegenericprocessingppliedby the network to a con-
castpaclet with sourceaddresqz anddestinatioraddress
Ris showvnin Figure2. Thenetwork first retrievesary state
associatedvith the given recever and group address. If
thereis none,the pacletis quietly dropped.If stateexists,
thenthe identifier (tag) of the messagédeing processeds
computedusingthe usercode,andary associate@nessage
stateis retrieved. A new messagetateblock is computed
from the old stateandthe messag@ayload,andthe result
is storedbackwith thetag. If the donepredicateindicates
thatmemging is finished,the buildMsg functionis calledto
generata payloadwhichis forwardedtowardtherecever

voi d ProcessMessage(Receiver R, Goup G
| Pdat agram n) {
Fl owsSt at eBl ock fsb;
MsgKey k;
Mer geSt at eBl ock *s;

fsb = | ookUpFl oW( R, G ;
if (fsb !'= NULL) {

t fsb. get Tag(m;

S fsb.findMergeState(t);

S fsb. merge(s, mfsb);

/* replace prev state value */

fsb. saveMergeState(s,t);

if (fsb.done(s))

forwardMsg(R, G fsb. bui |l dMsg(s));

}

} /* ProcessMessage */

Figure 2. Network per-packet processing.

with the concastsourceaddressandthe IP addresof the
recever for this flow.

6. Implementing Concast

The concastservicedescribedn Section5 canbe im-
plementedanddeplo/ed incrementallyin a mannerthatis
backward-compatiblewith the presentinternet. The ser
vice is usableandprovidesbenefitsto the applicationeven
if only the end systemsare concast-capableglthoughit
is clearly mosteffective in termsof resourceconseration
when concastnodesare locatedthroughoutthe network.
Thecomponentsf theimplementatiorare(i) the softstate
maintainedat eachrouterfor eachconcasflow (Sect.6.1);
(ii) thestepscarriedoutatconcast-capabli®utersto imple-
mentthe serviceusingthe soft state(Section6.2 and Sec-
tion 6.4); and (iii) the ConcastSignalingProtocol (CSP),
which canbe usedto implementeither simple or custom
concasservice(Sect.6.3).

In the following description,“downstream”meansto-
ward the recever, while “upstream” meanstoward the
senders.

6.1.State Required for Forwarding

Eachconcast-capableodemaintainsa tableof concast
flow stateblocks (FSBs)indexedby pairs(R, G), whereG
is a concasigroupaddressaand R is the recever specifica-
tion, whichis eitherasocletidentifier(aunicastP address,
protocol, and port number)or just a unicastIP address$.
EachFSB containghefollowing information:

4Concasflows headingor differentapplicationprogramson the same
receving hostcan be distinguishedeither by requiringthemto usedif-
ferentconcast(i.e. network-level) addresseyr by including higherlevel
informationin R. Spacdimitationsforce usto remainagnosticaboutthe
questiorhere.



ConcastFlow State The stateis one of:
WARDING, PENDING, MERGING.
UpstreamNeighborList (UNL): Eachitem in the UNL
representsa concast-capablaeode or a local sender
(i.e. anapplicationon the samenode)for which this
nodeis the next concast-capableoponthewayto R.
Eachentryin this list containsa nodeidentifieranda
Time-to-Live value. For routers the identifieris an IP
addressfor local applicationsit is ahandlefor alocal
signalingchannel. The TTL decreasemonotonically
over time; whenit reachesero,the entryis removed
(Section6.4).

Merge Specification asdescribedn Section5.2.

Per-messag&tateList: A list indexed by messagédags;
eachentrycontainghestateof anin-progressmerge”.

DEAD, FOR-

EachFSB is createdin responseo a forwardedcon-
castdatagranmor signallingmessageandis deletedwhen
its UNL becomesmpty i.e. whenno nodesupstreanof it
aresendingto therecever

6.2 Processingand Forwarding

Concastdatagramsre definedto be thosecontaininga
a concast(group)addressn the sourceaddresdield. Be-
causethe normal (fastpath)forwardingprocessn arouter
may not examinethe sourceaddressanothermechanism
is neededo identify pacletsfor concastprocessing.The
IP RouterAlert option[10] is intendedspecificallyfor the
purposeof “flagging” pacletsfor examinationby routersto
seeif they requirespecialhop-by-hopprocessingConcast-
capablerouters,on detectingRouterAlert and examining
the paclet, will recognizethe sourceasa concastaddress
andprocesshe paclet accordingly;otherswill forward it
asusual,leaving the optionunchanged.

Uponreceving a concaspaclet for processingarouter
firstcheckdor aFSBmatchingthepaclet'sflow ID (R, G).
If noneexists, the router createsa FSB, dropsthe paclet,
andbeginsthe signalingprocessescribedn the next sec-
tion. (Notethattypically this situationwill ariseonly atend-
systemsbecauseoutersshouldseeasignalingmessagbée-
fore ary datamessageareforwardedthroughthem.)

If amatchingFSBis found,theactiontakendepend®sn
theflow state:

DEAD state Dropthepaclet. (Receverhasgoneaway.)

PENDING state Dropthepaclet.

MERGING state Follow the proceduredescribedin Sec-
tion 5.2for paclet processingNotethatat therecev-
ing node,“forwardtowardtherecever’” meangassing
the datagramto a higherlevel protocolor directly to
thereceving application.

5The concastimplementatiorin an end-systen(part of the IP layer)
considersendingapplication(s}o beits upstrearmeighbors.

FORWARDING state Forward the paclet unchangedto-
wardtherecever.

Note that the userspecifiedcomputationccuroff the
fastpath,andso might be carriedout on an auxiliary pro-
cessodedicatedo thepurpose.

6.3.ConcastSignaling Protocol

The ConcastSignaling Protocol (CSP) dealswith the
establishmenbf concast-relatedtatein the nodesof the
network. All CSPmessageare sentasregular IP unicast
datagramsvith CSPidentifiedin the protocolfield, andthe
RouterAlert optionincludedto stimulatehop-by-hoppro-
cessing.Concast-capableodesprocessvery CSPpaclet
asdescribedelav. Whenerera CSPmessagé sentdovn-
streamthelP destinatioraddresss R (theflow’s recever);
CSPmessagesentupstreanhave the IP addresof a next
upstreanrouterin the tree asdestination. The sourcead-
dressof a CSPpacletis alwaysthe (unicast)IP addresof
the paclet originator which maybearouter®

EachCSPmessageontainsaflowid (R, G), whereR is
arecever specificatiorandG is theconcasgroupaddress.
In addition,eachmessageontainsanindicationof themes-
sagdypeandtype-specifignformation. Themessagéypes
alongwith theirtype-specifianformationare:

Requestfor Merge Specification(RMS): This message
is always sentdownstream. It indicatesto a down-
streamnodethe existenceof at leastone senderup-
streamof the sourceof the paclet. RMS messages
containa RefreshFlag, whichindicatesvhethemes-
sageis beingsentto keepan entry alive in the down-
streamUNL. If theflag is clearedthe senderexpects
theflow’s megespecificationn response.

Merge Specification(MS): The MS messagés sentup-
stream,n responsd¢o an RMS messagéwith the Re-
fresh Flag clear),andin the caseof customconcast,
carriesthe mege specification(Sect.5.2) for the re-
guestedrecever and group. For simple concastthe
MS messagacksthevalidity of theconcasftlow.

Error: An errormessagenaybesentdirectlyto theorigi-
natorof aRMSmessagée.qg.if thereceverhasnotyet
defineda meige specfor the concastgroup),or to all
the membersf a nodes UpstreamNeighborList, to
convey error informationrelatingto the concastdata
flow (e.g. network unreachable) The Error message
containsa ReasonCode oneof: Merge not defined
Receivedead Receiveunreadable

Thenormalprogressiomf messagem the CSPprotocol
is illustratedin Figure3. Initially recever R indicatesto

8Thisis crucialbecausét enablesonnectiity problemsin theconcast
treeto bedetectedria ICMP. (ICMP messagesiustnotbesentin response
to pacletswith concassourceaddresses.)



0. MS

VRMS
4. MS
5. M;S%(
2.RMS

1. Send Concast Datagram

Figure 3. Initial CSP Processing.

Datagra Ex;i\ng
S Concast
0 Flow

Figure 4. Tree Branc hing.

the local concastimplementation(A) its desireto receve

from concasgroupG. In thecaseof customconcastit also

providesa meige specification. The local implementation
createshe FSB for (R, G) with anempty UNL, andsets
the stateto FORWARDING.

Subsequently sender SO transmits a datagramwith
sourceaddresgconcastgroup) G anddestinationR. The
first concast-capableodebetweenSOandR (C in thefig-
ure),createsa FSB with statePENDING andUNL contain-
ing only SO. Node C then createsand sendsa Request
for Merge Specmessageoward R. At the next hop (B),
agnin a FSB is createdand anotherRMS messagés sent.
Whenit reachesd, B is addedo theUNL for (R, G) anda
Merge Specificatiormessagés sentbackto B, the source
of the RMS. When B recevesthe MS messageit installs
the mege specification setsthe flow stateto FORWARD-
ING, and sendthe MS messagen to C, which doesthe
samething. Processin@f concastdatagramss now being
performedat A, B, andC but thereis only onesenderso
messagesentby SOareforwardedunchangedo R.

Figure4 shavs asequencef messagethatresultin an-
otherbranchof the concastflow beingaddedat B. Note
thatRMS messagepropagteonly until they encountethe
meige specificationfor the flow. After processinghese

messagesR’s stateis MERGING.

The specificactionstaken to processachkind of CSP
messagaregivenbelaw. In thedescriptions)V is theiden-
tifier of thenodeprocessinghe messages§ is thesourceP
addres®f theCSPdatagramand(R, G) is theflow identi-
fier.

ProcessindRMS Messages.

1. If noFSBexistsfor (R, G), createoneandinitialize its
stateto PENDING, its UNL to (S), andits meige spec
to null. Createa RMS messagéor (R, G) andsendit
with NV assourceandR asdestination.

2. Otherwise,a FSB alreadyexists for (R,G). Do the
following:

(a) If theflow stateis DEAD, createan Err or mes-
sagewith reason‘Recewer dead”, sendit to S,
anddiscardthereceveddatagram.

(b) If the Refreshflag is not setand the local flow
stateis not PENDING, then constructa Merge
Specmessageontainingthe appropriateinfor-
mation, sendit with S asdestinationand N as
sourceandcontinuewith next step(c).

(c) Check whether S is in the flow's Upstream
NeighborList. If S is notin the UNL, addit;
if thesizeof theresultingUNL is 2 andtheflow
statewasFORWARDING, changdt to MERGING.
If S is alreadyin the UNL, resetits TTL to the
initial value.

ProcessingVierge SpecMessages.

1. LocatetheFSBfor (R, G). If noneexists,silently dis-
cardthe paclet.

2. Otherwise,If the flow stateis PENDING, install the
meige functionusingthe informationin the paclet. If
the size of the UNL exceedsl, setthe flow stateto
MERGING, otherwisesetit to FORWARDING.

ProcessingErr or Messages. The actiondependson the
Reasorcodein the messagelf no flow stateblock exists
for theindicated(R, G), themessagés silently ignored.

ReceiveDead,ReceivetSnreatable Setthestateof the
flow to DEAD. Constructandsenda CSPError mes-
sagewith the samereasorto eachnodein the UNL.

No Sut Merge Spec Senda similar messagdo every
nodein the UNL, thendeallocatehe FSB.

6.4.Timer-driven Processing

Periodic housekepingis performedat each concast-
capablerouteraccordingto two timers. The FSB Refiesh



Timeoutperiodicallyinforms the downstreamnodethat it
hasanupstreammeighborandensureshatstalelocal FSBs
are eventuallyflushed. For eachlocal FSB whosestateis
PENDING, FORWARDING, Or MERGING, the RefreshTime-
outroutinegenerateandtransmitsa RMS messagéoward
R. If the stateof the FSBis FORWARDING Of MERGING,
the RefieshFlag in this messagés set,otherwiseit is clear
toindicatethatanMS messagés expectedn responseThe
RefreshTimeoutroutinealsodecrementshe TTL of each
entryin the FSB’s UpstreaniNodelList. If any entry's TTL
becomesgero,it is removedfrom thelist andtheflow state
is changedrom MERGING t0 FORWARDING, or the FSBis
deallocatedf theresultingsizeof the UNL is oneor zero,
respectrely.

Clearlytheinitial UNL TTL valuecontrolshow fastthe
network reclaimsresourcefrom inactive branchesf aflow
tree.A smallervaluecausesghetreeto shrinkmorequickly,
while alargervalueprovidesgreaterobustnesagainstlost
RMS messages.

The FSB DeallocationTimeoutdealswith FSBsin the
DEAD state.SuchFSBsarekeptaroundior sometimeto en-
surethatwhentherecever of aflow goesaway eitherinten-
tionally or dueto network partition, the informationeven-
tually propagtesupstreanto sendersin spiteof lostRMS
messagesEachDEAD FSBis eithermarked or unmarled.
If it is unmarled, the handlermarksit; if it is marked, the
handlerdeallocate#. ThusaFSBpersistdor atmosttwice
theperiodof the Deallocatiortimer afterenteringthe DEAD
state.

Notethatthis Deallocatiomprocessingmpliesthataflow
becomesinusabldor upto two DeallocationTimeoutinter
vals after the recever terminatesor becomesunreachable.
This meansthat the effect of brief network partitionson
concasis magnifiedso thattheir minimumdurationis the
DeallocationTimer period. Thusthereis atensionbetween
ensuringhatresourcesirereclaimeduponterminationand
ensuringobustnessgainsttemporaryeceverunreachabil-

ity.
7. An Example Application

To demonstrate¢he benefitsof customconcastwe sim-
ulateda layeredvideo applicationthat usesconcastto al-
locatenetwork bandwidthfairly amongcompetingstreams.
The scenarioinvolves 16 senderseachtransmittinga lay-
eredvideo signal[11, 21] to a recever. Sucha scenario
could arisein a variety of applicationdomains,including
distancdearning(videofeedbackrom studentgo teacher)
teleconferencingsecurity systemsmulti-cameraTlV cov-
erageyoadway monitoringsystemsetc. Therecever’s ob-
jective is to achiese group max-minfairness[14] among
competingvideo streamsby regulatingthe numberof lay-
erstransmittedoy eachsender Ideally, whentwo or more

sendershareacommonlink, link bandwidthwill beshared
equallyby the senders.Unfortunately without knowledge
of the network pathstaken by the video streamsit is diffi-
cultfor thereceverto know theoptimalratefor eachsender
suchthatthe overall objectve functionis maximized.

We simulatecthe above applicationusingbotha unicast
and concastservicemodel. In the unicastmodel, the re-
ceiver was unaware of the network topology and useda
heuristicalgorithmbasedon network measurementsaken
attherecever to adjustthe senderstransmissiorrates. In
the concastmodel, the recever installeda mege function
that“thinned” incomingstreamso allocatelink bandwidth
equallyamongtheactive sendersWe implementedll sim-
ulationsusingthe ANSWER active network simulator The
simulatorencode®achvideoframeinto layers,pacletizes
thelayer, andtransmitsthe paclets. Eachsendercantrans-
mit up to four layersof constantit rate video with layer
bandwidthsof 32, 64, 128, and256 Kbpsrespectrely. At
the recever, pacletsare consideredlecodablgandthere-
fore useful)if every pacletthatbelongsto the sameframe
andthesameor lowerlayersis receved. (Thenetwork does
notreordermaclets.)

® = Receiver
@ - = Senders

Link Bandwidths
[@ = 512 Kbps

B = 1024 Kbps
= 2048 Kbps

Figure 5. The topology used for the symmetric
simulations

Our first experimentemplg/ed a “best-casetopology”
for the unicastapproach. Specifically we usedthe sym-
metric topologypicturedin Figure5. Giventhis topology
the optimal max-minfairnesss achieved whenall senders
transmitatthesamerate. In theunicastversion therecever
usedanalgorithmsimilarin spiritto RLM [11] andreturned
thesamefeedbacko all sendersthusmaintainingidentical
transmissiomates.Therecever instructedsenderso adda
layerif theaggrejatelossrate,measuredverthreeconsec-
utive RTTs, fell belav alowerthreshold1%),andto dropa
layerif thelossrateexceededanupperthreshold15%). In
the concastimplementationthe recever installeda meige
functionthatwasawareof the outgoing-linkbandwidthand
thusforwardedanequalnumberof layersfrom eachsender
upto the capacityof thelink.

Figure6 plotstheaggregjategoodputof boththe concast
and unicastapproaches.We define goodputas the num-
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Figure 6. Simulation 1: Instantaneous (one-
second) goodput, tree topology .

ber of usablebytesreceved divided by the total number
of bytesreceved. The RLM-lik e natureof the algorithm
is clearly visible via the exponentialbacloff wherethe re-
ceiver repeatedlyattemptsto add one more layer thanthe
network canhandle. Given enoughtime, the unicastalgo-
rithm will settlein on the correcttransmissiorievel. The
concastapproachpn the otherhand,identifiesthe optimal
transmissiorevel immediatelyandachiezes100%goodput
for the durationof the simulation. This is the bestpossible
scenaridor any approachn whichsendersretreatedden-
tically, becauseheirrequirementsrein factidentical.

In mostcasessenderspathsto therecever have differ-
entcharacteristicgndareunknavn to therecever. In such
a casethebesttherecever cando is to provide individual
feedbaclkandto adjusteachsenderstateindependentlyin
oursecondsimulationwe constructe@randontransit-stub
graphwith 100nodesfrom which 1 nodewasrandomlyse-
lectedas the recever and 16 other nodeswere randomly
selectedo besendersWe modifiedthefeedbackalgorithm
for the unicastcasesothat eachsenders transmissiorrate
is setbasedon its currentindividual lossrate (again using
thresholdf 1% and15%). Thussenderglifferedin their
distancefrom the recever andthe numberof othersenders
they hadto sharebottlenecKinks with. Themaximumline-
speedof all links was512 Kbps. Note that this approach
clearlydoesnot scaleto large numbersf senders.

Figure 7 shavs the goodputfor concastand unicastin
this simulation. Becausethe unicastapproachmust ex-
perimentallydeterminethe optimal assignmenbf ratesto
senders the algorithm oscillates, continually adding and
droppinglayersat sendersn searchof the perfectcombi-
nation. On the other hand, concastensureghat max-min
fairnesds achievedandgoodputremainsat 100%. Figure8
shavs the numberof layersreceved in eachframe from
oneparticularsenderlocated10 hopsfrom therecever, for
both concastandunicast. The concastturve is constaniat
1, while the unicastcurve fluctuatesbetweerzeroandone.
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Figure 7. Simulation 2: Instantaneous (one-
second) goodput with a random topology .

T T
unicast layers

concast layers -

Layers received from the sender

0 50 100 150 200 250
Simulation time in seconds

Figure 8. Simulation 2: Layers received from
one sender

Otherplots, not shavn dueto spacdimitations, shov sub-
stantial variation acrosssenderdn the unicastcase,with
somegetting one layer through consistentlyand thus fre-
guentlyattemptingto addanothedayer

8. Conclusions

Internetmulticastserviceemploys a scalingmechanism
in which a singleaddressepresentanarbitrarynumberof
recevers. In this paperwe have shavn how the sameone-
for-mary mechanisntanbe appliedto sendersto createa
concastservice.

Our simple concastserviceis intentionally symmetric
with corventional IP multicastservice,andis useful par
ticularly for suppressiomf duplicatemessages.g. nega-
tive acknavlegementsn reliablemulticast. Theservicecan
be implementedn a mannerthat scalesapproximatelyas
well asIP multicast(in termsof perflow staterequiredin
routers),andcanbe deplo/ed incrementallyin the present
Internetwithoutchangeso existing IP routingmechanisms.
We alsodefineda customconcastervice which allows the



applicationto controlthe semanticof paclet meiging. We
presentedh simple androbust signalingprotocolto setup
and managdlow-specificstateand codefor both typesof
service.

We also demonstratedhe value of concastin the con-
text of alayeredvideoapplicationinvolving layeredvideo,
whereit improved goodputandreducedvastedbandwidth
significantly even for modestnumbersof senders,com-
paredto non-scalablenicast-basedpproaches.

Thevarying needsof applicationswith respecto meige
semanticsand the timing of deliveredmessagesalesit
difficult to justify implementinga single mege seman-
tics within the network. However, the ability to place
application-specifiprocessingustwhereit is neededn the
network by downloadingcodemakesthis amuchmoreat-
tractive proposition. Indeed,concastseemso be anideal
matchfor active networks, and may motivate the deploy-
mentof active network capabilitiesin theinfrastructure.
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