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Abstract

This paper introducesconcast, a new networkservice.
Concastis the inverseof multicast: multiple sourcessend
messages toward the samedestination,which resultsin a
singlemessage beingdelivered to the destination.There-
ceivedmessage appears to comefrom the concastgroup
ratherthananyparticular receiver. Differentformsof con-
castservicecanbedefinedbyvaryingthemappingfromthe
setof sentmessagesto the receivedmessage. Theservice
is usefulfor preventingimplosionandreducingbandwidth
consumptionin caseswhere manysenders transmitto the
samereceiver—forexamplein aggregating(or suppressing)
positive(or negative)acknowledgements

We definethesemanticsof a simpleconcastservicethat
is theinverseof multicast,aswell asa moregeneral custom
concast,which allowsusers to definecertainaspectsof the
service’ssemantics.We describehowto implementtheser-
vicesothat it scalesapproximatelyaswell asIP multicast.
Wealsopresentresultsfroma simulationstudyshowingthat
concastprovidessignificantbenefitsin a layered-videoap-
plication.

1. Intr oduction

Multicastserviceis now areality in many partsof theIn-
ternet.Themulticastabstractionusesa singlenetwork ad-
dressto representa groupof receivers. Whena hostsends
a packet to a multicastgroupaddress,the network makes
�
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its besteffort to deliver a copy to all receiversin thegroup.
The senderneednot know the identitiesof the receivers,
and indeedcannotlearnthemvia the multicastserviceit-
self. Internetmulticastis ascalableservicebecauseit hides
thenumberandidentityof receiversbehindasingleaddress
and allows a senderto communicatewith any numberof
receiversasa singleentity. Efficient multicastserviceim-
plementationsduplicatepacketsin the network asneeded,
therebyreducingbandwidthconsumption(ascomparedto
unicastimplementations).

An increasingnumber of applicationsnow require a
communicationservicein which a receiver collectsmes-
sagesfrom many senders. This raisesthe questionof
whethera scalableservicesimilar to multicastcanbe de-
fined for messagesflowing in the oppositedirection—
essentiallyan“inversemulticast”service.In this paper, we
proposeanddescribesuchaservice,whichwecall concast.
With concast,a singlenetwork addressrepresentsa group
of senders. When multiple group memberssendpackets
addressedto asingledestination,only asinglepacket is de-
liveredto that destination(Figure 1). Wherea multicast
datagramhasa unicastsourceaddressanda groupdesti-
nationaddress,a concastdatagramcontainsa groupsource
addressandaunicastdestinationaddress.Thus,concasttoo
is scalable:it abstractsaway thereality of multiplesenders
andallows a receiver to avoid implosion—that is, process-
ing a numberof incomingpacketsthatgrows with thesize
of the group. Like multicast,a goodimplementationwill
alsoconserve bandwidthby reducingor eliminatingredun-
danttransmissions.

However, theprecisedefinitionof an“inversemulticast”
serviceis non-obvious. In particular, two interestingques-
tions arise. First, what packet is deliveredto the receiver
asa resultof themultiple senders’transmissions?Second,
when is this single packet deliveredto the receiver? We
referto theanswersto thesequestionsasthemerge seman-
tics andthe timing semantics, respectively. Variousmerge
andtiming semanticsarepossible,andgive riseto different
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Figure 1. Multicast (left) and concast services.

formsof concastservice.

In what follows we presenttwo concastservicemod-
els. Like multicast,botharebest-effort services.Thefirst,
simpleconcast, providesgeneric,application-independent
merge semanticsthat are the exact oppositeof multicast:
thenetwork “fuses”identicalpacketsfrom differentsenders
into onecopy that is deliveredto the receiver. It alsopro-
videsapplication-independenttimingsemantics: deliveryof
the “fused” packet occursasif it werethefirst transmitted
copy. Observe that this simpleservicecanbe usedto im-
plementnack suppression, which is usefulin implementing
reliablemulticast: thenetwork forwardsthe first nackand
discardsall othernacksfor thesamemessage.

Our secondmodelis calledcustomconcast. This form
allows theuserof theserviceto choosethemergeandtim-
ing semantics,eitherby selectingthemfrom a predefined
set,or by installingcodein someform. Customconcastis
thusanexcellentmatchfor activenetworks[5].

As a trivial exampleof how a concastservicemight be
customized,consideralternativesfor thetiming semantics.
Onepossibilityis thatdeliveryto thereceiveris triggeredby
the last send.Thedefinitionof “last” is problematichere,
especiallyin view of the best-effort natureof the service.
However, it is easyto envision applicationsdesiringdeliv-
ery of a messageassoonasa certainthresholdnumberof
sendshasoccurred;the receiver could specifythis thresh-
old via signalingwhensubscribingto theservice.Another
possibilityis to transmitamergedmessageatfixedtime in-
tervals.

Therestof this paperis organizedasfollows. Section2
describessomeclassesof applicationsthat could benefit
from a concastservice;in Section3 we discussprior work
relatedto concast.Section4 reviews thecharacteristicsof
theInternetmulticastservice.Section5 describesthesim-
ple andcustomconcastservicesemantics,while Section6
describeshow the servicecanbe implementedby placing
concast-specificcapabilitiesin routers. Section7 presents
resultsof a simulationstudy involving a particularmulti-
mediadistance-learningapplication.Section8 offers con-
clusionsandsomedirectionsfor futurework.

2. Usesfor Concast

Concastservicescan benefita growing numberof ap-
plicationsinvolving groupcommunication,including tele-
conferencing, virtual offices, shared whiteboards, chat
rooms,applicationsharing,andmulti-playergames;infor-
mationdisseminationapplicationssuchasstockprice up-
dates,network news feeds,mailing lists, andwebcasting.
Historically thesetypesof applicationsalso benefit from
multicast,but have had to achieve concaststyle services
via

�
independentunicastchannelsor hierarchy of unicast

channels. Considerthe following broadclassesof appli-
cationswhich canbeexpectedto benefitfrom concastser-
vices:
Group-request-Group-reply: In theseapplications,a sin-
gle machineissuesa requestto a groupof machines(typi-
cally via multicast)andthenwaits for a responsefrom all
groupmembers.This modelof interactionoccursboth at
the network-level andapplication-level. For example,re-
liable multicastprotocols[12, 22, 13, 20] canuseconcast
to provide ACK/NACK supression.Similarly, many dis-
tributedapplicationsrequireend-to-end(application-level)
ACK messagesto ensurereliability [15]. For example,a
multicastfile transferprogram(evenwhenimplementedus-
ing a reliablemulticastprotocol)may requireapplication-
level end-to-endACKs to ensurethedatahasbeenstored.
Report-in: Theseapplicationsarise in systemsof dis-
tributedsensors,robots,or otherdevices that periodically
transmitdatato acentralizedmonitoringor controlsystem.
For example,camerasmay transmitsignalsusedfor secu-
rity/tracking purposes,manufacturingquality control sys-
tems, stereoreconstructionof 3D objects,etc. In many
cases,the signalsonly becomemeaningfulwhenthey are
combinedandprocessed.Concast’s many-to-onecommu-
nicationmodelis idealfor suchprocesses.
Client-Multiser ver andMulticlient-Server: To ensurere-
liability oravailability, client-multiserverapplicationsrepli-
cateserver functionality acrossmultiple machines.Client
requestsaremulticastedto the serverswho sendsimulta-
neousresponsesto the client. The client often needsonly
one,or � out of

�
, responses.For example,a distributed

databasemayrequire� outof
�

ACKswhenstoringrepli-
casof a newly written record.We usethetermmulticlient-
server to representthe classicalclient-server model, in
which a singleserver respondsto requestfrom any num-
ber of client machines.Concastoffers benefitswhenever
concurrentrequestsaresimilaror eventhesame(e.g.,URL
requestto a webserver).
Collaborative: Real-time conferencingand application
sharingcanbenefitfrom concastcommunicationwhenthey
requiresynchronization(e.g.,floor control) and/orresolu-
tion of inputs into a single streamor program. Several
systemsalreadyprovide audiomixersthatmergethevoice



streamsof conferencecall participants. Similarly, shared
control of whiteboardsor other sharedapplicationsoften
requiresmerging and mixing userinputs to provide floor
control.

3. RelatedWork

As notedabove, concastcommunicationpatternsarise
in a varietyof applicationdomains,includingreliablemul-
ticast,wherereceiversmustall transmitack/nackmessages
to thesender[22, 9, 13,12].

Multimediagatewaysexemplify theapplication-levelap-
proachto providing concast-stylecommunicationservices.
Suchgatewaysperformmixing andtranscodingon multi-
mediaflows to match the receive capabilitiesof specific
audio/videoconferenceparticipants[1, 2, 3]. They must
be explicitly deployed asapplicationprogramsrunningon
strategically-placedhostsin thenetwork. Ontheotherhand,
by placing functionality “in” the network layer, concast
freesboth sendersandreceiversfrom having to determine
the location of the gateway functionality—it is automati-
cally deployedin the“correct” location.

Otherresearchershave identifiedthe problemof small-
packet overheadandsomehave suggestedthatsmallpack-
ets be combinedinto larger packets at routersin the net-
work. One example is the gathercast approach[4]: an
aggregationmechanismbasedon transformertunnels[17].
Thebasicideais to delaysmallpacketsslightly asthey go
througharouterin hopesthatothersmallpacketsheadingin
thesamedirectionwill arrive. After a certaintime,all such
packetsarethenencapsulatedin a singlelarge packet and
forwardedtoward the destination. Becausemessagesare
packed and unpacked transparentlyen route, sendersand
receiversdon’t necessarilyknow thataggregation is occur-
ing. Thusgathercastappearsto beasemantics-independent
mux/demuxmechanism,delivering packetsto the receiver
asif they wereunicastpackets;assuch,it doesnot prevent
messageimplosionat the receiving application(e.g.,web
server). Concast,on theotherhand,is agroupcommunica-
tion serviceandtreatsthesendersasa group.As suchit is
not transparentto theapplication,which mustbedesigned
to take theconcastsemanticsinto account.

In previouswork [7, 18], two of thispaper’sauthorspre-
senteda general-purposegroupcommunicationmodelthat
canbe usedto constructspecial-purposegroupcommuni-
cationservices.Thispaperbuildsonthatwork, focusingon
ageneral-purposeconcastservice—aframework for imple-
mentingapplication-specificservicesaswell assemantics-
independentservicessuchasgathercast.

4. Review of IP Multicast

In designingtheconcastservices,we have beenguided
by the goal of maintainingsymmetrywith IP multicast
whereit wasreasonableto do so. Thereforewe presenta
brief summaryof the salientfeaturesof Internetmulticast
(bothserviceandimplementation)beforedefiningourcon-
castservices.

Multicastdatagramsareidentifiedby a multicastIP ad-
dressin the destinationfield and a unicastaddressin the
sourcefield. Endpoints(e.g.socketsin Unix) maybebound
to a particularmulticastaddressto ensurethat they receive
only datagramssent to that group. Any host can senda
datagramwith a multicastaddressin the destinationfield.
Themulticastserviceis best-effort: thenetwork triesto de-
liver themessageto all receiversin thegroup,but makesno
guarantees.In particular, somemembersof thegroupmay
receive themessagewhile othersdonot.

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 subnetwork. If a grouphasno memberson a local
subnet,messagesaddressedto thatgrouparenot transmit-
tedon thesubnet.

The stateinformationmaintainedby multicast-capable
routersdependson themulticastroutingprotocolused. In
shortest-pathmulticastrouting,stateis maintainedfor each
(sender, group)pair, andeachpacket is forwardedbasedon
bothits sourceanddestinationIP addresses.In shared-tree
routing, stateis maintainedfor eachgroup,androuting is
independentof sender. In eachcasethestateincludesa list
of interfaceson which packetsshouldbe forwarded,plus
otherprotocol-specificinformation.

5. ConcastService

We now definethe semanticsof two new internetser-
vices: simpleconcastandcustomconcast. Like multicast,
botharebest-effort services;bothimplementaform of mes-
sagemerge. Our descriptionis couchedin termsof In-
ternetProtocoldatagrams.Becausewe aredescribingthe
service, we describethe behavior of “the network” asif it
werea monolithic “cloud” whoseinternalstructureis hid-
den.Stepstakenby individual routersaredescribedin Sec-
tion 6. We alsoassumesomepart of the IP addressspace
representsconcastgroupaddresses.1

Table1 highlightsthecorrespondencebetweenmulticast
andconcastwith respectto serviceabstractionandsignal-
ing characteristics.In multicast,receivers(groupmembers)
signalthe network via IGMP in orderto receive. Concast

1Onepossibilityis to useClassE addressesfor concast.



is similar in that signalingis performedby the (single)re-
ceiver, which must indicateits desireto receive messages
froma particularconcastgroup.Thiscausesthenetwork to
setup thestatenecessaryfor messagesto be “merged” on
their way to thereceiver. In multicast,any hostcansendto
amulticastgroupwithoutsignaling;concastis againsimilar
in thatany hostcansendadatagram(containingany concast
groupassourceaddress)withoutsignalingfirst. Alternative

IP Multicast Concast

Receivers signal to re-
ceive.

Receiver signals to re-
ceive.

Individual receivers are
unknown to senders.

Individual senders are
unknown to receivers.

Packets have group des-
tination address,unicast
sourceaddress

Packetshaveunicastdes-
tination address, group
sourceaddress

Multicast addressesmay
only beusedin thedesti-
nationfield.

Concast addressesmay
only be used in the
sourcefield.

Any hostcansendto the
mulicastgroup.

Any host can sendfrom
theconcastgroup.

Packetsareduplicatedin
thenetwork.

Packets are “merged” in
thenetwork.

Table 1. Multicast vs. Concast

definitionsof the“merge” operationperformedby thenet-
work give rise to the two flavorsof concast,which we de-
scribenext.

5.1. SimpleConcast

Simpleconcastis anapplication-independentservice.Its
mergesemanticsaretheoppositeof “duplication”: identical
datagramstransmittedby differentsendersresultin thede-
livery of at mostonecopy to thereceiver. For thepurposes
of thesimpleconcastservice,IP datagramsareconsidered
to be“identical” if they have thesamesource(concast)ad-
dress,destinationaddress,protocolnumberin theIPheader,
andpayload.2 Thus,to make packetseligible for merging,
a sendingapplicationmustarrangefor themto comefrom
thesamesourceport on eachsendingmachine,andensure
thatpayloadsarethesame(e.g. they containthesameack
sequencenumbers).

Signalingfor concastcanbeachievedby aslightmodifi-
cationto theIGMP. Insteadof amulticastgroupaddress,the
“membershipreport” messagesentby the receiver would
contain a concastaddress. The interpretationof a mes-
sagecontaininga concastaddressby the concast-capable
router(s)on thelocal network would bedifferentfrom that

2Otherdefinitionsof “identical” mightbeuseful,e.g.consideringonly
afixed-lengthprefixof thepayload.

of messagescontainingmulticastaddresses.Insteadof in-
dicatinga groupthat thesenderwantsto join, themessage
indicatesa group from which the senderwantsto receive
messages.

To senda concastdatagram,the sendingprogramsup-
plies its local IP implementationwith the concastaddress
to be placedin the sourceaddressfield.3 The local ma-
chinethenroutesandtransmitsthepacket just likeaunicast
packet.

To keeptrack of whethera messagehasalreadybeen
delivered,thenetwork mustkeeptrackof themessagessent
on eachactive concastflow. A flow is identifiedby a pair���	��

�

, where
�

representsthereceiving host’s IP address,
and



representstheconcastgroupaddress.For eachflow,

thenetwork keepsa list of (protocol,payload)pairs
Whena sendertransmitsa concastdatagramto thenet-

work, thenetwork checksto seewhethera list of “current”
messagesalreadyexists for the

���	��
��
pair. If no suchlist

exists, thenetwork silently discardsthedatagram,because
thereceiverhasnotyetsignaledits intentionto receivefrom
thatgroup. If a list of messagesexistsfor flow

���	��

�
, the

network checkswhetherthe (protocol,payload)pair from
theincomingdatagrammatchesanentryalreadyin thelist.
If not, it addsthepair to the list, andtheoriginal datagram
is deliveredto the receiver. If it is alreadyin the list, the
incomingdatagramis discarded.

Theamountof statemaintainedby thenetwork for each
concastflow needsto be bounded.A straightforward ap-
proachis to keeponly a hashof thepayload,andto placea
boundon the numberof messagelist entrieskept for each
flow; whenaflow’s list becomesfull, new messagesfor that
flow pushold entriesout, in FIFO order. Clearlya number
of otherapproachesarepossible.

Notethatmultiple receiversmaybelocatedon thesame
host.Messagesdestinedfor differentreceiverson thesame
hostwill notbemerged,providedthey usedifferenthigher-
level addresses(e.g. UDP port numbers),which will cause
their IP payloadsto differ. Multiple sendersmay alsobe
locatedon the samehost, andneednot be awareof each
other.

5.2.CustomConcast

More sophisticatedforms of concastcanbe definedby
specifying other merge functions, timing semantics, and
packet identification functions (definitions of “identical”
datagrams).Suchcustomconcastservicesprovide theop-
portunity for applicationsto tailor the serviceto their spe-
cific needs.However, they alsoraisethe issueof control.

3In termsof the “sockets” API, this could be achieved via a socket
optionthatmarksthesocketsothatdatagramssentfrom it haveaparticular
concastsourceaddress.Alternatively, thesocketmightbind to theconcast
address,but in thatcaseit cannotbeusedto receive.



How muchcantheapplicationcustomizetheservice?One
option is to provide one or more parameterizedservices,
andallow applicationsto selecta serviceand its parame-
ters. Anotherapproachis to allow the usermuchgreater
freedomin specifyingthe semantics—say, by providing a
descriptionof themergingalgorithmfunctionandotheras-
pectsof theservice.Thisenablesapplicationto definetheir
own form of theservice.

In this paperwe pursuethe latter option and describe
a “programmable”customconcastservice. In this service
thereceivergivesthenetwork a merge specification, which
consistsof codedefiningthefollowing application-specific
functions:

getTag( � ): a tag extraction function returninga hashor
key identifying themessage.Messages� and ��� are
eligible for merging iff getTag

� � � = getTag
� � � � .

merge( � � � ��� ): the function that combinesmessagesto-
gether. The first parameteris the currentmerge state
(i.e., informationrepresentingmessagesthat have al-
readybeenprocessed).The secondparameteris the
new messageto mergeinto thesavedstate� . Thethird
parameteris a “flow stateblock” containinginforma-
tion aboutthe concastflow to which � belongs(see
Section6.1).

done( � ): the forwarding predicatethat checks � , the cur-
rent merge state, and decideswhether a message
shouldbe constructed(by calling buildMsg) andfor-
wardedto thereceiver.

buildMsg( � ): the message construction function, which
takesthe currentmerge state, � , andreturnsthe pay-
loadto beforwardedtowardthereceiver.

Thecustomconcastsignalinginterfacemustenablethe
receiver to provide the network with descriptionsof these
computations.This might be accomplishedusingJava or
anothermobile-codelanguage,or amorerestrictivespecial-
purposelanguagecouldbedefined.We do not considerthe
languagefurther in this paper, except to note that a num-
berof researchprojectsaredevelopinglanguagesfor active
networks[8, 19,16].

Thegenericprocessingappliedby thenetwork to a con-
castpacket with sourceaddress



anddestinationaddress�

is shown in Figure2. Thenetwork first retrievesany state
associatedwith the given receiver and group address. If
thereis none,thepacket is quietly dropped.If stateexists,
thenthe identifier (tag) of the messagebeingprocessedis
computedusingtheusercode,andany associatedmessage
stateis retrieved. A new messagestateblock is computed
from theold stateandthemessagepayload,andthe result
is storedbackwith the tag. If thedonepredicateindicates
thatmerging is finished,thebuildMsg function is calledto
generatea payload,which is forwardedtowardthereceiver

void ProcessMessage(Receiver R, Group G,
IPdatagram m) {

FlowStateBlock fsb;
MsgKey k;
MergeStateBlock *s;

fsb = lookUpFlow(R,G);
if (fsb != NULL) {
t = fsb.getTag(m);
s = fsb.findMergeState(t);
s = fsb.merge(s,m,fsb);
/* replace prev state value */
fsb.saveMergeState(s,t);
if (fsb.done(s))
forwardMsg(R,G,fsb.buildMsg(s));

}
} /* ProcessMessage */

Figure 2. Network per-packet processing.

with the concastsourceaddressandthe IP addressof the
receiver for thisflow.

6. Implementing Concast

The concastservicedescribedin Section5 canbe im-
plementedanddeployed incrementallyin a mannerthat is
backward-compatiblewith the presentInternet. The ser-
vice is usableandprovidesbenefitsto theapplicationeven
if only the end systemsare concast-capable,althoughit
is clearly mosteffective in termsof resourceconservation
when concastnodesare locatedthroughoutthe network.
Thecomponentsof theimplementationare(i) thesoftstate
maintainedat eachrouterfor eachconcastflow (Sect.6.1);
(ii) thestepscarriedoutatconcast-capableroutersto imple-
mentthe serviceusingthe soft state(Section6.2 andSec-
tion 6.4); and(iii) the ConcastSignalingProtocol (CSP),
which can be usedto implementeither simple or custom
concastservice(Sect.6.3).

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

6.1.StateRequired for Forwarding

Eachconcast-capablenodemaintainsa tableof concast
flow stateblocks (FSBs)indexedby pairs

���	��
��
, where



is a concastgroupaddressand

�
is the receiver specifica-

tion,whichis eitherasocket identifier(aunicastIP address,
protocol, and port number)or just a unicastIP address.4

EachFSBcontainsthefollowing information:

4Concastflowsheadingfor differentapplicationprogramson thesame
receiving host can be distinguishedeitherby requiring them to usedif-
ferentconcast(i.e. network-level) addresses,or by includinghigher-level
informationin � . Spacelimitationsforceusto remainagnosticaboutthe
questionhere.



ConcastFlow State: The state is one of: DEAD, FOR-
WARDING, PENDING, MERGING.

UpstreamNeighborList (UNL): Each item in the UNL
representsa concast-capablenode or a local sender
(i.e. an applicationon the samenode)for which this
nodeis thenext concast-capablehopon theway to

�
.

Eachentry in this list containsa nodeidentifieranda
Time-to-Live value.For routers,theidentifieris anIP
address;for localapplications,it is ahandlefor a local
signalingchannel.TheTTL decreasesmonotonically
over time; whenit reacheszero,theentry is removed
(Section6.4).

MergeSpecification: asdescribedin Section5.2.
Per-messageStateList: A list indexed by messagetags;

eachentrycontainsthestateof anin-progress“merge”.

EachFSB is createdin responseto a forwardedcon-
castdatagramor signallingmessage,and is deletedwhen
its UNL becomesempty, i.e. whenno nodesupstreamof it
aresendingto thereceiver5

6.2. Processingand Forwarding

Concastdatagramsaredefinedto be thosecontaininga
a concast(group)addressin the sourceaddressfield. Be-
causethenormal(fastpath)forwardingprocessin a router
may not examinethe sourceaddress,anothermechanism
is neededto identify packets for concastprocessing.The
IP RouterAlert option [10] is intendedspecificallyfor the
purposeof “flagging” packetsfor examinationby routersto
seeif they requirespecialhop-by-hopprocessing.Concast-
capablerouters,on detectingRouterAlert andexamining
the packet, will recognizethe sourceasa concastaddress
andprocessthe packet accordingly;otherswill forward it
asusual,leaving theoptionunchanged.

Uponreceiving a concastpacket for processing,a router
first checksfor aFSBmatchingthepacket’sflow ID

���	��
��
.

If noneexists, the routercreatesa FSB,dropsthe packet,
andbeginsthesignalingprocessdescribedin thenext sec-
tion. (Notethattypically thissituationwill ariseonlyatend-
systems,becauseroutersshouldseeasignalingmessagebe-
foreany datamessagesareforwardedthroughthem.)

If a matchingFSBis found,theactiontakendependson
theflow state:

DEAD state: Drop thepacket. (Receiverhasgoneaway.)
PENDI NG state: Drop thepacket.
M ERGI NG state: Follow the proceduredescribedin Sec-

tion 5.2 for packet processing.Notethatat thereceiv-
ing node,“forwardtowardthereceiver” meanspassing
the datagramto a higher-level protocolor directly to
thereceiving application.

5The concastimplementationin an end-system(part of the IP layer)
considerssendingapplication(s)to beits upstreamneighbors.

FORWARDI NG state: Forward the packet unchangedto-
wardthereceiver.

Note that the user-specifiedcomputationsoccuroff the
fastpath,andso might be carriedout on an auxiliary pro-
cessordedicatedto thepurpose.

6.3.ConcastSignalingProtocol

The ConcastSignalingProtocol (CSP)dealswith the
establishmentof concast-relatedstatein the nodesof the
network. All CSPmessagesaresentasregular IP unicast
datagramswith CSPidentifiedin theprotocolfield, andthe
RouterAlert option includedto stimulatehop-by-hoppro-
cessing.Concast-capablenodesprocessevery CSPpacket
asdescribedbelow. WheneveraCSPmessageis sentdown-
stream,theIP destinationaddressis

�
(theflow’s receiver);

CSPmessagessentupstreamhave theIP addressof a next
upstreamrouter in the treeasdestination.The sourcead-
dressof a CSPpacket is alwaysthe(unicast)IP addressof
thepacketoriginator, whichmaybea router.6

EachCSPmessagecontainsaflowid
������

�

, where
�

is
a receiver specificationand



is theconcastgroupaddress.

In addition,eachmessagecontainsanindicationof themes-
sagetypeandtype-specificinformation.Themessagetypes
alongwith their type-specificinformationare:

Requestfor Merge Specification(RMS): This message
is always sentdownstream. It indicatesto a down-
streamnodethe existenceof at leastone senderup-
streamof the sourceof the packet. RMS messages
containaRefreshFlag, which indicateswhethermes-
sageis beingsentto keepanentryalive in thedown-
streamUNL. If theflag is cleared,thesenderexpects
theflow’s mergespecificationin response.

MergeSpecification(MS): TheMS messageis sentup-
stream,in responseto anRMS message(with theRe-
freshFlag clear),and in the caseof customconcast,
carriesthe merge specification(Sect.5.2) for the re-
questedreceiver andgroup. For simple concast,the
MS messageacksthevalidity of theconcastflow.

Err or: An errormessagemaybesentdirectlyto theorigi-
natorof aRMSmessage(e.g.if thereceiverhasnotyet
defineda merge specfor the concastgroup),or to all
the membersof a node’s UpstreamNeighborList, to
convey error informationrelating to the concastdata
flow (e.g. network unreachable).The Error message
containsa ReasonCode, oneof: Merge not defined,
Receiverdead, Receiverunreachable.

Thenormalprogressionof messagesin theCSPprotocol
is illustratedin Figure3. Initially receiver

�
indicatesto

6This is crucialbecauseit enablesconnectivity problemsin theconcast
treeto bedetectedvia ICMP. (ICMPmessagesmustnotbesentin response
to packetswith concastsourceaddresses.)
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the local concastimplementation( � ) its desireto receive
from concastgroup



. In thecaseof customconcast,it also

providesa merge specification.The local implementation
createsthe FSB for

���	��
��
with an emptyUNL, andsets

thestateto FORWARDING.
Subsequently, sender S0 transmits a datagramwith

sourceaddress(concastgroup)



anddestination
�

. The
first concast-capablenodebetweenS0and

�
( � in thefig-

ure),createsa FSBwith statePENDING andUNL contain-
ing only S0. Node � then createsand sendsa Request
for Merge Specmessagetoward

�
. At the next hop ( � ),

again a FSB is createdandanotherRMS messageis sent.
Whenit reaches� , � is addedto theUNL for

���	��

�
anda

MergeSpecificationmessageis sentbackto � , thesource
of the RMS. When � receivesthe MS message,it installs
the merge specification,setsthe flow stateto FORWARD-
ING, and sendthe MS messageon to � , which doesthe
samething. Processingof concastdatagramsis now being
performedat � , � , and � but thereis only onesender, so
messagessentby S0areforwardedunchangedto

�
.

Figure4 showsasequenceof messagesthatresultin an-
otherbranchof the concastflow beingaddedat � . Note
thatRMSmessagespropagateonly until they encounterthe
merge specificationfor the flow. After processingthese

messages,� ’s stateis MERGING.
The specificactionstaken to processeachkind of CSP

messagearegivenbelow. In thedescriptions,
�

is theiden-
tifier of thenodeprocessingthemessage,� is thesourceIP
addressof theCSPdatagram,and

������

�
is theflow identi-

fier.

ProcessingRMS Messages.

1. If noFSBexistsfor
������

�

, createoneandinitialize its
stateto PENDING, its UNL to ����� , andits mergespec
to null. Createa RMS messagefor

���	��

�
andsendit

with
�

assourceand
�

asdestination.
2. Otherwise,a FSB alreadyexists for

������

�
. Do the

following:

(a) If the flow stateis DEAD, createan Err or mes-
sagewith reason“Receiver dead”,sendit to � ,
anddiscardthereceiveddatagram.

(b) If the Refreshflag is not setand the local flow
state is not PENDING, then constructa Merge
Specmessagecontainingthe appropriateinfor-
mation,sendit with � asdestinationand

�
as

source,andcontinuewith next step(c).
(c) Check whether � is in the flow’s Upstream

NeighborList. If � is not in the UNL, add it;
if thesizeof theresultingUNL is 2 andtheflow
statewasFORWARDING, changeit to MERGING.
If � is alreadyin the UNL, resetits TTL to the
initial value.

ProcessingMergeSpecMessages.

1. LocatetheFSBfor
���	��

�

. If noneexists,silentlydis-
cardthepacket.

2. Otherwise,If the flow stateis PENDING, install the
mergefunctionusingtheinformationin thepacket. If
the size of the UNL exceeds1, set the flow stateto
MERGING, otherwisesetit to FORWARDING.

ProcessingErr or Messages. The actiondependson the
Reasoncodein the message.If no flow stateblock exists
for theindicated

���	��
��
, themessageis silently ignored.

ReceiverDead,ReceiverUnreachable: Setthestateof the
flow to DEAD. Constructandsenda CSPError mes-
sagewith thesamereasonto eachnodein theUNL.

No Such Merge Spec: Senda similar messageto every
nodein theUNL, thendeallocatetheFSB.

6.4.Timer-dri venProcessing

Periodic housekeeping is performedat each concast-
capablerouteraccordingto two timers. The FSBRefresh



Timeoutperiodically informs the downstreamnodethat it
hasanupstreamneighbor, andensuresthatstalelocalFSBs
areeventuallyflushed. For eachlocal FSB whosestateis
PENDING, FORWARDING, or MERGING, theRefreshTime-
out routinegeneratesandtransmitsa RMSmessagetoward�

. If the stateof the FSB is FORWARDING or MERGING,
theRefreshFlag in thismessageis set,otherwiseit is clear,
to indicatethatanMS messageis expectedin response.The
RefreshTimeoutroutinealsodecrementsthe TTL of each
entryin theFSB’s UpstreamNodeList. If any entry’s TTL
becomeszero,it is removedfrom thelist andtheflow state
is changedfrom MERGING to FORWARDING, or theFSBis
deallocatedif theresultingsizeof theUNL is oneor zero,
respectively.

Clearlytheinitial UNL TTL valuecontrolshow fastthe
network reclaimsresourcesfrom inactivebranchesof aflow
tree.A smallervaluecausesthetreeto shrinkmorequickly,
while a largervalueprovidesgreaterrobustnessagainstlost
RMSmessages.

The FSBDeallocationTimeoutdealswith FSBsin the
DEAD state.SuchFSBsarekeptaroundfor sometimetoen-
surethatwhenthereceiverof aflow goesawayeitherinten-
tionally or dueto network partition, the informationeven-
tually propagatesupstreamto senders,in spiteof lost RMS
messages.EachDEAD FSBis eithermarkedor unmarked.
If it is unmarked, thehandlermarksit; if it is marked, the
handlerdeallocatesit. ThusaFSBpersistsfor atmosttwice
theperiodof theDeallocationtimerafterenteringtheDEAD

state.
NotethatthisDeallocationprocessingimpliesthataflow

becomesunusablefor upto two DeallocationTimeoutinter-
vals after the receiver terminatesor becomesunreachable.
This meansthat the effect of brief network partitionson
concastis magnifiedso that their minimumdurationis the
DeallocationTimerperiod.Thusthereis a tensionbetween
ensuringthatresourcesarereclaimeduponterminationand
ensuringrobustnessagainsttemporaryreceiverunreachabil-
ity.

7. An ExampleApplication

To demonstratethebenefitsof customconcast,we sim-
ulateda layeredvideo applicationthat usesconcastto al-
locatenetwork bandwidthfairly amongcompetingstreams.
The scenarioinvolves16 senderseachtransmittinga lay-
eredvideo signal [11, 21] to a receiver. Sucha scenario
could arisein a variety of applicationdomains,including
distancelearning(videofeedbackfrom studentsto teacher)
teleconferencing,securitysystems,multi-cameraTV cov-
erage,roadwaymonitoringsystems,etc.Thereceiver’sob-
jective is to achieve group max-min fairness[14] among
competingvideostreamsby regulatingthe numberof lay-
erstransmittedby eachsender. Ideally, whentwo or more

sendersshareacommonlink, link bandwidthwill beshared
equallyby the senders.Unfortunately, without knowledge
of thenetwork pathstakenby thevideostreams,it is diffi-
cult for thereceiverto know theoptimalratefor eachsender
suchthattheoverallobjective functionis maximized.

We simulatedtheaboveapplicationusingbotha unicast
and concastservicemodel. In the unicastmodel, the re-
ceiver was unaware of the network topology, and useda
heuristicalgorithmbasedon network measurementstaken
at the receiver to adjustthesenders’transmissionrates.In
the concastmodel,the receiver installeda merge function
that“thinned” incomingstreamsto allocatelink bandwidth
equallyamongtheactivesenders.Weimplementedall sim-
ulationsusingthe ANSWER active network simulator. The
simulatorencodeseachvideoframeinto layers,packetizes
thelayer, andtransmitsthepackets.Eachsendercantrans-
mit up to four layersof constantbit ratevideo with layer
bandwidthsof 32, 64, 128,and256Kbps respectively. At
the receiver, packetsareconsidereddecodable(andthere-
fore useful)if every packet thatbelongsto thesameframe
andthesameor lowerlayersis received.(Thenetwork does
not reorderpackets.)
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Figure 5. The topology used for the symmetric
sim ulations

Our first experimentemployed a “best-casetopology”
for the unicastapproach. Specifically, we usedthe sym-
metric topologypicturedin Figure5. Given this topology,
theoptimalmax-minfairnessis achievedwhenall senders
transmitatthesamerate.In theunicastversion,thereceiver
usedanalgorithmsimilarin spirit to RLM [11] andreturned
thesamefeedbackto all senders,thusmaintainingidentical
transmissionrates.Thereceiver instructedsendersto adda
layerif theaggregatelossrate,measuredoverthreeconsec-
utiveRTTs,fell below alowerthreshold(1%),andto dropa
layerif thelossrateexceededanupperthreshold(15%). In
the concastimplementation,the receiver installeda merge
functionthatwasawareof theoutgoing-linkbandwidthand
thusforwardedanequalnumberof layersfrom eachsender
up to thecapacityof thelink.

Figure6 plotstheaggregategoodputof boththeconcast
and unicastapproaches.We definegoodputas the num-



0

0.2

0.4

0.6

0.8

1

1.2

0 50 100 150 200 250

G
oo

dp
ut

Simulation time in seconds

Unicast Goodput
Concast Goodput

Avg Unicast Goodput

Figure 6. Simulation 1: Instantaneous (one-
second) goodput, tree topology .

ber of usablebytesreceived divided by the total number
of bytesreceived. The RLM-lik e natureof the algorithm
is clearlyvisible via theexponentialbackoff wherethe re-
ceiver repeatedlyattemptsto addonemorelayer thanthe
network canhandle.Givenenoughtime, theunicastalgo-
rithm will settlein on the correcttransmissionlevel. The
concastapproach,on theotherhand,identifiestheoptimal
transmissionlevel immediatelyandachieves100%goodput
for thedurationof thesimulation.This is thebestpossible
scenariofor any approachin whichsendersaretreatediden-
tically, becausetheir requirementsarein factidentical.

In mostcases,senders’pathsto thereceiver have differ-
entcharacteristics,andareunknown to thereceiver. In such
a case,thebestthereceiver cando is to provide individual
feedbackandto adjusteachsenders’rateindependently. In
oursecondsimulation,weconstructedarandomtransit-stub
graphwith 100nodesfrom which1 nodewasrandomlyse-
lectedas the receiver and 16 other nodeswere randomly
selectedto besenders.Wemodifiedthefeedbackalgorithm
for theunicastcaseso thateachsender’s transmissionrate
is setbasedon its currentindividual lossrate(again using
thresholdsof 1% and15%). Thussendersdifferedin their
distancefrom thereceiver andthenumberof othersenders
they hadto sharebottlenecklinks with. Themaximumline-
speedof all links was512 Kbps. Note that this approach
clearlydoesnotscaleto largenumbersof senders.

Figure7 shows the goodputfor concastandunicastin
this simulation. Becausethe unicastapproachmust ex-
perimentallydeterminethe optimal assignmentof ratesto
senders,the algorithm oscillates,continually adding and
droppinglayersat sendersin searchof the perfectcombi-
nation. On the otherhand,concastensuresthat max-min
fairnessis achievedandgoodputremainsat100%.Figure8
shows the numberof layersreceived in eachframe from
oneparticularsender, located10hopsfrom thereceiver, for
bothconcastandunicast.Theconcastcurve is constantat
1, while theunicastcurve fluctuatesbetweenzeroandone.
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Figure 7. Simulation 2: Instantaneous (one-
second) goodput with a random topology .
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one sender

Otherplots,not shown dueto spacelimitations,show sub-
stantialvariation acrosssendersin the unicastcase,with
somegettingone layer throughconsistentlyand thus fre-
quentlyattemptingto addanotherlayer.

8. Conclusions

Internetmulticastserviceemploys a scalingmechanism
in whicha singleaddressrepresentsanarbitrarynumberof
receivers. In this paperwe have shown how thesameone-
for-many mechanismcanbeappliedto senders,to createa
concastservice.

Our simpleconcastserviceis intentionally symmetric
with conventionalIP multicastservice,and is useful par-
ticularly for suppressionof duplicatemessages,e.g. nega-
tiveacknowlegementsin reliablemulticast.Theservicecan
be implementedin a mannerthat scalesapproximatelyas
well asIP multicast(in termsof per-flow staterequiredin
routers),andcanbe deployed incrementallyin the present
Internetwithoutchangesto existingIP routingmechanisms.
Wealsodefinedacustomconcastservice,whichallowsthe



applicationto controlthesemanticsof packet merging. We
presenteda simpleandrobust signalingprotocolto setup
andmanageflow-specificstateandcodefor both typesof
service.

We alsodemonstratedthe valueof concastin the con-
text of a layeredvideoapplicationinvolving layeredvideo,
whereit improvedgoodputandreducedwastedbandwidth
significantly, even for modestnumbersof senders,com-
paredto non-scalableunicast-basedapproaches.

Thevaryingneedsof applicationswith respectto merge
semanticsand the timing of deliveredmessagesmakes it
difficult to justify implementinga single merge seman-
tics within the network. However, the ability to place
application-specificprocessingjustwhereit is neededin the
network by downloadingcodemakesthis a muchmoreat-
tractive proposition. Indeed,concastseemsto be an ideal
matchfor active networks, andmay motivate the deploy-
mentof activenetwork capabilitiesin theinfrastructure.

Acknowledgement: The authors acknowledge with
thanksthecontributionof SamratBhattacharjee,whowrote
the ANSWER simulatorandRaj Yavatkarwho contributed
to earlyversionsof theabstraction.

References

[1] The UCL TranscodingGateway (UTG). http://www-
mice.cs.ucl.ac.uk/multimedia/projects/utg/.

[2] E. Amir, S. McCanne, and R. Katz. An Active Ser-
vice Framework andits applicationto RealtimeMultimedia
Transcoding. In Proceedingsof the ACM SIGCOMM’98
Conference, Sept.1998.

[3] E. Amir, S.McCanne,andH. Zhang.An Application-Level
Video Gateway. In Proceedingsof the ACM Multimedia
Conference, Nov 1995.

[4] B. BadrinathandP. Sudame.Gathercast:The Designand
Implementationof aProgrammableAggregationMechanism
for theInternet,April 1999.(submittedfor Publication).

[5] K. Calvert,S.Bhattacharjee,E. Zegura,andJ.Sterbenz.Di-
rectionsin active networks. IEEE CommunicationsMaga-
zine, 36(10):72–78,October1998.

[6] S. Deering. Host extensionsfor ip multicasting,August
1989.InternetRequestFor Comments1112.

[7] JamesGriffioen and R. Yavatkar. Clique: A Toolkit for
GroupCommunicationUsingIP Multicast. In TheProceed-
ings of the Workshopon Servicesin Distributed and Net-
workedEnvironments, June1994.

[8] Michael Hicks, PankajKakkar, T. Moore, Carl A. Gunter,
and Scott Nettles. PLAN: A Packet Languagefor Active
Networks,1998.

[9] H.W. Holbrook,S.K.Singhal,andD.R.Cheriton.Log-Based
Receiver-ReliableMulticastfor DistributedInteractive Sim-
ulation. In Proceedingof the ACM SIGCOMM’95Confer-
ence, November1995.

[10] D. Katz. IP RouterAlert Option,February1997.RFC2113.

[11] S.McCanne,V. Jacobson,andM. Vetterli. Receiver-Driven
LayeredMulticast. In Proceedingsof theACM SIGCOMM
’96 Conference, October1996.

[12] Katia Obraczka. Multicast TransportProtocols:A Survey
andTaxonomy. Technicalreport,Universityof SouthernCal-
ifornia InformationSciencesInstitute,November1997.

[13] S. Paul, K. Sabnani,J. Lin, and S. Bhattacharyya. Reli-
ableMulticastTransportProtocol(RMTP). To Appearin the
IEEE Journal on SelectedAreasof Communication, 1996.
(seealsotheProceedingsof IEEEINFOCOM’96).

[14] D. Rubenstein,J. Kurose,andD. Towsley. The Impactof
MulticastLayeringon Network Fairness.In Proceedingsof
theSIGCOMM’99 Conference, September1999.

[15] J. H. Saltzer, D. P. Reed,andD. D. Clark. End-To-EndAr-
gumentsIn SystemDesign.ACM TransactionsonComputer
Systems, 2:277–288,November1984.

[16] B. Schwartz,A. Jackson,W. Strayer, W. Zhou,R. Rockwell,
andC. Partridge. SmartPackets for Active Networks. In
1999 IEEE SecondConferenceon OpenArchitecturesand
NetworkProgramming, pages90–97,March1999.

[17] P. Sudameand B. R. Badrinath. Transformertunnels: A
framework for providing route-specificadaptations.In Pro-
ceedingsof theUSENIXAnnualTechnicalConference, pages
191–200,June1998.

[18] S. Wen, J. Griffioen, andR. Yavatkar. IntegratingConcast
and Multicast CommunicationModels. In Proceedingsof
the Int. Soc.for Optical Engr: Symposiumon Voice, Video,
andDataCommunications, November1998.

[19] D. Wetherall,J. Guttag,andD. L. Tennenhouse.ANTS: A
toolkit for building anddynamicallydeploying network pro-
tocols. In IEEE OPENARCH’98, SanFrancisco,CA, April
1998.

[20] B. Whetten,S. Kaplan,andT. Montgomery. A High Per-
formanceTotally OrderedMulticastProtocol,August1994.
ftp://research.ivy.nasa.gov/pub/docs/RMP/RMPdagstuhl.ps.

[21] L. Wu, R.Sharma,andB. Smith.Thinstreams:An Architec-
turefor MulticastLayeredVideo. In Proceedingsof NOSS-
DAV ’97, 1997.

[22] R. Yavatkar, J.Griffioen,andM. Sudan.A ReliableDissem-
ination Protocolfor Interactive Collaborative Applications.
In TheProceedingsof theACM Multimedia’95 Conference,
pages333–344,November1995.


