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Abstiact— We presentan approach to building multicast sewices at
the network layer using unicast forwarding and two additional building
blocks: (i) ephemeralstate probes,i.e. extremelylightweight distrib uted
computationsbasedon a time-boundedassociatve memory; and (ii) the
ability to inject or enablepacket processingunctions that modify router
behavior in a very limited way. In our approach, sendersand recevers
use ephemeral state probesto determine where to inject functionality.
A specialfunction that duplicatespackets matching a particular pattern
and forwards them to a speci c destination is then instantiated at the
desired network location.

Our approacheliminatesthe needfor sophisticatedmulticast routing
protocolsand givesthe end-systemscontrol over the multicast sewice,
allowing the application to tailor the sewice to its needs. At the same
time, our approachcreatesef cient forwarding pathsby usingephemeral
state probesto determine (only) the relevant aspectsof the network and
group topology.

We presenttwo multicast implementations: onebuilds a multicast tree
with centralized control, another provides the traditional 1P multicast
abstraction. Both implementationscan be donein a simple and scalable
manner with minimal added functionality in the routers beyond unicast
forwarding.

Keywords: multicast, ephemeraktate, programmablenet-
works,active networks

I. INTRODUCTION

Cornventionallnternetmulticastis a usefulserviceabstrac-
tion for mary applications,but for various reasonsit has
beenslow to be widely deployed. Among the problemswith
conventional IP multicastare the compl«ity and variety of
routingprotocolsusedapplication-to-abstractiamismatches,
lack of accessontrolandsoon.

To overcomesomeof theseproblems variousresearchers
have proposedndareexploring newv one-to-mamg serviceab-
stractionghatscalebetterthanconventionallP multicas11],
[1]. A one-to-maw abstractionis often a more appropriate
servicefor applicationghat have a singlesourceandwantto
recordinformationaboutrecevers, or regulaterecever par
ticipation. However, theseapproacheslso assumehat the
implementatiorof theservices wiredinto thenetwork infras-
tructure,makingit dif cult to changegxtend,andevolve.
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Other researchersare exploring application-lgel ap-
proache$10], [4], [12], whichimplementmulticastabove the
network layer, usingonly unicastforwarding. Application-
level multicasthasthe advantagehatthe applicationhascom-
plete control over the way the serviceis implemented. Un-
fortunately theseschemesufer from otherproblems— in-
cluding limited scalability inef cient distribution trees,and
vulnerabilityto nodefailure— thatstemfrom the creationof
wholenew topologyaborve the network-layer“cloud”.

An ideal solution would combinethe e xibility and con-
trol of the application-l&el solutionswith the robustnessand
efciency of the network-basedsolutions. In this paperwe
presentan approachthat usesa mechanisnfor probing net-
work topologytogetherwith a very simplecode-instantiation
interface,thatachievesa balanceof e xibility, ef ciency, and
robustnessThebasicideaof theapproactis thatthetopology-
probingmechanismdenti es a point for a new receverto be
graftedontothemulticasttree;asmallpieceof codeis thenin-
stantiatedhtthatpoint; the codeduplicateaclets o wing on
theexistingtreebranchandforwardsthemto thenew recever.

The approachis e xible becausenaintenancef the mul-
ticasttree (and the exact natureof the installed duplication
code)is left to the end systems;it is asrobust and ef cient
astheunderlyingunicastforwarding.Dependingonhow code
instantiations handledjt canalsobe madescalable.

Our methodologyis basedon two building blocks whose
existencewe posit: (1) ephemeal stateprobes[3], a facil-
ity for very light-weight computationghat collect informa-
tion aboutthe network (in particular topology information),
and (2) lightweightpadket processingnodules a specialset
of functionsthat canbe instantiatecby end-hostapplications
througha simple code activation mechanisnto modify the
behaior of stratgic routersin the network. Given these
two building blocks,we shav how informationcollectedvia
ephemerastateprobescanbecombinedwith unicasforward-
ing to “bootstrap”application-controllednulticastservices.

The exibility of our serviceallows applicationsto de ne
application-speci cmulticastabstractions/serviceand rout-
ing algorithmsratherthanbeingcon ned to a prede nedIP
multicastabstractiorj9] anda hardwiredmulticastroutingal-
gorithm (e.g., DVMRP [15], PIM [6], [8], BGMP [17], Ex-
presq11], SimpleMulticast[13]).

The restof this paperis organizedasfollows. In the next
two sectionswe describethe building blocks of our system,



namelythe ephemerastateprobefacility andthe lightweight
paclet processingmodules. Next we shav two different
application-controlledmplementation®f single-sourcenul-
ticast: a sendefrientedprotocolin SectionlV, wherethe
sendercontrolstheinstantiatiorof the duplication/forvarding
code; and a recever-orientedprotocol in SectionV, where
recevers control the instantiation. The characteristicef the
recever-orientedprotocolareanalyzedandevaluatedin Sec-
tion VI. SectionVIl discusseselatedwork andSectionVIl|
concludeghepaper

Il. EPHEMERAL STATE PROBES

The rst building-block service, ephemeal state probes
(ESP),s asimplemechanisnfor collectinginformationabout
the network. Ephemeraktateprobes(ESPs)are pacletssent
by end-systemghat can initiate computationson network
routersandreturninformationabouttheinsideof thenetwork.
In particular ESPcomputationgan provide answergo sim-
ple topology-relatedjuestionssuchas”At whatnode,if ary,
do the pathsfrom A to B andfrom X to Y intersect?”,and
“What is the nearestranchpoint to multicastrecever R?".
Becaus¢hemechanisnis supportedy routersthatcooperate
to producetheanswerit is ef cient for the extractionof small
amountsof network informationthroughsendingandrecev-
ing individual paclets.

Theuseof ephemerastatefor collectinginformationfrom
the inside of the network hasbeenproposedelsavhere[3];
herewe merely sketch the ideasand capabilitiesof the ser
vice. We assumehateachnodeparticipatesn a unicastrout-
ing protocolandcanmake theroutingdecisionseededo get
apacletto its destination.

The ESPmechanismhastwo componentsithe ephemeral
statestore,which makesit possibleto accumulatedatafrom
differentpacletsinsidethe network withoutoverheadandthe
paclet-initiatedprobecomputationshatusethe storeto accu-
mulateandprocessiatain the network.

A. Ephemeal StateStoe

The ephemeraktatestore is an associativememorythat
binds x ed-size valuesto x ed-sizetags It is called
ephemerabecaus¢hebindingpersistdor only a x ed(short)
time, calledtheephemael statelifetime Eachnodein thenet-
work maintaingts own independenéphemerastatestore and
all nodesusethesameephemerastatelifetime.

Thebene t of ephemerastateis thatthesebindingscanbe
usedasdynamicallyallocatedandgarbage-collectedariables
in paclet-initiatedcomputationsTagsarelargeenoughsothat
the numberof possibletagsis vastly larger thanthe capacity
of the store. Tagsare chosenby end systemsandomly;the
choiceshouldbetruly randonto ensurghat(with high proba-
bility) no othercomputatioris usingthe sametag. Unlike soft
state[5], oncea (tag,value)bindingis createdit cannotbere-
freshedo extendits lifetime. Becauseahe bindingdisappears
after a shorttime, thereis zero managementverhead. The

only constraintis thata computatiormustrun to completion
beforethe bindingdisappeardor therestof this papemwe as-
sumethatthe ephemerastatelifetime is sufciently longthat
this constrainttanalwaysbesatis ed. (Earlierwe have inves-
tigatedtheconditionsunderwhichthisassumptioris justi ed,
andshawn thatthey arereasonabl§3].)

B. ProbeComputations

The ephemerastatestoreprovidesthe ability to assignye-
trieve, andmodify the valuesassociatedvith tags. The other
partof the ESPmechanisnis a setof probecomputationshat
malke useof thosevalues.Eachprobecomputatioris asimple
calculationthatterminatesn a boundedime. Thesecompu-
tationsareinitiated by ESPpaclets,which carry information
neededy thecomputation EachESPpaclet containsanop-
codeidentifying the computatiorto beinitiated,zeroor more
tags (variablenames)o be usedin the computationandzero
or moreimmediatevaluesto beusedin the computation.

ESPcomputationsnay alsoinvolve otherinformationsup-
plied by therouter suchasa routeridenti er (i.e. oneof its
IP addresseg)r informationaboutits state(e.g. queueoccu-
pangy).

As an ESPpaclet travels throughthe network, eachrouter
recognizest as suchand the speci ed computation(which
mustbe pre-installedat the router)is carriedout! As partof
the resultingcomputationthe paclet is eitherforwardedto-
wardits destinatioror droppedephemerastateprobesdo not
createnew paclets,nor canthey modify thelP headerelds of
apaclet. It maybe usefulto think of the setof probecompu-
tationsastheinstructionsetof avirtual machine By sequenc-
ing theinstructiongproperly interestingandusefuldistributed
computationganbeconstructed.

C. AnExample

Throughoutthis paperwe usethe following notation. If
is atag, then denoteghe valueboundto ; the absence
of ary valuewill bemodeledas beingboundto the special
value . Thus indicatesthat the “tag name” is
unused.Thenotation denoteghefollowing atomic
operationievaluatetheexpression (whichmaycontain ),
andbindtheresultingvalueto .

In whatfollows, tagswill oftenbe carriedas elds in the
pacletsthatinitiate computationsin thatcasewe usethe no-
tation pkt eld to denotethe tag name(i.e. the nameof the
variable).Pleasenotethat pkt eld bindsavalueto the
tagnamedby eld, anddoesnotchangehepaclet. To change
the contentsof the paclet we usethe notationpkt eld ,
whichwritesthevalue intothe eld locationin the paclet.

We explain the use of ESP computationghroughan ex-
ample. Supposeve wantto determinewhethertwo (unicast)
pathsthroughthe network, saythe pathfrom A to B andthe
pathfrom X to Y (illustratedin Fig. 1), have ary routersin

For mary purposest is not necessaryor all routersto supportthe ESP
facility, but for simplicity we assuménerethatthey do.



common.If the pathsintersectwe wantto know the address
of the rst routerin theintersectionThesolutioninvolvestwo
ESPcomputationsThe rst is a“setup” computationnitiated
by apacletsentfrom to ; it assignghevaluel tothetag

in the statestoresof all nodesonthepathfrom to . The
“setup” computatioris shavn in Fig. 1a.

if  pkt
pkt ;

At eachnode,if thetag doesnothaveavalue,it is assigned
thevaluel. The ESPpacletis forwardedat the end of the

computation.
@/@ .—Q

[ ] src: A, Dst: B, SETUP(T)

®\T:1 *T=1 /@4.

\

[ src: X, Dst: Y, COLLECT(T, (max: 0), (node: null))

@\T:l *T=1 /6;1
—®

[ src: X, Dst: Y, COLLECT(T, (max: 1), (node: r1))

Fig. 1. Findingpathintersection

The secondcomputationusesthe bindingsleft by the rst
computatiorto identify anodein theintersectionif oneexists.
A shorttime after the “setup” ESPis sent,an ESPpacletis

sentfrom to toinitiatea“collect” computatioratrouters
alongthe pathfrom to (. The ESPpaclet containstwo
variables, and , initially setto 0 andNULL respec-

tively. During the “collect” computationthe value boundto
tag ateachnodeis comparedo the value carriedin
the ESPpaclet. If , it becomeghe new value

of , andthe addresof the currentnodeis placedin the
paclet;in ary casethe pacletis forwarded:
if  pkt and pkt pkt
pkt pkt ;
pkt -

Whenthe collectmessagarrivesat Y, it containgheaddress
of node ,thenodein thepathintersectiorclosesto (The

ID of thenodeclosesto canbeobtainedby replacing*
with“ " in thecollectcomputation).

Thisis justonesimpleexampleto illustratethe useof com-
putationgto gatherinformationfrom multiple nodes.Clearly,
for themechanisnto bepractical,somecoordinatiorbetween
the end-systermodesis needed.In SectionslV and IV we
introduceotherESPcomputationsmeededor constructinghe
multicasttree.

The point of the ESP facility is to enableend systems
to locatethe bestpointsto invoke speci ¢ functionality In
our approachthe availablefunctionalityis de ned by router
supportedightweightpadet processingnodules Our expec-
tationis thatasmallsetof prede nedprocessingnoduleswill
sufce for avariety of network services.The codethatmakes
upaprocessingnodulemightbebuilt into arouter or dynam-
ically loadedvia a codeinstallationmechanisn{2]. In ary
case,processingnodulesareintendedto be small, authenti-
cated codesggmentshatterminaten boundedime.

Lightweight processingmodules operate by identifying
pacletsthat matcha particular lter pattern,applying basic
processinge.g. duplication)to thosepaclets, andthenfor-
wardingthezeroor moreresultingpacletsusingstandaraini-
castrouting. Eachprocessingnoduleis de ned by thefollow-
ing information

Code: instructiongo execute.

Classifiers: alist of paclet lters thatidentify which
pacletsthis moduleshouldintercept.

Parameters:  asetof parametershatcontrolthe codes
execution. For example, an instantiationparametemight
specifytheunicastaddressvherepacletsoutputby this mod-
ule areto besent.

Timeout: a timeoutvalue indicating when the module
shouldbe automaticallyremoved from therouter Theremay
be a system-widemaximum timeout value imposedon all
modules.

A processingnodulemay be instantiatednultiple timeson a
router whereeachinstantiationdiffersin eitherthe classi er,

parameterspr timeout. Eachprocessingnoduleis treatedas
softstatein therouter If themoduleis not “refreshedwithin

the timeoutperiodit is eligible for, it will be automatically
removed.

Fig. 2 illustratesthe point at which moduleprocessingc-
cursin therouter Notethatboth ESPandlightweightmodule
processingpccuron the input side, prior to forwarding. This
is importantfor our useof ESPto “bootstrap”the multicast
treecon guration. Also, we requirethatthe ESPfacility have
accesdo certaininformationaboutthe activatedlightweight
modulesjn particularwhethera functionwith speci c param-
etersis installed.

Thebasicoperationgelatedto lightweightprocessingnod-
ulesare:

Instantiate Module: Instantiatea module with a
speci c classi er, parameterandtimeout. This might simply

LIGHTWEIGHT PROCESSING MODULES



Lightweight Processing Modules

ESP | ifeA f
Processing J i\

Fig. 2. Router Support: Ephemeral State Probe computationsand
LightweightProcessinglodulesarebothimplementedntheinputside.
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Filters

involve a control messagdrom the end-systento the router
to enablethe built-in module,or it mightinvolve dynamically
loadingthe codefrom the end-systen(i2].

Terminate  Module: Terminatea particularinstantia-
tion of amodule.

Replace Module: Atomically replacea modulewith a
differentone. Thisis equivalentto a Terminate  Module
operationfollowed by an Instantiate Module opera-
tion.

Refresh
ule.

End-systemsssuecontrol messageshat invoke theseop-
erationson the desiredrouters. By allowing (trusted)end-
systemsto enableand disabledata-pathprocessingat inter
nal nodesin the network, protocolsare administeredfrom
the edgesof the network asopposedo beinghardwiredinto
the network itself. This separationof dataand control fa-
cilitatesapplication-speci candapplication-optimizedmple-
mentationf historicallyhardwirednetwork servicesln sec-
tions IV andV, we shav that thesebasicoperationscan be
usedto implementdifferent a vorsof multicast.

Module: Refreshthetimeoutvalueof a mod-

A. Dup(): An ExampleProcessingModule

The basiclightweight processingnoduledealtwith in this
paperis the duplicationfunction dup() The purposeof this
functionis to copy eachpacletthatmatchegheclassi er lter
speci edat instantiationandforwardthe copy to a particular
unicastaddresgalsospeci edatinstantiatiortime).

In ourschemeall transmissionaredonewith unicastpack-
ets. Thedup()functionclassi erlooksinto the IP option eld
of the IPv4 header(or the extensionheaderin IPv6) to nd
multicastidenti cation information? A simpleexampleof a
multicastgrouplD is the(IP addressportnumber)pair. How-
ever, the format of the multicastgroupID canbe de ned by
the application. It may containotherinformationsuchasthe
paclettype(e.g.DATA or CONTROL), sendeaddresgwhich
may or may not be the sameasthe IP sourceaddress)gtc.
Whena dup() functionin instantiatedat a node,the applica-
tion speci estheclassi er to use(i.e. which pacletsto dupli-
cate). The classi er may usethe application-speci ¢partsof

Anotheralternatieis to placethemulticastgrouplD thenon-fragmentable
partof theIPv6 payload.

the multicastgroupID to selectvely duplicate/forvard pack-
ets.

Thedup()functionsnoopgpassingP paclets. If the paclet
matcheghe classi er Iter, the dup() function replicatesthe
IP payload builds anew IP heademith currentnodeasthe P
sourceandthedesiredrecever (or next hop)asthelP destina-
tion, andthenpasseshe pacletto thestandardinicastrouting
andforwardingmechanism.

B. EchoProcessing

As we will seein latersectionsijt is alsousefulto assume
that network nodescan act as a “transponder”for specially
marked ESP probe messagesWe call theseecho ESPsbe-
causehenetwork nodewill “echo” the ESPprobebackto the
sourceof the probe. Thatis, an end-systentan stimulatea
nodein the network to echothe stimulusmessagdackto the
initiating end-systemBasicechoprocessingn very simple;
the sourceanddestinatiomeedto be exchangedandthe echo
eld disabled.The echoingnetwork nodedoesnot evenneed
toinspectthecontentof thestimulusmessageNotethatecho
ESPsonly invoke hop-by-hopprocessingn thereversedirec-
tion, notin theforwarddirection.

Echo ESPsareparticularlyusefulwhenan end-systemA,
wantsto learn information about the path from a network
router R, to A. Becausenetwork pathsare often assymetric,
sendingan ordinary ESPmessagdrom A to R may not fol-
low the samepathaspaclets o wing from Rto A. EChoESPs
allow endsystemso discover informationaboutthe reverse
path.

Therearesereralwaysin which EchoESPscanbeimple-
mentedwith minimal overhead.For example,they might be
handledsimilarto ICMP echopaclets[14]. Alternatively they
couldbe tunneledfrom A to R andthenforwardednormally
from R to A. The particularimplementatiormethodusedis
notimportantto our discussion.

IV. SENDER-MANAGED GROUPS

In this section,we presenta centralizedmulticastimple-
mentationwherethe multicasttree informationis controlled
by one hostin the group. Often the senderin single source
multicastapplicationsneedsto know all the group members
for reasonsuchasreliability, security limiting accesshilling
and so on. Therefore,the senderis naturally the control-
ling host. Althoughsuchapplicationshave limited scalability
(i.e., ability to dealwith very large groups),the application-
speci ¢ requirementgslictatea multicastservicethatinforms
thesenderof all join/leave requests.

In a sendeimanagedyroup, all group membershignfor-
mationis known to the senderwhich trackstherecever tree
topologyandhandledreeconstructiorandmaintenanceThe
basicalgorithmworks asfollows. All join andleave requests
aresentdirectly to the senderEachtime thesenderecevesa
join requestit mustidentify thebest‘graft point” andupdates
the duplicationfunctionsappropriately Eachtime the sender



recevesa leave request(or timesout a recever), the sender
mustdecidewhetherthe branchpoint closestto the recever
canberemovedor not. If possiblethesenderemaovesthedu-
plicationfunctionfrom thebranchpointandadjustghe parent
and/or child branchpoints surroundingthe remaoved branch
point.

Multicastpacletsaretransmittechop-by-hop:everybranch
point has a duplicationfunction for eachof its “child” re-
ceiversandbranchpoints. Eachmulticastpaclet carriesthe
(unicast)addresf eithera branchpoint or a recever. The
sendeirinitially transmitsthe paclet to each rst-hop branch
point. Whena pacletarrivesat a branchpoint, it is duplicated
andforwardedto the destinatiorcon guredfor eachinstalled
duplicationfunction.

Logical Tree D.dup()
Maintained by S r4.dup()
Parent |Children QZ
r2 r4, D
4 | AB,.C @

A.dup()

(B:-.dup() rD ‘ %/
@/wé)\@

Fig. 3. Sendemanagedree

(@)

The key to the algorithmis nding the bestlocationin the
existing multicasttreeto graft on a new branch,without re-
quiring the sendetto know the entirenetwork topology ESP
messagesanprovide the functionality neededo identify the
desiredbranchpoint without exploring the whole topology
Assumethe sendemaintainsa modelof the logical topology
thatdescribeghe relative locationof eachrecever andexist-
ing branchpoint, suchastheoneshavnin Figure3. A variety
of ESP-basedlgorithmsor identifyingbranchpointsarepos-
sible;thefollowing present®nesuchalgorithm.

Whena new recever sendsanapplication-leel join re-
quest(not an ESPmessagejo the sender , initiatesthe
following Branch Point (BP) identi cation procedure:

1. sendsan ephemeralstate probeto  to determine
closest the closestexisting BP to 3 This stateprobe
simply collectsthe ID of the mostrecentnodethatcontainsa
duplicationfunctionfor this multicastaddress.
2. sendsan application-lgel messageto
closest
3. thensendsa “marker” probeto eachchild (BP or re-
cever)directlydownstreanfrom  |5sest Eachprobecon-
tainsthe destinatioraddresgpkt andperformsthefol-
lowing computation:

containing

Notethatthe closesBP maybe .

pkt pkt
The computatiormarksthe pathto eachdownstreambranch
pointwith theID of thebranchpoint. Thiswill beusedin the
next stepto identify thebranchpointthatis downstreanof the
new branchpoint.
4. After ashorttime period, sendsanotherephemerastate
probeto to nd thenodeon the currenttreeclosestto
which will be the new BP. This probeinitiatesthe following
computatiorat eachnode:

if  pkt
pkt
pkt

next pkt
best - -

5. When recevespkt. pgogtit Sendsamessagéo  con-
tainingpkt.  pegt@nd  next-

6. initializes the new branchpoint,
child of
stepsbelow.
Initializing a new branchat
steps:

Modify the logical treemaintainedat the sendetto include

bestand

Inserta duplicationfunctionat  pegtthat capturesdu-
plicates,and forwards multicastmessage$o the recever
and possiblyalsoto an existing BP downstreamin the tree
( nexd-

Inserta new duplicationfunctionat  |gsesithatsends
to  pegt andremove theduplicationfunctionat  |osest
thatwassendingo et

In Fig. 3, the rst ESPmessagdrom to determines
thepkt  osestiS knows  haschildren and ,
thereforeit unicasts'marker” probesto both and , asil-
lustratedin Fig. 4a. After a shortwhile, the sender uni-
casta “collect” ESPto . Whenthe collect ESParrives at

best Makingit a

closestand  next thechildof g viathe

best Involves the following

, pkt andpkt (Fig. 4b). When
this informationis forwardedto , replaces with
at , andinstantiates and at

Theresultingtreestructures shavn in Fig. 5.

Leaving the multicasttree is straightforvard. The multi-
castrecever () sendsan application-leel leave requestto
thesender{ ). removes from its logical treestructure,
and deletesthe functionat 's BP. If remaving
resultsin a BP without ary children, the senderrecursvely
removesthatBP from thetree.

Themulticastsendemaintainsconnectvity by periodically
multicastinga control messagedown the tree to refreshall
dup() functionson the BP nodes. Multicastreceverscanbe
tell they are connectedo the tree by receving the refresh
messageeriodically In addition, the sendershould detect
recever failuresin orderto adjusttree structureaccordingly
This can be achiezed by having recevers periodically send
“heartbeat’messageto the multicastsender Sincesender
managedyroupsare intendedfor limited-scalabilityapplica-
tions, this requirementdoesnot lead to “implosion” at the
sender An optimizationmeasurecan be taken to eliminate
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possible*heartbeat’messageby addingfunctionalityto ag-
gregatethe “heartbeats’in the network. Theimplementation
of this optimizationis describedn [18].

V. DECENTRALIZED MULTICAST IMPLEMENTATION

In this sectionwe presenta scalable recever-orientedal-
gorithm for constructingmulticasttrees. It differs from the
previous algorithmin that the senderis unavare of who the
receversareor evenhow mary receversarecurrentlyin the
group(muchlikethestandardP multicastabstraction)More-
over, the recevers (and not the sender)are responsiblefor
mostof the multicasttreemanagement.

Like the sendemanagedalgorithm, multicast is imple-
mentedby placing dup() modulesat stratgic routersin the
network. However, unlike the senderorientedalgorithmin
whichthedup()functionsforwardedpacletsto thenext hopin
themulticasttree(i.e. notnecessarilyo arecever),eachdup()
functionin ourrecever-orientedapproactorwardspacletsto
aspeci c recever. In otherwords,the IP destinatioraddress
of every pacletbelongingto the o w will bethatof arecever
in thegroupratherthanthenext hopin themulticasttree.Each
receverin thegroupinstallsits own dup()functionsomevhere
onthepathfrom the sourceto therecever.

We describethe algorithm for “single source” multicast
groups. However, with straightforvard modi cations, the al-
gorithm can be extendedto handle multiple sourcesvia a
single-sourceendezwuspointsimilarto PIM-SM [7].

A. Branch Point Discovery

Our recever-orientedmulticasttree constructioralgorithm
hastwo parts:ExistingBrand Point Discovery(describede-
low) followed periodicallyby a Tree Optimizationoperation
(SectionVv-B).

When a recever wantsto join the group, it begins by lo-
catingthe nearestpoint on the existing multicasttree where
branchingalreadyoccurs(i.e., dup() functionshave beenin-
stalled),which maybe . Having identi ed the nearesex-
isting branchpoint, the new recever will installits own dup()
function at that branchpoint. This may not be the optimal
branchpoint for the new recever, but sincepaclet delivery
is unicastfrom the branchpoint, datawill correctlyreachthe
recever. For example,considerthe treeshavn in Figure 6a.
Whenrecever joins, it nds existing branchpoint and
installsits dup() functionat  (seeFigure 6b). Clearly
is a betterbranchpoint which will be discoveredin the Tree
Optimizationphase.

A recever locates the nearestexisting branch point
( closest Via anephemerastateprobesent(echoed)from
themulticastsendebackto therecever. Speci cally, theESP
messagearriestwo values,pkt  jgsest@andpkthopcount
the hopcountis usedlaterin an optimization. The echoESP
computatioris describedasfollows:

if (adup()existsfor thisgroup)
Pkt  (losest thisnodeaddr,



(a) (b)

Fig. 6. ExistingBranchPointDiscovery.

pkthopcount 0O;

pkthopcount=1;

Uponreceving the echoESR the new recever knows the
nearestexisting branch point and the distance(humber of
hops)it is away from thatpoint. It thenissuesa controlmes-
sageto instantiatea dup() function at the branchpoint that
will duplicateandthenforward the duplicateto the new re-
ceiver. Oncethe dup() functionhasbeeninstalled,it mustbe
“refreshed”periodicallyby therecever.

B. TreeOptimization

The goal of the tree optimizationalgorithmis to improve
ef ciency of thedistributiontreeby identifyingandmodifying
links thatcarryredundantrafc.

B.1 FindingBetterBranchPoints

The rst stepis to identify betterbranchpoints. To help
receversidentify betterbranchpointsandreassurehemthey
arestill in themulticasttree, thesendeperiodicallymulticasts
(along the existing multicasttree) a pair of ephemeraktate
probesnamelyacountingeSP followedby acollectionESP
The computationassociatedvith eachprobeis describedn
Fig. 7. Initially thepktnewBP eld in the probemessageés set
to NULL andpktmaxredundanis 0.

The purposeof the countingeSPis to recordthe numberof
duplicatedmessagegoingthrougheachrouter For example,
thenumberof duplicatemessag@assinghroughrouter  in
Figure6bis 2. ThemulticastcollectionESPmessageseshe
informationleft by the counting ESPto identify potentially
betterbranchpointsfor eachrecever. If the pkt hopcountof
thediscoveredbranchpoint pkt newBPis smallerthanthehop
countto the currentbranchpoint, the discoreredbranchpoint
pktnewBP is potentiallybetterthanthe currentbranchpoint
andbecomesghe target branc point wherewe would like to
relocatethedup() function. All multicastgroupmemberghat
nd a potentiallybetterbranchpoint are calledreomanizing
receives and will participatein the next phaseof the algo-
rithm; decidingwhichreceversshouldmove theirdup()func-
tionsto their targetbranchpoints,andwhich shouldnot. The

Counting Probe Computation

if  pktcount
pktcount

else
pkCulaation Probe Computation

pktcount

if pktnewnBP
pkthopcount  pkthopcount
if  pktcount
pkt newBP := this_nodeaddr;
pkt maxredundant
max(kt maxredundant pktcount);
pkt hopcount

Fig. 7. CountingandCollectionprobesnitatedperiodicallyby thesource.

value pkt maxredundantis includedas an optimizationthat
will bedescribedn sectionV-E.

B.2 To Move or Not to Move

The next stepis for the reaganizingreceives to decide
which of them will move to their target branchpoints and
which of themwill remainatthe existing branchpoint.

Beforedescribingwhich receversshouldmove their dup()
functions,we needto considerthe differentscenariosunder
which a link might be traversedmultiple times. Thereare
two basicscenarioshatcausenon-optimakreepaths(seeFig-
ures8 and9). In the rst scenario(Figure 8), links that ex-
perienceduplicatetrafc aretheresultof two or moredup()
functionsresidingon the samenode. In the secondscenario,
(Figure9), links thatexperienceduplicatetraf c aretheresult
of dup() functionslocatedat differentnodes. The rst sce-
nario can be solved by having eithernode or  (but not
both) move its dup() functionto . In otherwords,we need
to “elect” oneof thetwo to move. Thesecondscenarioshovn
in Figure9, canonly beresohedif the dup() functionthatis
fartherdownstreampamelyC's dup() functionasopposedo
A's, movesto thetamgetnode4. In otherwords,the recever
whosedup functionis closestto the multicastsourceshould
notmove, while otherreceversthathave thesameamgetnode
arefreeto move.

In orderfor thereoiganizingreceivesto decidewhetheno
move or not, they needto know the potentialmovesof other
receversin thereomganizingset. To inform othermembersn
a scalableway, eachreoiganizingrecever announcests in-
tentionto move by sendingan echoESPto the nodewhere
its dup() function currentlyresides.The probemessage&on-
tainstherecever's unicastaddressn the IP addresseld, but
containsthe group multicastaddressn the multicastheader
As aresult,the ESPecho'edby the routerwill be sentto all
receversin themulticastsubtree.

This “subcast’echoESPsenesasa move announcement
andcontainghreevalues:src, theoriginatorof themove mes-
sagecurrent the currentlocationof the src's dup() function,
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andtarget, thenodewheresrc intendsto move its dup() func-
tion.

Giventhetwo possiblescenarioshovn in Figures8 and9,
arecever will move its dup() functionto its target nodeif
eitherof thefollowing conditionsis true:

learnsthat it hasthe samecurrent andtarget nodesas
anotherecever (e.g.,Figure8) whoselD (e.g.,IP address)s
largerthan 'sID, OR

learnsthatit sharesalink with a nodewhosedup()func-
tion is closerto the multicastsourcethan 's dup() function
(e.g.,Figure9). Any move announcemerdontainingvalueof
currentthat differsfrom 's own value of currentis from a
nodewhosedup()is upstreanof 'sdup(),so canmaoveits
dup function. In Figure9, nodeC will receie A's move an-
nouncementbut A will notreceve C's move announcement
becaus€'sechoESPmove announcemens sentto  rather
than .
Receversthatdonotreceveamaoveannouncemerge.g.,node
A in Figure9) do nottake ary action.

In both casesthe reomganizing recever that moveslearns

theidentity of thereceverwhosepacletsit will be“snooping”
(dup()ingfrom). We saythat C dependson A if C's dup()
function“snoops”pacletssentto A, i.e. if the Iter with which
it wasinstalledincludes‘destination=A. Thisinformationis
recordecandusedwhenarecever decidedo leave thetree.

C. AnExample

Considerthetopologyin Figure8 wherethe receversjoin
in the order andassumehatthe nodelD of

Whennode joins,it nds thesendeinode ) astheclos-
estexisting branchpoint andinstallsits dup() functionthere.
A only depend®nthesenderdenoted ). When joins,
it too nds asthenearesexisting branchpoint andinstalls
its dup()functionat , recordingits dependengcon

Assumethe sourcessuesa periodiccountingeSPfollowed
by a collectionESPto optimizethe tree. The countingESP
leavesthe valuesshavn in Figure 8, which are examinedby
the collectionESR ultimately informing and that is
theirtamgetnode. Node and thenissuemove announce-
mentsanddiscoveroneanother thenmovesits dup()func-
tion to becausethey have the samesrc and target and

When joins,it nds that isthenearesexistingbranch
point and installs its dup() function at node The next
roundof treeoptimizationmessageleavestheephemeradtate
shavn in Figure9 andinforms and that is theirtar-
get  thenstimulatesa move announcemerfrom and
stimulatesa move announcemerfrom node receves
(src= , current , target= ) and(src= , current=2, tar-
get= ) while only recevesits own messagésrc= , cur-
rent ,target= ). Consequently movesits dup()function
tonode andrecordsts dependencon

Similarly, when joins, it rst installsits dup() function
at  butthenmovesit to  during the next round of tree
optimization. When joins, it joinsat  andthenmoves
to  duringthe next roundof tree optimizationsbecause
and havethesame and and . Finally,
joinsandimmediately nds node . Futuretreeoptimization
messagesdo not identify ary betterbranchpoints. Note that

will notknow whoit depend®n. The nal treeappearsn
FigurelO.

D. Membedeavingor failure

A recever canleave the multicasttreein oneof two ways:
(1) by explicitly remaoving its dup()function,or (2) letting its
dup()functiontimeout(i.e.,notberefreshed)To leave grace-
fully, a recever stimulatesan echocontrol messagdrom its
dup() nodeindicatingits desireto leave the group; this mes-
sageis multicastto the subtreerootedat the dup() node. The
“leave” messageontainscurrent the location of the dup()
functionto beremoved,owner, thenodelD thedup()function
belonggo, anddependsthelD of thenodethedup()function
dependn.
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The“leave” messagénformsall otherreceversin the sub-
treethatthey may needto repositiontheir dup() functionsin
responséo therecentlydepartedecever. Only receversthat
dependedn the departedrecever needto react. Recevers
that do not know who they dependon will also adjusttheir
dup() location. The actionstaken by the dependentecevers
is simple: (1) move theirdup()functionto thenodepreviously
occupiedby the departingrecever, (2) wait for the tree opti-
mizationESPsto reoiganizethetree. Figurellillustratesthe
reoganizationstepsthatoccurwhennode (from Figure9)
leavesthegroup.

E. ScalabilityOptimization

In the previous section,we presentedhe tree construction
andoptimizationprocesghat producesan optimaltreestruc-
ture.Basedonthealgorithmcharacteristicsseveraloptimiza-
tions canbe appliedto reducethe amountof control traf c,
namely the move announcemerntafc, makingthetreecon-
structionprocessnorescalable.

Although the move announcementare subcastand thus
have limited scope the numberof move announcemennes-
sagesanbe large andfar reachingif mary receversjoin at
the sametime (possiblyasthe resultof a recever leaving).
However, therearevariousoptimizationghatcansigni cantly
reducetheamountof “move” controltraf c:

1. Announcemeruppession

Oneway to reducethe controltrafc overheads to have re-
ceiverssuppressheir move announcemernt they receved a
maove announcemerfrom a nodewith the sametarget value
during the sameround. The recever shouldsuppressts an-
nouncemenandimmediatelymoveits dup()functionto target
nodesinceit knowstherewill beareceverwhowill notmove
its dup()functioneitherbecaus¢hereceverdoesnothearary
othermaove announcement®y becausehe move decisional-
gorithmindicatest is the onethatshouldnot move.

2. RateReduction

In casea recever's target dup() location is upstreamfrom
wheretheotherreoiganizingreceversaretrying to move their
dup() function, it is not necessanyor the recever to keep
sendingmove announcemenh eachround,sincea compet-
ing mover may not yet exist. If arecever's previous move
announcemendid not resultin a move decision,andin the
following round the sametarget nodeis found, it is experi-
encingawait condition. If thereis nolossin thenetwork, the
receverunderthewait conditioncanin factstopsendingnove
announcementsinda “default” decisionwill be madeasde-
scribedin 1 abore whena competingannouncemergventu-
ally arrives. Underrealisticconditionswherelossmay occur
therecever maychooseo reducethe sendingrateof its move
announcemernb oneevery 2 or 3 rounds.Slowing down the
sendingratewill reducecontroltrafc, but not stopthe tree
optimizationprogressf move messagéossoccurrs.

3. WolumeLimitation

Anotherway to reducethe numberof move announcements
is to have recevers systematicallysuppresgheir move an-
nouncementso that no morethan  recevers sendmove
announcementduring eachround. Becausethe tree opti-
mizationESPmessagesontainmaxredundantthemaximum
numberof redundang on the path, eachrecever knows the
potentialnumberof move announcementi is going to re-
ceive. If thedesirednaximumnumberof move announcement
perroundonthetreeis , andmaxredundant , eachre-
ceiver cansendwith probability = maxredundant Thiswill
resultin alimit of approximately move messagem thetree
perround.

VI. SIMULATION EXPERIMENTS

We ran simulationsto evaluatethe effectivenessandscala-
bility of therecever-orientedtreeconstructioralgorithm.Our
simulationsonly considerednembergoining the group, not
leaving. However, leave eventscauseshesystemto behae as
if mary receversjoinedsimultaneouslysoevaluatingthejoin
overheadjivesinsightinto the performancef leaving aswell.

To evaluatetheperformancef ouralgorithm,we usedhree
metrics:

Average Link Stress: Link stressis de ned asthe numberof
identical copiesof a paclet carriedover a physical link [4].
The averagelink stressis measuredy summingthe stress
level of all links in the multicasttreeanddividing by thetotal
numberof links in thetree.

MaximumLink Stress: The largest link stressvalue on the
tree.

Average Contmol Cost: Control costis the numberof maove
messageseenby recevers during eachround of tree opti-
mizationmessagesThe averagecontrol costis calculatecby
summingthe total numberof move messagegachrecever
seeperround,thendividing it by thetotalnumberof recevers
in thegroup.

We simulateda transit-stuttopologygeneratedy the GT-
ITM topology generatof{19]. The graph consistedof 600
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nodesconsistingof 72 stub domainsconnectedvia 3 transit
domains. Eachtransitdomainconsistedof approximately8
nodes,eachconnectedo 3 stubdomains,which averaged8
nodeseach.Therecever setconsistef 300nodegandomly
selectedrom thestubdomains.Thesendewasalsorandomly
selectedrom astubdomain.For thepurpose®f analyzinghe
convergencerateof our algorithm,all links in the graphwere
lossless.

To testthe scalability of the system,we variedthe rate at
which the 300 receversjoined the tree. The fastesfoin rate
hasall 300receversjoining simultaneoushat the beginning
of thesimulation.We alsosimulatedslower join rateswith 10
to 290 receversjoining during eachtree optimizationround.
Whenfew membergoin perround,it takeslongerfor all re-
ceiversto join thegroup. However, thelink stressmposedon
thesystemis lessthanwhenall membergoin atonce.

Fig. 12 shavs the stresdevel andconvergencetime for join
ratesof 10, 20, 50, 100, and 200 receversjoining per tree
optimizationround. As expected the fasterjoin ratesimply
greateiinitial stresdevels. For all join ratestheaveragestress
level fell below 1.5 after the 4th tree optimizationround. In
otherwords,thetreebecomesiearoptimalquickly, regardless
of the numberof receversthat join, andthenremainsnear
optimal. Whenthe join rateis 10, it takes 30 roundsfor all
receversto join, andonly onemoreroundfor thetreeto reach
optimalcon guration. In addition,from the 3rd roundonward
thetreeis alwaysin a nearoptimal stateTherefore,in terms
of putting minimumstresson the links at ary giventime, the
algorithmworks bestwhenfewer receversjoin during each
round.

Fig. 13 shavs the resultfor the sameexperimentwith the
maximumstresslevel (in log scale)as opposedto the aver
agestresslevel. The increasedstressat higher join ratesis
muchmoreobviouswhenlooking at the maximumstressval-
ues. Even so, like the behaior of averagestresslevel, the
maximumstresdevel decreasesapidly (exponentially)with
time.

Fig. 14 shows the averagecontrol cost (numberof move
messagesachround)for the sameexperiment,again plotted
in log scale. The overheadcostsrise quickly asthe join rate
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Fig. 13. Themaximumstresdevel for variousjoin rates(in log scale).

increases.

Theresultsshavn sofardid notincorporateary of theover-
headreductiontechniquesiescribedn sectionV-E. Without
ary optimization theoverheadcostincreasetinearly with the
join rate.To controlthe overheadat highjoin ratesweimple-
mentedthe optimizationin which an upperlimit is imposed
on the numberof move messageshat can be sent(seevol-
umelimitation in SectionV-E). We testedthe effect of this
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optimizationusingthe worst-casgoin rate of 300 (all nodes
joinedat once). Fig. 15 shaws the averagecontrol costusing
the optimization,with 10,30, and50receverstrying to move

duringary giventreeoptimizationinterval. The graphshavs

thatthe optimizationdramaticallyreducegontroltraf ¢ with-

outsigni cantly prolongingthetreeconvergencdime;thetree
hascorvergedwhenthecostreachegero.
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Fig. 15. The averagecontrol costsat a join rate of 300 but limits on the
numberof receversthatcanmove.

Thecorrespondinghangen stresdevel createdoy the op-
timizationis illustratedin Fig. 16. Clearly, thereis a tradeof
betweencontrol overheadand stresdevel. The optimization
reducesontroloverheacdbut doesso at the expenseof slower
stresdevel reductionrate(andthe corvergencerate). Because
move messageare small, they typically consumdessband-
width thanthe redundantdatapaclets causedy high stress
levels. However, implosioncanstill be a problemwith high
control overhead,and may be the limiting factor that deter
minesthe appropriataradeof.
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Fig. 16. Theaveragestresdevel for ajoin rateof 300but limiting thenumber
of receversthatcanmove.

VIl. RELATED WORK

Perhapshemostcloselyrelatedwork is the REUNITE[16]
protocol developed at CMU. REUNITE uses unicast ad-
dressesindforwardingto constructingle-sourcelistribution
treessimilar to our recever-orientedprotocol. Unlike our
application-leel approachREUNITE is a network-level mul-
ticastimplementatiohardwirednto routersj.e., thetreecon-
structionalgorithmis embeddeth thenetwork. Multicastdata
is sentin a unicastpaclket with a multicastgroupID consist-
ing of a (unicastIP addressport number)pair. Every router
alongthe pathto an existing recever mustmaintaineithera
multicastforwarding table (if it is a branchpoint) or a mul-
ticastcontrol table (if it is a potentialbranchpoint). Routers
alongtheexisting delivery treeinterceptJOIN messagefom
new receverandaddtherecever's unicastaddresgo their ta-
ble for paclet duplication. Consequentlyevery routeron the
distribution treeneedgo maintainmulticaststateinformation
for the group. Our proposedalgorithmonly placesmulticast
stateinformation(i.e. dup() functions)at the branchpointsof
the distribution tree. Otherroutersalongthe pathsimply for-
wardunicastpacletsasnormal. Moreover, in REUNITE, the
multicastpath from the senderto a recever may not be the
shortespath.In ourapproactthemulticastdelivery treeis on
theforwardshortespathfrom the sendeto eachrecever.

EndsystenMulticast [4] is an application-lgel approach
thatattemptsto constructan overlay network by establishing
logicallinks betweercloselyconnectecdheighboraisingatree
constructiorprotocolcalledNARADA. A nex groupmember
must rst learnaboutthe othersin the groupthroughan out-
of-bandbootstrapmechanism.Eachhostforms logical con-
nectionsto atmost  of its neighbors Neighborsareselected
with theconstrainthatthedelaybetweerarny two groupmem-
bermustbeatmost timestheunicastdelaybetweerthem.
Eachhostperiodicallyexchangegroupmembershimndrout-
ing informationwith its neighborgo createa meshtopology
of all groupmembers After the meshis establishedthe mul-



ticastdatais routedusingthe DVMRP routing algorithmsat
theapplicationlevel.

To maintainthe bestmeshquality in faceof dynamicgroup
membershipchange, each host also probesrandom group
membergeriodicallyto gettheir routing tables. Becausall
groupmemberseedto know all othergroupmembersn or-
dertoformthemeshthealgorithmdoesnotscalewell to large
groupsizes.

Another application-leel multicast architecture called
Yoid [10] focuseson providing large-scalealbeitnon-optimal,
multicastconnectiity. Yoid assumesomenumberof ren-
dezwushostsin thesystemwherenenw membersangoto dis-
coverothergroupmembersEachrendezeoushostonly knows
nearbyrecevers.New groupmemberdearnaboutothergroup
memberdrom anearbyrendezoushostandchooseoneto be
their parentin the multicasttree. The Yoid protocolscaleso
large groupsbecauseachgroupmembernnly needso know
a small sectionof the total groupmembership However, be-
causegroupmemberdave very limited topologyinformation,
thereis no guaranteehat the resultingtree is optimized. It
simply guaranteeall groupmembersareconnected.

Overcastfrom Cisco[12] builds a singlesourcetreefor re-
liable contentdistribution. Overcastontainsanoverlaytopol-
ogy constructedrom speciabpurposenetwork nodegseners).
The specialpurposenodesare placedat stratgic ( x ed and
well-known) locationsof the network. A multicastsendeide-
livers datato the seners and redirectsrequestsfor content
to the closestsener. The multicasttree that connectsthese
senerscannotbe dynamicallycon gured.

VIIlI. CONCLUSIONS

We presentec simple, programmableetwork framevork
basedon ephemeraktateprocessinglightweight processing
modules,and standardunicastrouting and forwarding. The
ephemeraktatemechanisnprovides a time-boundedissoci-
ated memory store at network nodesthat, when combined
with small x ed-lengthstraight-line programs,allows end-
systemsto computespeci ¢ information aboutthe network
andits topology Combiningknowledge aboutthe network
with the ability to inject lightweight processingnodulesinto
speci ¢ nodescreateshe opportunityfor usersto implement
new application-speci metwork servicegrom theedgeof the
network.

To demonstrat¢he utility and e xibility of the framework,
we describedwo differentwaysto build multicastservicesat
the applicationlevel. The rst approachillustratedhow ap-
plicationscanconstructsendeicontrolledmulticastdistribu-
tion treethatemployshop-by-hoprocessindo deliver datato
recevers. The sendercreateandmaintainshe multicastdis-
tributiontreeby sendinge SPmessagew determindopology
informationandtheninstall lightweightduplicationfunctions
(dup() functions)at stratgyic nodesin the network. The sec-
ond exampleshaved how recever-controlledmulticasttrees
couldbe built in a scalablefashion.In this casetherecevers

conspireto createthe multicasttreeby installing dup() func-
tionsthat“snoop” pacletsdestinedfor othermembersf the
group. As opposedo somemulticastrouting protocolsthat
build reverse-patliorwardingtrees bothouralgorithmstrans-
mit dataalongtheshortestorward pathfrom the sendeto the
recever. Moreover, theonly network routershatmaintainarny
multicaststatearethe routersat the branchpoints. All other
routersalongthemulticastdistributiontreearecompletelyun-
awareof the multicast o w, unlike corventionallP multicast
protocols.

REFERENCES

[1] Nidhi Bhaskar Source-Speci dProtocolindependeniulticast. Inter-
netDraft: draft-bhaskampim-ss-00.txtMarch2000.

[2] K. Calert, S. BhattacharjeeE. Zegura, and J. Sterbenz. Directions
in Active Networks. IEEE Communicationdagazine 36(10):72-78,
October1998.

[3] K. Calert,J.Grif oen, andA. Gag. Computingin the Network with
EphemeralState. TechnicalReport307-00,Departmenif Computer
SciencelUniversity of Kentucly, 2000.

[4] YanghuaChu,SanjayG. Rao,andHui Zhang. A Casefor End System
Multicast. In the Proceedingsof ACM Sigmetrics pagesl-12, June
2000.

[5] D. Clark. The DesignPhilosoply of the DARPA InternetProtocols,
1988.

[6] A. Helmy D. Thaler S. DeeringM. Handlgy V. JacobsorC. Liu P.
SharmeL. Wei D. Estrin,D. Farinacci.ProtocolindependenMulticast-
SparseMode: ProtocolSepci cation. RFC 2364 Junel998.

[7] S.DeeringD. Estrin,D. FarinacciandV. JacobsonAn Architecturefor
Wide-AreaMulticastRouting. In the Proceeding®f the SIGCOMM'94
Confeence Septembel994.

[8] StephenDeering, Deborah Estrin, Dion Farinacci, Van Jacobson,
AhmedHelmy, David Meyer, andLiming Wei. PotocollependeniMiti-
castVersion2 DenseModeSpeci cation.InternetDraft: draft-ietf-pim-
v2-dm-01.txtNovember1998.

[9] Stepherk. Deering.HostExtensiondor IP Multicasting,August1989.

RFC1112.

Paul Francis. Yoid: Extendingthe Internet Multicast Architecture.

http://wwwaciri.org/yoid/docs/inde htm| April 2000.

HughW. HolbrookandDavid R. Cheriton.IP MulticastChannelsEX-

PRESSSupportfor Large-ScaleSingle SourceApplications. In Pro-

ceedingof SIGCOMM'99 1999.

JohnJannotii,David K. Gifford, Kirk L. JohnsonM. FransKaashoek,

and Jr. JamesW. O'Toole. Overcast: Reliable Multicasting with an

Overlay Network. In Proceeding®f OSD|, 2000.

R. Perlman. Simple Multicast: A Designfor Simple, Low-Overhead

Multicast. InternetDraft: draft-periman-simple-multicast-03.p@cto-

ber1999.

J. Postel. InternetControl MessageProtocol, Septembefi981. RFC

792.

T. PusateriDistanceVectorMulticastRoutingProtocol.InternetDraft:

draft-ietf-idmrdvmrp-v3-08.txtFeturary 1999.

lon Stoica, T.S. EugeneNg, andHui Zhang. REUNITE: A Recursie

UnicastApproachto Multicast. In Proceedingsof INFOCOM 200Q

2000.

D. Thaler D. Estrin,andD. Meyer. BorderGatavay MulticastProtocol

(BGMP): ProtocolSpeci cation,November2000. InternetDraft: draft-

ietf-bgmp-spec-02.txt.

SuWen. Building Ef cient Group CommunicatiorServiceson a Pro-

grammabléNetwork Framevork. TechnicaReport311-01,Department

of ComputerScienceJniversity of Kentucky, January2001.

E. Zeguraand K. Calvert. Geogia Tech InternetTopology Models.

http://www.cc.gatech.edu/projects/gtitm.

(20]

(11]

[12]

[13]

[14]
[15]

(16]

[17]

(18]

[19]



