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Abstract— We presentan approach to building multicast services at
the network layer using unicast forwarding and two additional building
blocks: (i) ephemeralstateprobes,i.e. extremelylightweight distributed
computationsbasedon a time-boundedassociative memory; and (ii) the
ability to inject or enablepacket processingfunctions that modify router
behavior in a very limited way. In our approach,sendersand receivers
use ephemeral state probesto determine where to inject functionality.
A specialfunction that duplicatespacketsmatching a particular pattern
and forwards them to a speci�c destination is then instantiated at the
desirednetwork location.

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

Wepresenttwo multicast implementations: onebuilds a multicast tr ee
with centralized control, another provides the traditional IP multicast
abstraction. Both implementationscan be donein a simple and scalable
manner with minimal addedfunctionality in the routers beyond unicast
forwarding.

Keywords: multicast, ephemeralstate,programmablenet-
works,activenetworks

I. INTRODUCTION

ConventionalInternetmulticastis a usefulserviceabstrac-
tion for many applications,but for various reasonsit has
beenslow to bewidely deployed. Amongtheproblemswith
conventionalIP multicastare the complexity and variety of
routingprotocolsused,application-to-abstractionmismatches,
lackof accesscontrolandsoon.

To overcomesomeof theseproblems,variousresearchers
haveproposedandareexploringnew one-to-many serviceab-
stractionsthatscalebetterthanconventionalIP multicast[11],
[1]. A one-to-many abstractionis often a more appropriate
servicefor applicationsthathave a singlesourceandwant to
recordinformationaboutreceivers,or regulatereceiver par-
ticipation. However, theseapproachesalso assumethat the
implementationof theserviceis wiredinto thenetwork infras-
tructure,makingit dif�cult to change,extend,andevolve.
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Other researchersare exploring application-level ap-
proaches[10], [4], [12], which implementmulticastabove the
network layer, using only unicastforwarding. Application-
level multicasthastheadvantagethattheapplicationhascom-
pletecontrol over the way the serviceis implemented.Un-
fortunately, theseschemessuffer from otherproblems— in-
cluding limited scalability, inef�cient distribution trees,and
vulnerabilityto nodefailure— thatstemfrom thecreationof
wholenew topologyabove thenetwork-layer“cloud”.

An ideal solution would combinethe �e xibility and con-
trol of theapplication-level solutionswith therobustnessand
ef�ciency of the network-basedsolutions. In this paperwe
presentan approachthat usesa mechanismfor probingnet-
work topologytogetherwith a very simplecode-instantiation
interface,thatachievesa balanceof �e xibility, ef�ciency, and
robustness.Thebasicideaof theapproachis thatthetopology-
probingmechanismidenti�es a point for a new receiver to be
graftedontothemulticasttree;asmallpieceof codeis thenin-
stantiatedat thatpoint; thecodeduplicatespackets�o wing on
theexistingtreebranchandforwardsthemto thenew receiver.

The approachis �e xible becausemaintenanceof the mul-
ticast tree (and the exact natureof the installedduplication
code)is left to the endsystems;it is as robust andef�cient
astheunderlyingunicastforwarding.Dependingonhow code
instantiationis handled,it canalsobemadescalable.

Our methodologyis basedon two building blockswhose
existencewe posit: (1) ephemeral stateprobes[3], a facil-
ity for very light-weight computationsthat collect informa-
tion aboutthe network (in particular, topologyinformation),
and(2) lightweightpacket processingmodules, a specialset
of functionsthatcanbe instantiatedby end-hostapplications
througha simple codeactivation mechanismto modify the
behavior of strategic routers in the network. Given these
two building blocks,we show how informationcollectedvia
ephemeralstateprobescanbecombinedwith unicastforward-
ing to “bootstrap”application-controlledmulticastservices.

The �e xibility of our serviceallows applicationsto de�ne
application-speci�cmulticastabstractions/servicesand rout-
ing algorithmsratherthanbeingcon�ned to a prede�nedIP
multicastabstraction[9] andahardwiredmulticastroutingal-
gorithm (e.g.,DVMRP [15], PIM [6], [8], BGMP [17], Ex-
press[11], SimpleMulticast[13]).

The restof this paperis organizedasfollows. In the next
two sections,we describethe building blocksof our system,



namelytheephemeralstateprobefacility andthelightweight
packet processingmodules. Next we show two different
application-controlledimplementationsof single-sourcemul-
ticast: a sender-orientedprotocol in SectionIV, where the
sendercontrolstheinstantiationof theduplication/forwarding
code; and a receiver-orientedprotocol in SectionV, where
receiverscontrol the instantiation.The characteristicsof the
receiver-orientedprotocolareanalyzedandevaluatedin Sec-
tion VI. SectionVII discussesrelatedwork andSectionVIII
concludesthepaper.

I I . EPHEMERAL STATE PROBES

The �rst building-block service, ephemeral state probes
(ESP),is asimplemechanismfor collectinginformationabout
thenetwork. Ephemeralstateprobes(ESPs)arepacketssent
by end-systemsthat can initiate computationson network
routersandreturninformationabouttheinsideof thenetwork.
In particular, ESPcomputationscanprovide answersto sim-
ple topology-relatedquestionssuchas“At whatnode,if any,
do the pathsfrom A to B andfrom X to Y intersect?”,and
“What is the nearestbranchpoint to multicastreceiver R?”.
Becausethemechanismis supportedby routersthatcooperate
to producetheanswer, it is ef�cient for theextractionof small
amountsof network informationthroughsendingandreceiv-
ing individualpackets.

Theuseof ephemeralstatefor collectinginformationfrom
the inside of the network hasbeenproposedelsewhere[3];
herewe merely sketch the ideasand capabilitiesof the ser-
vice. We assumethateachnodeparticipatesin a unicastrout-
ing protocolandcanmake theroutingdecisionsneededto get
apacket to its destination.

The ESPmechanismhastwo components:the ephemeral
statestore,which makesit possibleto accumulatedatafrom
differentpacketsinsidethenetwork withoutoverhead;andthe
packet-initiatedprobecomputationsthatusethestoreto accu-
mulateandprocessdatain thenetwork.

A. Ephemeral StateStore

The ephemeralstatestore is an associativememorythat
binds �x ed-size values to �x ed-size tags. It is called
ephemeralbecausethebindingpersistsfor only a �x ed(short)
time,calledtheephemeral statelifetime. Eachnodein thenet-
work maintainsits own independentephemeralstatestore,and
all nodesusethesameephemeralstatelifetime.

Thebene�t of ephemeralstateis thatthesebindingscanbe
usedasdynamicallyallocatedandgarbage-collectedvariables
in packet-initiatedcomputations.Tagsarelargeenoughsothat
thenumberof possibletagsis vastly larger thanthecapacity
of the store. Tagsarechosenby endsystemsrandomly;the
choiceshouldbetruly randomto ensurethat(with highproba-
bility) noothercomputationis usingthesametag.Unlikesoft
state[5], oncea(tag,value)bindingis created,it cannotbere-
freshedto extendits lifetime. Becausethebindingdisappears
after a short time, thereis zeromanagementoverhead.The

only constraintis that a computationmustrun to completion
beforethebindingdisappears;for therestof thispaperweas-
sumethattheephemeralstatelifetime is suf�ciently long that
thisconstraintcanalwaysbesatis�ed. (Earlierwehave inves-
tigatedtheconditionsunderwhichthisassumptionis justi�ed,
andshown thatthey arereasonable[3].)

B. ProbeComputations

Theephemeralstatestoreprovidestheability to assign,re-
trieve, andmodify thevaluesassociatedwith tags.Theother
partof theESPmechanismis asetof probecomputationsthat
makeuseof thosevalues.Eachprobecomputationis asimple
calculationthat terminatesin a boundedtime. Thesecompu-
tationsareinitiatedby ESPpackets,which carry information
neededby thecomputation.EachESPpacketcontains,anop-
codeidentifying thecomputationto beinitiated,zeroor more
tags(variablenames)to beusedin thecomputation,andzero
or moreimmediatevaluesto beusedin thecomputation.

ESPcomputationsmayalsoinvolve otherinformationsup-
plied by the router, suchasa routeridenti�er (i.e. oneof its
IP addresses)or informationaboutits state(e.g. queueoccu-
pancy).

As anESPpacket travels throughthenetwork, eachrouter
recognizesit as suchand the speci�ed computation(which
mustbepre-installedat therouter)is carriedout.1 As partof
the resultingcomputation,the packet is either forwardedto-
wardits destinationor dropped;ephemeralstateprobesdonot
createnew packets,norcanthey modify theIP header�elds of
a packet. It maybeusefulto think of thesetof probecompu-
tationsastheinstructionsetof avirtual machine.By sequenc-
ing theinstructionsproperly, interestingandusefuldistributed
computationscanbeconstructed.

C. AnExample

Throughoutthis paperwe usethe following notation. If
�

is a tag, then ���

���

denotesthe valueboundto
�

; the absence
of any valuewill bemodeledas

�

beingboundto thespecial
value � . Thus ���

�����

� indicatesthat the “tag name”
�

is
unused.Thenotation ���

���
	��
�

denotesthefollowing atomic
operation:evaluatetheexpression

�

(whichmaycontain ���

���

),
andbind theresultingvalueto

�

.
In what follows, tagswill often be carriedas �elds in the

packetsthatinitiatecomputations.In thatcasewe usetheno-
tation pkt.�eld to denotethe tag name(i.e. the nameof the
variable).Pleasenotethat ��� pkt� �eld

��	����

bindsavalueto the
tagnamedby �eld , anddoesnotchangethepacket. To change
thecontentsof thepacket we usethenotationpkt� �eld

	����

,
whichwritesthevalue

�

into the�eld locationin thepacket.
We explain the useof ESPcomputationsthroughan ex-

ample.Supposewe want to determinewhethertwo (unicast)
pathsthroughthenetwork, saythepathfrom A to B andthe
path from X to Y (illustratedin Fig. 1), have any routersin

�

For many purposesit is not necessaryfor all routersto supportthe ESP
facility, but for simplicity weassumeherethatthey do.



common.If thepathsintersect,we want to know theaddress
of the�rst routerin theintersection.Thesolutioninvolvestwo
ESPcomputations.The�rst is a“setup”computationinitiated
by a packet sentfrom � to � ; it assignsthevalue1 to thetag

�

in thestatestoresof all nodesonthepathfrom � to � . The
“setup”computationis shown in Fig. 1a.

if ��� pkt�

�

� � �

�

��� pkt�

�

��	����

;

At eachnode,if thetag
�

doesnothaveavalue,it is assigned
the value1. The ESPpacket is forwardedat the endof the
computation.
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Fig. 1. Findingpathintersection

The secondcomputationusesthe bindingsleft by the �rst
computationto identifyanodein theintersection,if oneexists.
A short time after the “setup” ESPis sent,an ESPpacket is
sentfrom � to � to initiatea “collect” computationat routers
alongthepathfrom � to � (. TheESPpacket containstwo
variables,� �"! and #%$'&

�

, initially setto 0 andNULL respec-
tively. During the “collect” computation,the valueboundto
tag

�

at eachnodeis comparedto the value �(�)! carriedin
the ESPpacket. If ���

�

�+*

�(�"! , it becomesthe new value
of �(�"! , andthe addressof the currentnodeis placedin the
packet; in any casethepacket is forwarded:

if ��� pkt�

�

�-, �

� and ��� pkt�

�

�.*

pkt� � �"!

pkt� �(�)!

	��

��� pkt�

�

�

;
pkt� #%$'&

� 	�� �0/2143

#%$'&

�

�)&5&76 ;

Whenthecollectmessagearrivesat Y, it containstheaddress
of node6

�

, thenodein thepathintersectionclosestto � (The

ID of thenodeclosestto � canbeobtainedby replacing“
*

”
with “ 8 ” in thecollectcomputation).

This is justonesimpleexampleto illustratetheuseof com-
putationsto gatherinformationfrom multiple nodes.Clearly,
for themechanismto bepractical,somecoordinationbetween
the end-systemnodesis needed.In SectionsIV and IV we
introduceotherESPcomputationsneededfor constructingthe
multicasttree.

I I I . L IGHTWEIGHT PROCESSING MODULES

The point of the ESP facility is to enableend systems
to locatethe bestpoints to invoke speci�c functionality. In
our approach,theavailablefunctionalityis de�ned by router-
supportedlightweightpacketprocessingmodules. Our expec-
tationis thatasmallsetof prede�nedprocessingmoduleswill
suf�ce for a varietyof network services.Thecodethatmakes
upaprocessingmodulemightbebuilt into arouter, or dynam-
ically loadedvia a codeinstallationmechanism[2]. In any
case,processingmodulesare intendedto be small, authenti-
cated,codesegmentsthatterminatein boundedtime.

Lightweight processingmodules operateby identifying
packets that matcha particular�lter pattern,applying basic
processing(e.g. duplication)to thosepackets,andthenfor-
wardingthezeroor moreresultingpacketsusingstandarduni-
castrouting.Eachprocessingmoduleis de�nedby thefollow-
ing information

9 Code: instructionsto execute.
9 Classifiers: a list of packet �lters thatidentify which
packetsthismoduleshouldintercept.

9 Parameters: a setof parametersthatcontrol thecode's
execution. For example, an instantiationparametermight
specifytheunicastaddresswherepacketsoutputby thismod-
uleareto besent.

9 Timeout: a timeout value indicating when the module
shouldbeautomaticallyremovedfrom therouter. Theremay
be a system-widemaximum timeout value imposedon all
modules.
A processingmodulemaybeinstantiatedmultiple timeson a
router, whereeachinstantiationdiffers in eithertheclassi�er,
parameters,or timeout. Eachprocessingmoduleis treatedas
softstatein therouter. If themoduleis not “refreshed”within
the timeoutperiod it is eligible for, it will be automatically
removed.

Fig. 2 illustratesthepoint at which moduleprocessingoc-
cursin therouter. NotethatbothESPandlightweightmodule
processingoccuron the input side,prior to forwarding. This
is importantfor our useof ESPto “bootstrap”the multicast
treecon�guration. Also, we requirethattheESPfacility have
accessto certaininformationaboutthe activatedlightweight
modules,in particularwhethera functionwith speci�c param-
etersis installed.

Thebasicoperationsrelatedto lightweightprocessingmod-
ulesare:

9 Instantiate Module: Instantiatea module with a
speci�c classi�er, parametersandtimeout.This might simply
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Fig. 2. Router Support: EphemeralState Probe computationsand
LightweightProcessingModulesarebothimplementedon theinputside.

involve a control messagefrom the end-systemto the router
to enablethebuilt-in module,or it might involve dynamically
loadingthecodefrom theend-system[2].

9 Terminate Module: Terminatea particularinstantia-
tion of amodule.

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

9 Refresh Module: Refreshthetimeoutvalueof a mod-
ule.

End-systemsissuecontrol messagesthat invoke theseop-
erationson the desiredrouters. By allowing (trusted)end-
systemsto enableand disabledata-pathprocessingat inter-
nal nodesin the network, protocolsare administeredfrom
theedgesof thenetwork asopposedto beinghardwiredinto
the network itself. This separationof data and control fa-
cilitatesapplication-speci�candapplication-optimizedimple-
mentationsof historicallyhardwirednetwork services.In sec-
tions IV andV, we show that thesebasicoperationscanbe
usedto implementdifferent�a vorsof multicast.

A. Dup(): AnExampleProcessingModule

Thebasiclightweightprocessingmoduledealtwith in this
paperis the duplicationfunction dup(). The purposeof this
functionis to copy eachpacketthatmatchestheclassi�er �lter
speci�edat instantiation,andforwardthecopy to a particular
unicastaddress(alsospeci�edat instantiationtime).

In ourscheme,all transmissionsaredonewith unicastpack-
ets.Thedup()functionclassi�er looksinto theIP option�eld
of the IPv4 header(or the extensionheaderin IPv6) to �nd
multicastidenti�cation information.2 A simpleexampleof a
multicastgroupID is the(IP address,portnumber)pair. How-
ever, the formatof the multicastgroupID canbe de�ned by
theapplication.It maycontainotherinformationsuchasthe
packettype(e.g.DATA orCONTROL), senderaddress(which
may or may not be the sameas the IP sourceaddress),etc.
Whena dup() function in instantiatedat a node,the applica-
tion speci�estheclassi�er to use(i.e. whichpacketsto dupli-
cate). Theclassi�er mayusetheapplication-speci�cpartsof

�

Anotheralternativeis toplacethemulticastgroupID thenon-fragmentable
partof theIPv6payload.

themulticastgroupID to selectively duplicate/forwardpack-
ets.

Thedup()functionsnoopspassingIP packets.If thepacket
matchesthe classi�er �lter , the dup() function replicatesthe
IP payload,buildsanew IP headerwith currentnodeastheIP
sourceandthedesiredreceiver(or next hop)astheIP destina-
tion,andthenpassesthepacket to thestandardunicastrouting
andforwardingmechanism.

B. EchoProcessing

As we will seein latersections,it is alsousefulto assume
that network nodescan act as a “transponder”for specially
marked ESPprobemessages.We call theseecho ESPsbe-
causethenetwork nodewill “echo” theESPprobebackto the
sourceof the probe. That is, an end-systemcanstimulatea
nodein thenetwork to echothestimulusmessagebackto the
initiating end-system.Basicechoprocessingin very simple;
thesourceanddestinationneedto beexchangedandtheecho
�eld disabled.Theechoingnetwork nodedoesnot evenneed
to inspectthecontentsof thestimulusmessage.Notethatecho
ESPsonly invoke hop-by-hopprocessingin thereversedirec-
tion, not in theforwarddirection.

Echo ESPsareparticularlyusefulwhenanend-system,A,
wants to learn information about the path from a network
router, R, to A. Becausenetwork pathsareoften assymetric,
sendingan ordinaryESPmessagefrom A to R may not fol-
low thesamepathaspackets�o wing from R to A. EchoESPs
allow endsystemsto discover informationaboutthe reverse
path.

Thereareseveralwaysin which EchoESPscanbe imple-
mentedwith minimal overhead.For example,they might be
handledsimilar to ICMP echopackets[14].Alternatively they
couldbe tunneledfrom A to R andthenforwardednormally
from R to A. The particularimplementationmethodusedis
not importantto ourdiscussion.

IV. SENDER-MANAGED GROUPS

In this section,we presenta centralizedmulticast imple-
mentationwherethe multicasttree informationis controlled
by onehost in the group. Often the senderin singlesource
multicastapplicationsneedsto know all the groupmembers
for reasonssuchasreliability, security, limiting access,billing
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�c requirementsdictatea multicastservicethat informs
thesenderof all join/leave requests.

In a sender-managedgroup, all group membershipinfor-
mationis known to thesender, which tracksthereceiver tree
topologyandhandlestreeconstructionandmaintenance.The
basicalgorithmworksasfollows. All join andleave requests
aresentdirectly to thesender. Eachtimethesenderreceivesa
join request,it mustidentify thebest“graft point” andupdates
theduplicationfunctionsappropriately. Eachtime thesender



receivesa leave request(or timesout a receiver), the sender
mustdecidewhetherthe branchpoint closestto the receiver
canberemovedor not. If possible,thesenderremovesthedu-
plicationfunctionfrom thebranchpointandadjuststheparent
and/orchild branchpoints surroundingthe removed branch
point.

Multicastpacketsaretransmittedhop-by-hop:everybranch
point has a duplication function for eachof its “child” re-
ceiversandbranchpoints. Eachmulticastpacket carriesthe
(unicast)addressof eithera branchpoint or a receiver. The
senderinitially transmitsthe packet to each�rst-hop branch
point. Whenapacketarrivesatabranchpoint, it is duplicated
andforwardedto thedestinationcon�guredfor eachinstalled
duplicationfunction.

D

Logical Tree 
Maintained by S
Parent   Children

r2          r4, D
r4        A, B, C

S

R

A C

r3

r4

r2

B

D.dup()
r4.dup()

C.dup()
B.dup()
A.dup()

Fig. 3. Sendermanagedtree

Thekey to thealgorithmis �nding thebestlocationin the
existing multicasttree to graft on a new branch,without re-
quiring thesenderto know theentirenetwork topology. ESP
messagescanprovide thefunctionalityneededto identify the
desiredbranchpoint without exploring the whole topology.
Assumethesendermaintainsa modelof thelogical topology
thatdescribestherelative locationof eachreceiver andexist-
ing branchpoint,suchastheoneshown in Figure3. A variety
of ESP-basedalgorithmsfor identifyingbranchpointsarepos-
sible;thefollowing presentsonesuchalgorithm.

Whena new receiver
�

sendsan application-level join re-
quest(not an ESPmessage)to the sender� , � initiates the
following Branch Point (BP) identi�cation procedure:
1. � sendsan ephemeralstate probe to

�

to determine
��� closest, the closestexisting BP to

�

.3 This stateprobe
simply collectstheID of themostrecentnodethatcontainsa
duplicationfunctionfor thismulticastaddress.
2.

�

sendsan application-level messageto � containing
��� closest.
3. � then sendsa “marker” probeto eachchild (BP or re-
ceiver)directlydownstreamfrom ��� closest. Eachprobecon-
tainsthedestinationaddresspkt� &

3 �����

andperformsthefol-
lowing computation:

�

NotethattheclosestBPmaybe 	 .

��� pkt� 
7���

� 	��

pkt� &

3 ������


The computationmarksthe pathto eachdownstreambranch
pointwith theID of thebranchpoint. Thiswill beusedin the
next stepto identify thebranchpoint thatis downstreamof the
new branchpoint.
4. After a shorttime period, � sendsanotherephemeralstate
probeto

�

to �nd the nodeon the currenttreeclosestto
�

,
which will be the new BP. This probeinitiatesthe following
computationateachnode:

if � ��� pkt� 
5���

� ,�

�

�

pkt� ��� next
	��

��� pkt� 
7���

��


pkt� ��� best
	�� �0/2143

#%$'&

�

�)&5&76




�

5. When
�

receivespkt.��� bestit sendsa messageto � con-
tainingpkt.��� bestand ��� next.
6. � initializes the new branchpoint, ��� best, making it a
child of ��� closest, and ��� next thechild of ��� best, via the
stepsbelow.
Initializing a new branchat ��� best involves the following
steps:

9 Modify the logical treemaintainedat thesenderto include
��� bestand

�

.
9 Inserta duplicationfunction at ��� best that captures,du-
plicates,and forwardsmulticastmessagesto the receiver

�

and possiblyalso to an existing BP downstreamin the tree
( ��� next).

9 Inserta new duplicationfunction at ��� closestthat sends
to ��� best, andremove theduplicationfunctionat ��� closest
thatwassendingto ��� next.

In Fig. 3, the �rst ESPmessagefrom � to
�

determines
thepkt� ��� closestis 6�� . � knows 6�� haschildren 6�� and

�

,
thereforeit unicasts“marker” probesto both 6�� and

�

, asil-
lustratedin Fig. 4a. After a short while, the sender� uni-
casta “collect” ESPto

�

. When the collect ESParrivesat
�

, pkt� �����������

�

6�� andpkt� �������� !�

�

6�� (Fig. 4b). When
this informationis forwardedto � , � replaces6�� � &#"�$ �

�

with
6�� � &�"�$ �

�

at 6�� , andinstantiates6�� � &#"�$ �

�

and
�

� &#"�$ �

�

at 6�� .
Theresultingtreestructureis shown in Fig. 5.

Leaving the multicasttree is straightforward. The multi-
castreceiver (

�

) sendsan application-level leave requestto
the sender( � ). � removes

�

from its logical treestructure,
and deletesthe

�

� &�"�$ �

�

function at
�

's BP. If removing
�

resultsin a BP without any children, the senderrecursively
removesthatBP from thetree.

Themulticastsendermaintainsconnectivity by periodically
multicastinga control messagedown the tree to refreshall
dup() functionson the BP nodes.Multicast receiverscanbe
tell they are connectedto the tree by receiving the refresh
messageperiodically. In addition, the sendershoulddetect
receiver failuresin orderto adjusttreestructureaccordingly.
This can be achieved by having receivers periodically send
“heartbeat”messagesto the multicastsender. Sincesender-
managedgroupsare intendedfor limited-scalabilityapplica-
tions, this requirementdoesnot lead to “implosion” at the
sender. An optimizationmeasurecan be taken to eliminate
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possible“heartbeat”messagesby addingfunctionality to ag-
gregatethe“heartbeats”in thenetwork. The implementation
of thisoptimizationis describedin [18].

V. DECENTRALIZED MULTICAST IMPLEMENTATION

In this sectionwe presenta scalable,receiver-orientedal-
gorithm for constructingmulticasttrees. It differs from the
previous algorithmin that the senderis unawareof who the
receiversareor evenhow many receiversarecurrentlyin the
group(muchlikethestandardIP multicastabstraction).More-
over, the receivers (and not the sender)are responsiblefor
mostof themulticasttreemanagement.

Like the sender-managedalgorithm, multicast is imple-
mentedby placing dup() modulesat strategic routersin the
network. However, unlike the sender-orientedalgorithm in
whichthedup()functionsforwardedpacketsto thenext hopin
themulticasttree(i.e. notnecessarilyto areceiver),eachdup()
functionin ourreceiver-orientedapproachforwardspacketsto
a speci�c receiver. In otherwords,the IP destinationaddress
of everypacketbelongingto the�o w will bethatof a receiver
in thegroupratherthanthenext hopin themulticasttree.Each
receiverin thegroupinstallsitsowndup()functionsomewhere
on thepathfrom thesourceto thereceiver.

We describethe algorithm for “single source” multicast
groups.However, with straightforward modi�cations, theal-
gorithm can be extendedto handlemultiple sourcesvia a
single-sourcerendezvouspointsimilar to PIM-SM [7].

A. Branch Point Discovery

Our receiver-orientedmulticasttreeconstructionalgorithm
hastwo parts:ExistingBranch Point Discovery(describedbe-
low) followed periodicallyby a TreeOptimizationoperation
(SectionV-B).

Whena receiver wantsto join the group, it begins by lo-
cating the nearestpoint on the existing multicasttreewhere
branchingalreadyoccurs(i.e., dup() functionshave beenin-
stalled),which may be � . Having identi�ed the nearestex-
istingbranchpoint, thenew receiver will install its own dup()
function at that branchpoint. This may not be the optimal
branchpoint for the new receiver, but sincepacket delivery
is unicastfrom thebranchpoint, datawill correctlyreachthe
receiver. For example,considerthe treeshown in Figure6a.
Whenreceiver � joins, it �nds existing branchpoint 6�� and
installs its dup() function at 6�� (seeFigure6b). Clearly 6��

is a betterbranchpoint which will be discoveredin the Tree
Optimizationphase.

A receiver locates the nearest existing branch point
( ��� closest

�

via anephemeralstateprobesent(echoed)from
themulticastsenderbackto thereceiver. Speci�cally, theESP
messagecarriestwo values,pkt.��� closestandpkt.hopcount;
thehopcountis usedlater in an optimization. The echoESP
computationis describedasfollows:

if (adup()existsfor thisgroup) �

pkt.��� closest= this nodeaddr;
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pkt.hopcount= 0;
�

pkt.hopcount+= 1;

Upon receiving the echoESP, the new receiver knows the
nearestexisting branchpoint and the distance(numberof
hops)it is away from thatpoint. It thenissuesa controlmes-
sageto instantiatea dup() function at the branchpoint that
will duplicateand thenforward the duplicateto the new re-
ceiver. Oncethedup() functionhasbeeninstalled,it mustbe
“refreshed”periodicallyby thereceiver.

B. TreeOptimization

The goal of the treeoptimizationalgorithmis to improve
ef�ciency of thedistributiontreeby identifyingandmodifying
links thatcarryredundanttraf�c.

B.1 FindingBetterBranchPoints

The �rst stepis to identify betterbranchpoints. To help
receiversidentify betterbranchpointsandreassurethemthey
arestill in themulticasttree,thesenderperiodicallymulticasts
(along the existing multicasttree) a pair of ephemeralstate
probes,namelyacountingESP, followedby acollectionESP.
The computationassociatedwith eachprobeis describedin
Fig.7. Initially thepkt.newBP�eld in theprobemessageis set
to NULL andpkt.maxredundantis 0.

Thepurposeof thecountingESPis to recordthenumberof
duplicatedmessagesgoingthrougheachrouter. For example,
thenumberof duplicatemessagepassingthroughrouter 6�� in
Figure6b is 2. ThemulticastcollectionESPmessageusesthe
information left by the countingESPto identify potentially
betterbranchpointsfor eachreceiver. If thepkt� hopcountof
thediscoveredbranchpointpkt� newBPis smallerthanthehop
countto thecurrentbranchpoint, thediscoveredbranchpoint
pkt� newBP is potentiallybetterthanthe currentbranchpoint
andbecomesthe target branch point wherewe would like to
relocatethedup()function.All multicastgroupmembersthat
�nd a potentiallybetterbranchpoint arecalledreorganizing
receivers and will participatein the next phaseof the algo-
rithm; decidingwhichreceiversshouldmovetheirdup()func-
tionsto their targetbranchpoints,andwhich shouldnot. The

Counting ProbeComputation

if ����� pkt� count���

�
	

�

��� pkt� count���

�

��� pkt� count��
�� ;
else

��� pkt� count���

�

� ;Collection ProbeComputation

if � pkt� newBP �

���������

�

pkt� hopcount�

� pkt� hopcount
�� ;
if ����� pkt� count���
�����

pkt� newBP:= this nodeaddr;
pkt� maxredundant�

�

max(pkt� maxredundant����� pkt� count� );
pkt� hopcount�

��� ;
�

Fig. 7. CountingandCollectionprobesinitatedperiodicallyby thesource.

valuepkt� maxredundantis includedas an optimizationthat
will bedescribedin sectionV-E.

B.2 To Moveor Not to Move

The next step is for the reoganizing receivers to decide
which of them will move to their target branchpoints and
whichof themwill remainat theexistingbranchpoint.

Beforedescribingwhich receiversshouldmove their dup()
functions,we needto considerthe differentscenariosunder
which a link might be traversedmultiple times. Thereare
two basicscenariosthatcausenon-optimaltreepaths(seeFig-
ures8 and9). In the �rst scenario(Figure8), links that ex-
perienceduplicatetraf�c arethe resultof two or moredup()
functionsresidingon thesamenode. In thesecondscenario,
(Figure9), links thatexperienceduplicatetraf�c aretheresult
of dup() functionslocatedat differentnodes. The �rst sce-
nario can be solved by having either node � or � (but not
both)move its dup() functionto 6�� . In otherwords,we need
to “elect” oneof thetwo to move. Thesecondscenario,shown
in Figure9, canonly beresolved if thedup() functionthat is
fartherdownstream,namelyC's dup() functionasopposedto
A's, movesto the target node4. In otherwords,the receiver
whosedup function is closestto the multicastsourceshould
notmove,while otherreceiversthathavethesametargetnode
arefreeto move.

In orderfor thereorganizingreceivers to decidewhetherto
move or not, they needto know thepotentialmovesof other
receiversin thereorganizingset.To inform othermembersin
a scalableway, eachreorganizing receiver announcesits in-
tentionto move by sendingan echoESPto the nodewhere
its dup() functioncurrentlyresides.Theprobemessagecon-
tainsthereceiver's unicastaddressin theIP address�eld, but
containsthe groupmulticastaddressin the multicastheader.
As a result,theESPecho'edby the routerwill be sentto all
receiversin themulticastsubtree.

This “subcast”echoESPservesasa move announcement
andcontainsthreevalues:src, theoriginatorof themovemes-
sage,current, thecurrentlocationof thesrc's dup() function,
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andtarget, thenodewheresrc intendsto move its dup()func-
tion.

Giventhetwo possiblescenariosshown in Figures8 and9,
a receiver

�

will move its dup() functionto its targetnodeif
eitherof thefollowing conditionsis true:

9

�

learnsthat it hasthe samecurrent and target nodesas
anotherreceiver (e.g.,Figure8) whoseID (e.g.,IP address)is
larger than

�

's ID, OR
9

�

learnsthatit sharesa link with a nodewhosedup()func-
tion is closerto the multicastsourcethan

�

's dup() function
(e.g.,Figure9). Any moveannouncementcontainingvalueof
current that differs from

�

's own valueof current is from a
nodewhosedup()is upstreamof

�

'sdup(),so
�

canmove its
dup function. In Figure9, nodeC will receive A's move an-
nouncement,but A will not receive C's move announcement
becauseC'sechoESPmoveannouncementis sentto 6�� rather
than � .
Receiversthatdonotreceiveamoveannouncement(e.g.,node
A in Figure9) donot take any action.

In both cases,the reorganizingreceiver that moves learns

theidentityof thereceiverwhosepacketsit will be“snooping”
(dup()ing from). We say that C dependson A if C's dup()
function“snoops”packetssenttoA, i.e. if the�lter with which
it wasinstalledincludes“destination=A”. This informationis
recordedandusedwhenareceiverdecidesto leave thetree.

C. AnExample

Considerthe topologyin Figure8 wherethereceiversjoin
in theorder ��� ��� � � ���

�

andassumethat thenodeID of �

*

�

*

�

* � *�� *

�

.
Whennode� joins, it �nds thesender(node� ) astheclos-

estexisting branchpoint andinstallsits dup() functionthere.
A only dependson thesender(denoted� � ). When � joins,
it too �nds � asthenearestexisting branchpoint andinstalls
its dup()functionat � , recordingits dependency on � .

AssumethesourceissuesaperiodiccountingESPfollowed
by a collectionESPto optimizethe tree. The countingESP
leavesthe valuesshown in Figure8, which areexaminedby
the collectionESP, ultimately informing � and � that 6�� is
their targetnode. Node � and � thenissuemove announce-
mentsanddiscoveroneanother. � thenmovesits dup()func-
tion to 6�� becausethey have the samesrc and target and

�	� � .
When � joins, it �nds that 6�� is thenearestexistingbranch

point and installs its dup() function at node 6�� . The next
roundof treeoptimizationmessagesleavestheephemeralstate
shown in Figure9 andinforms � and � that 6�� is their tar-
get. � thenstimulatesa move announcementfrom � and �

stimulatesa move announcementfrom node 6�� . � receives
(src= � , current= � , target=6�� ) and (src= � , current=2, tar-
get=6�� ) while � only receivesits own message(src= � , cur-
rent= � , target= 6�� ). Consequently� movesits dup()function
to node6�� andrecordsits dependency on � .

Similarly, when
�

joins, it �rst installs its dup() function
at 6�� but then moves it to 6�� during the next round of tree
optimization. When

�

joins, it joins at 6�� and thenmoves
to 6�
 during the next roundof treeoptimizationsbecause

�

and
�

have thesame
3

6
� and
�

�56��

� �

and
�

�

�

. Finally,
�

joinsandimmediately�nds node6�� . Futuretreeoptimization
messagesdo not identify any betterbranchpoints. Note that

�

will not know who it dependson. The�nal treeappearsin
Figure10.

D. Memberleavingor failure

A receiver canleave themulticasttreein oneof two ways:
(1) by explicitly removing its dup()function,or (2) letting its
dup()functiontimeout(i.e.,notberefreshed).To leavegrace-
fully, a receiver stimulatesan echocontrol messagefrom its
dup()nodeindicatingits desireto leave the group; this mes-
sageis multicastto thesubtreerootedat thedup()node.The
“leave” messagecontainscurrent, the location of the dup()
functionto beremoved,owner, thenodeID thedup()function
belongsto, anddepends, theID of thenodethedup()function
dependson.
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The“leave” messageinformsall otherreceiversin thesub-
treethat they mayneedto repositiontheir dup() functionsin
responseto therecentlydepartedreceiver. Only receiversthat
dependedin the departedreceiver needto react. Receivers
that do not know who they dependon will alsoadjusttheir
dup() location. Theactionstakenby thedependentreceivers
is simple:(1) movetheirdup()functionto thenodepreviously
occupiedby thedepartingreceiver, (2) wait for the treeopti-
mizationESPsto reorganizethetree.Figure11 illustratesthe
reorganizationstepsthatoccurwhennode � (from Figure9)
leavesthegroup.

E. ScalabilityOptimization

In theprevioussection,we presentedthe treeconstruction
andoptimizationprocessthatproducesanoptimal treestruc-
ture.Basedon thealgorithmcharacteristics,severaloptimiza-
tions canbe appliedto reducethe amountof control traf�c,
namely, themove announcementtraf�c, makingthetreecon-
structionprocessmorescalable.

Although the move announcementsare subcastand thus
have limited scope,thenumberof move announcementmes-
sagescanbe large andfar reachingif many receiversjoin at
the sametime (possiblyas the result of a receiver leaving).
However, therearevariousoptimizationsthatcansigni�cantly
reducetheamountof “move” controltraf�c:
1. AnnouncementSuppression
Oneway to reducethe control traf�c overheadis to have re-
ceiverssuppresstheir move announcementif they received a
move announcementfrom a nodewith thesametarget value
during the sameround. The receiver shouldsuppressits an-
nouncementandimmediatelymoveits dup()functionto target
nodesinceit knowstherewill beareceiverwhowill notmove
its dup()functioneitherbecausethereceiverdoesnothearany
othermove announcements,or becausethemove decisional-
gorithmindicatesit is theonethatshouldnotmove.

2. RateReduction
In casea receiver's target dup() location is upstreamfrom
wheretheotherreorganizingreceiversaretrying to movetheir
dup() function, it is not necessaryfor the receiver to keep
sendingmove announcementin eachround,sincea compet-
ing mover may not yet exist. If a receiver's previous move
announcementdid not result in a move decision,and in the
following round the sametarget nodeis found, it is experi-
encinga wait condition.If thereis no lossin thenetwork, the
receiverunderthewaitconditioncanin factstopsendingmove
announcements,anda “default” decisionwill bemadeasde-
scribedin 1 above whena competingannouncementeventu-
ally arrives.Underrealisticconditionswherelossmayoccur,
thereceivermaychooseto reducethesendingrateof its move
announcementto oneevery 2 or 3 rounds.Slowing down the
sendingratewill reducecontrol traf�c, but not stopthe tree
optimizationprogressif movemessagelossoccurrs.
3. VolumeLimitation
Anotherway to reducethe numberof move announcements
is to have receivers systematicallysuppresstheir move an-
nouncementsso that no more than � receivers sendmove
announcementsduring eachround. Becausethe tree opti-
mizationESPmessagescontainmaxredundant, themaximum
numberof redundancy on the path,eachreceiver knows the
potentialnumberof move announcementsit is going to re-
ceive. If thedesiredmaximumnumberof moveannouncement
perroundon thetreeis � , andmaxredundant

*

� , eachre-
ceivercansendwith probability ��� maxredundant. Thiswill
resultin alimit of approximately� movemessagesin thetree
perround.

VI. SIMULATION EXPERIMENTS

We ransimulationsto evaluatetheeffectivenessandscala-
bility of thereceiver-orientedtreeconstructionalgorithm.Our
simulationsonly consideredmembersjoining the group,not
leaving. However, leaveeventscausesthesystemto behaveas
if many receiversjoinedsimultaneously, soevaluatingthejoin
overheadgivesinsightinto theperformanceof leaving aswell.

To evaluatetheperformanceof ouralgorithm,weusedthree
metrics:
AverageLink Stress: Link stressis de�ned asthe numberof
identicalcopiesof a packet carriedover a physical link [4].
The averagelink stressis measuredby summingthe stress
level of all links in themulticasttreeanddividing by thetotal
numberof links in thetree.
MaximumLink Stress: The largest link stressvalue on the
tree.
AverageControl Cost: Control cost is the numberof move
messagesseenby receivers during eachround of tree opti-
mizationmessages.Theaveragecontrolcostis calculatedby
summingthe total numberof move messageseachreceiver
seesperround,thendividing it by thetotalnumberof receivers
in thegroup.

We simulateda transit-stubtopologygeneratedby theGT-
ITM topology generator[19]. The graphconsistedof 600
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nodesconsistingof 72 stubdomainsconnectedvia 3 transit
domains. Eachtransitdomainconsistedof approximately8
nodes,eachconnectedto 3 stubdomains,which averaged8
nodeseach.Thereceiversetconsistedof 300nodesrandomly
selectedfromthestubdomains.Thesenderwasalsorandomly
selectedfromastubdomain.For thepurposesof analyzingthe
convergencerateof our algorithm,all links in thegraphwere
lossless.

To test the scalabilityof the system,we variedthe rateat
which the 300 receiversjoined the tree. The fastestjoin rate
hasall 300 receiversjoining simultaneouslyat the beginning
of thesimulation.Wealsosimulatedslower join rateswith 10
to 290 receiversjoining duringeachtreeoptimizationround.
Whenfew membersjoin per round,it takeslongerfor all re-
ceiversto join thegroup.However, thelink stressimposedon
thesystemis lessthanwhenall membersjoin atonce.

Fig. 12showsthestresslevel andconvergencetimefor join
ratesof 10, 20, 50, 100, and 200 receivers joining per tree
optimizationround. As expected,the fasterjoin ratesimply
greaterinitial stresslevels.For all join rates,theaveragestress
level fell below 1.5 after the 4th treeoptimizationround. In
otherwords,thetreebecomesnearoptimalquickly, regardless
of the numberof receivers that join, and then remainsnear
optimal. Whenthe join rate is 10, it takes30 roundsfor all
receiversto join, andonly onemoreroundfor thetreeto reach
optimalcon�guration. In addition,from the3rdroundonward
the treeis alwaysin a nearoptimal stateTherefore,in terms
of puttingminimumstresson the links at any giventime, the
algorithmworks bestwhenfewer receivers join during each
round.

Fig. 13 shows the result for the sameexperimentwith the
maximumstresslevel (in log scale)as opposedto the aver-
agestresslevel. The increasedstressat higher join ratesis
muchmoreobviouswhenlookingat themaximumstressval-
ues. Even so, like the behavior of averagestresslevel, the
maximumstresslevel decreasesrapidly (exponentially)with
time.

Fig. 14 shows the averagecontrol cost (numberof move
messageseachround)for thesameexperiment,again plotted
in log scale. The overheadcostsrise quickly asthe join rate
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increases.
Theresultsshown sofardid not incorporateany of theover-

headreductiontechniquesdescribedin sectionV-E. Without
any optimization,theoverheadcostincreaseslinearlywith the
join rate.To controltheoverheadathigh join rates,we imple-
mentedthe optimizationin which an upperlimit is imposed
on the numberof move messagesthat canbe sent(seevol-
umelimitation in SectionV-E). We testedthe effect of this
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optimizationusingthe worst-casejoin rateof 300 (all nodes
joinedat once).Fig. 15 shows theaveragecontrolcostusing
theoptimization,with 10,30,and50 receiverstrying to move
duringany giventreeoptimizationinterval. Thegraphshows
thattheoptimizationdramaticallyreducescontroltraf�c with-
outsigni�cantly prolongingthetreeconvergencetime;thetree
hasconvergedwhenthecostreacheszero.
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Thecorrespondingchangein stresslevel createdby theop-
timizationis illustratedin Fig. 16. Clearly, thereis a tradeoff
betweencontrol overheadandstresslevel. The optimization
reducescontroloverheadbut doessoat theexpenseof slower
stresslevel reductionrate(andtheconvergencerate).Because
move messagesaresmall, they typically consumelessband-
width thanthe redundantdatapacketscausedby high stress
levels. However, implosioncanstill be a problemwith high
control overhead,and may be the limiting factor that deter-
minestheappropriatetradeoff.
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VII . RELATED WORK

Perhapsthemostcloselyrelatedwork is theREUNITE[16]
protocol developed at CMU. REUNITE uses unicast ad-
dressesandforwardingto constructsingle-sourcedistribution
treessimilar to our receiver-orientedprotocol. Unlike our
application-level approach,REUNITEis anetwork-level mul-
ticastimplementationhardwiredinto routers,i.e.,thetreecon-
structionalgorithmisembeddedin thenetwork. Multicastdata
is sentin a unicastpacket with a multicastgroupID consist-
ing of a (unicastIP address,port number)pair. Every router
alongthe pathto an existing receiver mustmaintaineithera
multicastforwarding table (if it is a branchpoint) or a mul-
ticastcontrol table (if it is a potentialbranchpoint). Routers
alongtheexistingdelivery treeinterceptJOINmessagesfrom
new receiverandaddthereceiver'sunicastaddressto their ta-
ble for packet duplication.Consequently, every routeron the
distribution treeneedsto maintainmulticaststateinformation
for thegroup. Our proposedalgorithmonly placesmulticast
stateinformation(i.e. dup()functions)at thebranchpointsof
thedistribution tree. Otherroutersalongthepathsimply for-
wardunicastpacketsasnormal.Moreover, in REUNITE, the
multicastpath from the senderto a receiver may not be the
shortestpath.In ourapproachthemulticastdelivery treeis on
theforwardshortestpathfrom thesenderto eachreceiver.

EndsystemMulticast [4] is an application-level approach
thatattemptsto constructanoverlaynetwork by establishing
logical links betweencloselyconnectedneighborsusingatree
constructionprotocolcalledNARADA. A new groupmember
must�rst learnabouttheothersin thegroupthroughanout-
of-bandbootstrapmechanism.Eachhost forms logical con-
nectionsto at most # of its neighbors.Neighborsareselected
with theconstraintthatthedelaybetweenany two groupmem-
bermustbeat most � timestheunicastdelaybetweenthem.
Eachhostperiodicallyexchangesgroupmembershipandrout-
ing informationwith its neighborsto createa meshtopology
of all groupmembers.After themeshis established,themul-



ticastdatais routedusingthe DVMRP routing algorithmsat
theapplicationlevel.

To maintainthebestmeshquality in faceof dynamicgroup
membershipchange,each host also probesrandom group
membersperiodicallyto get their routing tables.Becauseall
groupmembersneedto know all othergroupmembersin or-
derto form themesh,thealgorithmdoesnotscalewell to large
groupsizes.

Another application-level multicast architecture called
Yoid [10] focusesonproviding large-scale,albeitnon-optimal,
multicastconnectivity. Yoid assumessomenumberof ren-
dezvoushostsin thesystemwherenew memberscangoto dis-
coverothergroupmembers.Eachrendezvoushostonlyknows
nearbyreceivers.New groupmemberslearnaboutothergroup
membersfrom anearbyrendezvoushostandchooseoneto be
their parentin themulticasttree. TheYoid protocolscalesto
largegroupsbecauseeachgroupmemberonly needsto know
a smallsectionof the total groupmembership.However, be-
causegroupmembershaveverylimited topologyinformation,
thereis no guaranteethat the resultingtree is optimized. It
simplyguaranteesall groupmembersareconnected.

Overcastfrom Cisco[12] builds a singlesourcetreefor re-
liablecontentdistribution. Overcastcontainsanoverlaytopol-
ogyconstructedfromspecialpurposenetworknodes(servers).
The specialpurposenodesareplacedat strategic (�x ed and
well-known) locationsof thenetwork. A multicastsenderde-
livers data to the servers and redirectsrequestsfor content
to the closestserver. The multicasttree that connectsthese
serverscannotbedynamicallycon�gured.

VII I . CONCLUSIONS

We presenteda simple,programmablenetwork framework
basedon ephemeralstateprocessing,lightweight processing
modules,andstandardunicastrouting and forwarding. The
ephemeralstatemechanismprovidesa time-boundedassoci-
ated memory store at network nodesthat, when combined
with small �x ed-lengthstraight-lineprograms,allows end-
systemsto computespeci�c information about the network
and its topology. Combiningknowledgeaboutthe network
with theability to inject lightweightprocessingmodulesinto
speci�c nodescreatestheopportunityfor usersto implement
new application-speci�cnetwork servicesfrom theedgeof the
network.

To demonstratetheutility and�e xibility of theframework,
we describedtwo differentwaysto build multicastservicesat
the applicationlevel. The �rst approachillustratedhow ap-
plicationscanconstructasender-controlledmulticastdistribu-
tion treethatemployshop-by-hopprocessingto deliverdatato
receivers.Thesendercreatesandmaintainsthemulticastdis-
tributiontreeby sendingESPmessagesto determinetopology
informationandtheninstall lightweightduplicationfunctions
(dup() functions)at strategic nodesin the network. The sec-
ond exampleshowed how receiver-controlledmulticasttrees
couldbebuilt in a scalablefashion.In this case,thereceivers

conspireto createthemulticasttreeby installingdup() func-
tions that “snoop” packetsdestinedfor othermembersof the
group. As opposedto somemulticastrouting protocolsthat
build reverse-pathforwardingtrees,bothouralgorithmstrans-
mit dataalongtheshortestforwardpathfrom thesenderto the
receiver. Moreover, theonly network routersthatmaintainany
multicaststatearethe routersat thebranchpoints. All other
routersalongthemulticastdistributiontreearecompletelyun-
awareof the multicast�o w, unlike conventionalIP multicast
protocols.

REFERENCES

[1] Nidhi Bhaskar. Source-Speci�cProtocolIndependentMulticast. Inter-
netDraft: draft-bhaskar-pim-ss-00.txt, March2000.

[2] K. Calvert, S. Bhattacharjee,E. Zegura, and J. Sterbenz. Directions
in Active Networks. IEEE CommunicationsMagazine, 36(10):72–78,
October1998.

[3] K. Calvert, J. Grif�oen, andA. Garg. Computingin theNetwork with
EphemeralState. TechnicalReport307-00,Departmentof Computer
Science,Universityof Kentucky, 2000.

[4] YanghuaChu,SanjayG. Rao,andHui Zhang.A Casefor EndSystem
Multicast. In the Proceedingsof ACM Sigmetrics, pages1–12, June
2000.

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

[6] A. Helmy D. Thaler S. Deering M. Handley V. JacobsonC. Liu P.
SharmaL. Wei D. Estrin,D. Farinacci.ProtocolIndependentMulticast-
SparseMode:ProtocolSepci�cation.RFC2364, June1998.

[7] S.Deering,D. Estrin,D. Farinacci,andV. Jacobson.An Architecturefor
Wide-AreaMulticastRouting.In theProceedingsof theSIGCOMM'94
Conference, September1994.

[8] StephenDeering, Deborah Estrin, Dion Farinacci, Van Jacobson,
AhmedHelmy, David Meyer, andLiming Wei. PotocolIependentMlti-
castVersion2 DenseModeSpeci�cation.InternetDraft: draft-ietf-pim-
v2-dm-01.txt, November1998.

[9] StephenE. Deering.HostExtensionsfor IP Multicasting,August1989.
RFC1112.

[10] Paul Francis. Yoid: Extendingthe Internet Multicast Architecture.
http://www.aciri.org/yoid/docs/index.html, April 2000.

[11] HughW. HolbrookandDavid R. Cheriton.IP MulticastChannels:EX-
PRESSSupportfor Large-ScaleSingleSourceApplications. In Pro-
ceedingsof SIGCOMM'99, 1999.

[12] JohnJannotii,David K. Gifford, Kirk L. Johnson,M. FransKaashoek,
and Jr. JamesW. O'Toole. Overcast: ReliableMulticasting with an
OverlayNetwork. In Proceedingsof OSDI, 2000.

[13] R. Perlman. SimpleMulticast: A Designfor Simple,Low-Overhead
Multicast. InternetDraft: draft-perlman-simple-multicast-03.txt, Octo-
ber1999.

[14] J. Postel. InternetControl MessageProtocol,September1981. RFC
792.

[15] T. Pusateri.DistanceVectorMulticastRoutingProtocol.InternetDraft:
draft-ietf-idmr-dvmrp-v3-08.txt, Feburary1999.

[16] Ion Stoica,T.S. EugeneNg, andHui Zhang. REUNITE: A Recursive
UnicastApproachto Multicast. In Proceedingsof INFOCOM 2000,
2000.

[17] D. Thaler, D. Estrin,andD. Meyer. BorderGatewayMulticastProtocol
(BGMP):ProtocolSpeci�cation,November2000.InternetDraft: draft-
ietf-bgmp-spec-02.txt.

[18] Su Wen. Building Ef�cient GroupCommunicationServiceson a Pro-
grammableNetwork Framework. TechnicalReport311-01,Department
of ComputerScience,Universityof Kentucky, January2001.

[19] E. Zegura and K. Calvert. Georgia Tech InternetTopology Models.
http://www.cc.gatech.edu/projects/gtitm.


