
Symposiumon Softwaremobility andadaptivebehaviour,
AISB’01 Convention,York, UK, March2001.

AutonomousMulticast Reflectorsover ActiveNetworks

Lidia Yamamoto;Guy Leduc
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Abstract

We presenta reflectorservicethat seeksto maintainapplication-level connectivity in the presenceof network-level
multicastfailures.Theserviceis basedon thedynamicdeploymentof autonomousreflectorsbasedon mobilecode,on
top of an active network infrastructure.It is ableto repairmulticasttreefailuresby building a self-organisingtreeof
reflectors,whichwill beconnectedto eachothervia unicast.Wefocusonthebasicdecisionmechanismsrelatedto code
mobility duringthetreeconstructionanddestructionphases,namely:cloning,migration,merging andtermination.To
assistwith the decisionsa market-basedmechanismis employed. We show somepreliminarysimulationresultsthat
confirmtheviability of theapproachandsettledirectionsfor furtherresearch.

1 Intr oduction

The demandfor multimedia group communicationis
growing, and multicast is widely recognisedas an im-
portantserviceto enableefficient groupcommunication.
However, multicastprotocolsare still not widely avail-
able,andtheexperimentalMulticastBackbone(MBone)
is slow to take off. Thenetwork conditionsareunstable,
it is difficult to monitortraffic andto detectpointsof fail-
ure,etc. Theresultis poorquality for theusers.Besides
that, someusershave no MBone accessat all, providers
arereluctantto allow IP Multicast in their networks,and
firewalls canblockmulticasttraffic.

MBonesessionsfrequentlyfail dueto multicastprob-
lemsin somesectionsof thenetwork. It is verydifficult to
diagnosea failure andeliminateit during the lifetime of
thesession.As a fallbacksolution,MBonecontenttrans-
mittersoften establishmulticastreflectorsto serve users
thathave no multicastaccess.Experienceshows that re-
flectorsarestill akey elementfor asuccessfulMBoneses-
siontransmission.A reflectoris a user-level gateway ap-
plicationthatactsasaproxybetweenamulticast-enabled
network anda setof unicastusers. It forwardspackets
from the multicastgroupto all unicastclients,andfrom
everyunicastclient to themulticastgroupandto all other
unicastclients.Thisguaranteesthatconnectivity is main-
tainedwithin the session,in spite of the fact that some
participantshavenoaccessto IP multicast,or in thepres-
enceof failuresin themulticasttree.

Existingreflectorsoftwaremusttypically beinstalled
manually, so that the locationof a reflectorand its con-
figuration must be decidedbeforehandand informed to
all sessionparticipants.Therefore,establishingreflectors
representan extra burdenfor the sessionorganisers,and
alsoan extra burdenfor the usersthat needto manually
chosewhento switchfrom multicastto thereflector. Be-
sidesthat, the sessionusersseldomhave enoughknowl-

edgeaboutthe currentnetwork conditionsin orderto be
ableto chooseanoptimumlocationfor a reflector. What
happensthenis that reflectorsaretypically placedclose
to themainsessionsource,andall multicastdisabledpar-
ticipantsmustconnectto it asclients. This generatesan
amountof redundanttraffic which is proportionalto the
numberof reflectorclients,andthereforeobviously does
notscaleto largesessionswherepotentiallylargeportions
of thenetwork might needunicast.

It would be interestingto be ableto dynamicallyin-
stall reflectorswhenthereareconnectivity failuresor ad-
ministrative restrictionsto multicasttraffic. The location
of reflectorsshouldbe automaticallydeterminedaccord-
ing to thenetwork conditionsobservedduringthesession,
andthereflectorsoftwareshouldbedynamicallyinstalled
and startedat the chosenlocations. At the client side,
software agentsacting on behalf of one or more group
participantsshouldbeableto detectwhentheir multicast
feedis down,andreactby installingasuitablereflectoror
connectingto anexistingone.

We have designedan autonomousreflectorbasedon
mobilecodethatrunson top of anactive network execu-
tion environment.Thecandidatelocationsfor suchreflec-
tor agentsareactive network (AN) (Tennenhouseet al.,
1997)or active server (AS) nodes(Amir, 1998;Fry and
Ghosh,1999).Thesenodesrunanexecutionenvironment
(EE)capableof downloadingandexecutingthereflector’s
code,andof discardingit whenthesessionis finished.

Our reflectorsare autonomousand decidewhen to
migrateto other nodes,clone in order to copewith in-
creasingdemand,merge with other reflectors,or disap-
pearwhen no longer needed. The decisionsare based
solelyonlocalknowledgeavailableat theterminalsor ac-
tive nodeswherethey run. This guaranteesthat reflector
codeis deployed only whereneededand whenneeded,
and that after the sessionfinishesall the reflectorswill
be automaticallyeliminated. The idea is that reflectors
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progressively move from the receivers towardsthe ses-
sion’s main source,until failure points are successfully
bypassed.Additionally, reflectorsthatdo not receivesuf-
ficient demanddie out, and thosewhich areoverloaded
spawn othersto lessloadednodes.Usingsucha scheme,
a looselyconnectednetwork of reflectorsemergesasare-
sultof failuredetection,anddisappearsby itself whenthe
failureis repaired.

It shouldbe noticedthat althoughour reflectorswill
tend to clusteraroundfailure points in order to bypass
them,they areobviously not ableto diagnosenor repair
them.Theirobjectiveisonly to maintainapplication-level
connectivity in the presenceof network-level multicast
failures.Network managementmechanismsto detectand
repairsuchfailuresareorthogonalandoutsidethescope
of this work.

2 Background

Several commercialand non-commercialreflector sys-
temsareavailable,e.g. Highfield; Live Networks, Inc.;
Kirstein andBennett(2000)(morereferenceson p.27of
Kon et al. (2000)). Thesesystemsaretypically software
packagesthatmustbemanuallyinstalledat thesitesthat
will provide the reflectorservice.Thereforethe location
of reflectorsitesmust be decidedbeforehand,and can-
not beeasilychangedduringthelifetime of themultime-
diasession.Changesin reflectorlocationor configuration
generallyleadto temporaryservicedisruption.

A multicast reflectorhasbeenmentionedas an ex-
ampleapplicationover theALAN environment(Fry and
Ghosh,1999). It hasbeenusedto transmitMBone ses-
sionsvia unicastto sitesnotconnectedto theMBone,and
hasthepotentialto moveacrossALAN nodes.However,
dynamicreflectorplacementalgorithmsseemnot to have
beenproposedin this context yet.

Kon et al. (2000)proposea distributedframework to
managea network of reflectors,basedon dynamiccode
distribution and(re)configuration.Reflectorsareusedto
supportnetwork andterminalheterogeneity. Within this
framework, it is possibleto managenetworkscontaining
a largenumberof reflectors.Eachreflectorhasa limited
degreeof autonomy, suchasreconfiguringtheneighbour
nodesto bypassa reflectorthatfailed.For mostotherop-
erations,however, thereflectorelementsneedto beman-
agedby aprivilegeduser, thereflectoradministrator, who
decideswhereto install new reflectorsor to remove re-
flectors from the network. To take suchdecisions,the
administratorneedsto have a globalview of thenetwork
topologyandcharacteristics,which is not trivial to obtain
from the wide-areaInternetor the MBone. Anotherdif-
ficulty is to copewith receiversdynamicallyjoining and
leaving the session,andthe correspondingreflectortree
reconfigurationin orderto maintaina treewhich always
tracksthe optimum. Kon et al. (2000)reportthat in one
experimentthey wereforcedto deny approximatelyone

million connectionrequestsdueto lack of bandwidthon
thereflectorsites.This couldhavebeenavoidedif reflec-
torswereableto automaticallyclonethemselvesto other
sitesin orderto copewith theadditionaldemand.

In thecontext of agentsandactivenetworking,anum-
ber of proposalsfor self-deploying serviceshave been
made. Shehoryet al. (1998) proposea framework in
whichagentsdealwith overloadby cloning,passingtasks
to others,merging, or dying. Agents decidewhen to
cloneaccordingto theloadsof thedifferentresourcesthey
use,suchasmemory, processingandcommunicationre-
sources.Thepossibledecisionsthattheagentcantakeare
describedby a decisiontree,andtheoptimumdecisionis
calculatedvia dynamicprogramming.Tschudin(1999a)
implementedanelectionservicebasedon active packets,
thatdeploysitself to everyreachablenode.In alaterwork
(Tschudin,1999b)thesameauthoraddressesthesecurity
issuesinvolvedwith a necessaryself-destructingmecha-
nismfor suchkind of services.

Najafi (2001) hasproposeda cost model for active
networks that takesinto accountthecostof processinga
flow in theactive nodesaswell asthetransmissioncosts.
He includesanalgorithmthatconvergesto theminimum
costfor a flow thatmaybe transformedin severalactive
nodesbeforereachingits destination. He hasalso pro-
posedan agentpositioningalgorithmin which an agent
candecideto repositionitself in the network in orderto
reducethesessioncost.

RoadknightandMarshall(2000)addressthe issueof
quality of servicedifferentiationby using a distributed
geneticalgorithminspiredby the behaviour of bacteria.
They show that the amountof servers and their loca-
tion in thenetwork evolve accordingto the userdemand
for a given type of serviceanda requestedtrade-off be-
tweenlatency andpacket loss. The potentialof genetic
techniquessuchastheonesproposedby Roadknightand
Marshall (2000) is the increasedvariability to find new
solutionsand adaptto new situationsnot envisagedat
thebeginning. However, in anenvironmentwherenodes
andlinks areheterogeneous,propagatingsuccessfulrules
(“genes”)to neighbouringnodesmightnotnecessarilybe
a good idea, sincea rule that is successfulin onenode
might fail completelyin anothernodedueto differentre-
sourceconstraints.In the context of self-organisingsys-
tems,biologically-inspiredandmarket-basedtechniques
seemcomplementary, and an interestingresearchchal-
lengewould beto combinethebestof bothworldsto ob-
tain new adaptationmechanisms.

3 AutonomousReflectors

In this section we describeour autonomousreflector
scheme.Sincethis is work in progress,only part of the
mechanismsdescribedherehavebeenimplementedatthe
time of this writing. Sections4, 5, and6 provide more
detailson the implementedmechanismsaswell assome
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initial simulationresults.
Two assumptionsareessentialfor thisschemeto work

properly. First of all, we assumethat somebasicdefault
unicastroutingserviceinterconnectingall activenodesis
available,suchthatatany momentit is possiblefor anac-
tive applicationto obtainthenext hopto a givendestina-
tion. This servicecanbeeitherprovidedby theEE itself,
or installedasactive extensioncodewith a well-defined
interfaceexportedto the active applicationsthat needit.
By default it cansimply mapdirectly to IP routing, but
more sophisticatedtechniquessuchas application-layer
routing(Ghoshetal.,2000)couldalsobeavailableto pro-
vide optimisedpathsaccordingto specificcriteria.

Thesecondassumptionis that thereis only onemain
sourceof contentin the session(e.g. the lecturer’s site),
althoughall sessionparticipantscan potentially gener-
ate data to the session,as it is generallythe casewith
RTP sessions(Schulzrinneet al., 1996), that nowadays
are widespreadon the MBone. The reflectorsstart at
the receiver nodesand then progressively move, clone
and merge with other reflectorsalong their respective
unicastpathstowards the main source. This receiver-
initiated approachis similar to filter placementschemes
basedon RSVP, suchasthe AMNet prototypedescribed
by (Wittmannet al., 1998).

For thetimebeing,thereflectorswe proposeareonly
ableto repairmulticasttreesusingunicast:multicasttree
failureswill causea treeof reflectorsto beformed,which
will beconnectedto eachothervia unicast.Sincemulti-
castroutingandactive network unicastroutingareinde-
pendent,theunicasttreeof reflectorsmight not coincide
with the correspondingmulticastsubtreefor a given set
of receivers.Onecanimaginethatit wouldbeinteresting
to useunicastonly to bypass“broken” segmentsof a tree,
usingmulticasteverywhereelse.We leavethispossibility
openfor futurestudy.

We distinguishtwo typesof reflectors:terminaland
intermediate. Terminal reflectorsare placedat the re-
ceiversideanddonotmove,while intermediatereflectors
areplacedonotheractivenodesin thenetwork,andmight
move from onenodeto anotheraccordingto thenetwork
conditions.

A terminalreflectorideallyservesonelocalclientrun-
ning at the samemachine,which is the userapplication
that handlesthe correspondingmedia(typically MBone
toolssuchasvic or rat). A terminalreflectormustbe
installedat eachreceiver hostthatwishesto make useof
autonomousreflectors.Alternatively it canbeinstalledas
closeaspossibleto the receiver host (or setof hosts)to
be served. The terminal reflectorworks as a proxy be-
tweentheactualmulticastgroupandtheuserapplication,
sothatthedirectuseof multicastor theuseof reflectorsis
hiddenfrom theapplication.Thisallowstheuseof reflec-
tors basedon mobile codewithout requiringany change
to theexisting mediatools. Terminalreflectorsareinter-
mediatereflectorsthathavetheirmigrationrulesdisabled.
They mustbe fixed becausethe existing mediatools are

not ableto detectmoving peers.
Thetreeof reflectorsorganisesitself in aclient-server

hierarchy. Each intermediatereflector serves a num-
ber of downstreamreflectors(clients). Here the server
will sometimesbecalledparentreflector, andtheclients
child reflectors.Most intermediatereflectorswill beboth
serversfor a numberof clientsandclientsof anupstream
reflector, except a reflectorthat succeedsbypassingthe
failure point. This becomesthe root of its reflectortree,
andthereforeplaysonly the role of server. Actually not
only onetreebut severalonesmightarisein responseto a
failure, in casemultiple reflectorscrossa failurepoint at
differentnodes.This canhappen,for example,if thefail-
ure “point” is not a singlelink but a wholenetwork with
multicastcapabilitiesdisabledfor somereason.

When multicast failure is detected,the terminal re-
flector sendsanotherreflectorto the next active hop to-
wardsthemainsource.This operationis calledupstream
cloning. Theclonereflectorspawnedin thiswayis notan
exactcopy of theoriginal reflector, but hasthesamegoal
of repairingthemulticastfailureby finding themainses-
sionsource.It is anintermediatereflector, sinceit actsas
a proxy betweenthemulticastgroupandtheterminalre-
flector. Theintermediatereflectorlistensto themulticast
groupfor a while, andif no multicastactivity is detected
it migratesto thenext activehoptowardsthemainsource
(upstreammigration). This processcontinuesuntil the
reflectorreachesa nodewheredatafrom themainsource
is received(eithervia multicastor via anotherreflector).
It then informs the downstreamreflector(which in this
caseis the terminal reflectorthat originally spawned it)
aboutits currentlocationaddress.The terminalreflector
thenstartslistening to unicastpacketscoming from the
new upstreamaddress.A simple local selectorensures
thatno duplicatepacketsareforwardeddownstream,and
that packetscoming from downstreamare forwardedto
theselectedchannel(eithermulticastor parentreflector).

When two reflectorsbelongingto the samesession
meetat the sameactive node,they merge into a single
reflector. A reflectorthathasmorethanoneclient might
decideto cloneupstreaminsteadof migrating,therefore
addingonemorehierarchylevel to the tree. A reflector
might decideto mergewith anupstreamreflectorwhenit
is servingonly oneclient andtheupstreamconnectionis
unicast,becausein this caseit is moreinterestingto es-
tablishshortcutsbypassingthe nodewherethe reflector
currentlyis. This ensuresthatmostof thetime reflectors
will only bepresentat branchpointsin thereflectortree.
Finally, a reflectorthat runsout of clientsautomatically
terminatesitself.

When multicast connectivity is restored,reflectors
startreceiving datafrom themainsourcevia themulticast
channel,and disconnectfrom their upstreamreflectors.
Thelatterwill eventuallydieout dueto lackof clients.

In orderto improve reactiontime,soft-statevariables
canbe left in the active nodes.Considera reflectorthat
decidesto migrate after having unsuccessfullylistened
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to the multicastgroup. Before migrating, it can leave
a “message”(in the form of soft-state)in the node, to
inform future new-comingreflectors,andavoid themto
repeatthe unsuccessfulexperience.Sincenetwork con-
ditions change,the reliability of suchmessagemustde-
cay with time. Suchan indirect communicationmech-
anismamongreflectorsresemblesthe stigmergy mech-
anismusedin ant algorithms(Dorigo andGambardella,
1997).

Wearecurrentlyworkingonthedecisionmechanisms
to either clone, merge, migrate or terminatereflectors.
Thesedecisionsaredrivenby market-basedmechanisms
(Clearwater, 1996),andthe currentstateof our research
onthis issueis summarisedin Section4, with someinitial
resultsshown in Section5.

4 Mark et-basedreflectordecisions

Reflectorscanuseresourcecontrolbasedonmarketmech-
anisms(Clearwater, 1996) to make decisionsto either
clone, merge, migrate or terminatethemselves. Such
mechanismscanalso be usedto dynamicallydecideon
themaximumnumberof clientsto acceptat a givenma-
chine, in ordernot to causelink or CPU overload. An-
otherusageis to makedownstreamcloningdecisions:for
example,in thecaseof anoverloadedreflector, a number
of clonescan be sentdownstreamto handlepart of the
clients.

In this paperwe concentrateon the basic decision
mechanismsrelatedto codemobility duringtreeconstruc-
tion anddestruction,that is, cloning,migrating,merging
andterminating. We arecurrentlyworking on the addi-
tionalmechanismsrelatedto treereshapingandloadcon-
trol.

Eachreflectorhascostsassociatedwith its consump-
tion of nodeandnetwork resources.Thetreeof reflectors
is organisedin a client-server hierarchy, suchthatserver
reflectorssell sessiondatato their clients,andbuy data
from their server reflector. A reflectorusesthe revenues
thatcomefrom its clientsto payfor resourceusagein the
activenodesandfor theservicesof theupstreamreflector.

4.1 Resourceusagecosts

Each reflector has associatedfixed costs and variable
costsfor the useof noderesources.The fixed costsdo
not vary with the numberof clients that a reflectorhas,
andcorrespondto thecostsof usingthemobilecodeplat-
form. They representtheminimumprocessingplusstor-
agecostthatthemobileagentincurs,evenwhennoclients
areconnected.Notehowever that thefixedcostsarenot
constantin general,asthey mayvary asa functionof the
loadlevel of theresourcein question(CPU,memory).

Thevariablecostsincreasewith thenumberof clients,
andcorrespondto thelink transmissioncoststo all clients,
plustheprocessingcostsfor all packets.Thesecostsmay

alsovary accordingto thetotal loadof thecorresponding
resource(link bandwidthor processing).

From the costpoint of view, having many clients is
good for a reflectorbecausethe fixed costsare shared
amongall theclients,but if thenumberof clientsbecomes
too large, the demandfor one or more resourcesmight
exceedthesupply(congestionsituation),leadingto anin-
creasein processingandlink prices,with possiblepacket
lossesandconsequentdegradationin quality for the end
user.

Every time a new reflectoris addedto the tree,there
is anincreasein costscorrespondingto theresourcesthat
thenew reflectorneeds.However, this increasemight be
compensatedby a decreasein costsfor other reflectors,
e.g.becausetheir loadis alleviated.

Thecostof processingatanactivenodeis alsorelated
to the delaypenaltyimposedto the enduserdue to the
useof a treeof reflectors.The delaypenaltyis the ratio
betweentheactualdelayexperiencedby anenduserand
thedelaythatwould beexperiencedif thereceiver could
connectdirectly to themulticastsessionwithout thehelp
of reflectors. If the processingpower were infinite, the
extra delayimposedby a reflectorwould benull. On the
otherhand,a very low processingpower would incur a
high additionaldelay. The sameis valid for a machine
with highprocessingpowerbut whichis overloaded,such
thattheprocessingtimeavailabletoareflectoris verylow.
Thereforeif areflectortriesto choosenodesthathavelow
processingcosts,it is likely to bemoving towardsa lower
delaypenaltyfor its users.

4.2 Definitions

Webegin by providing somedefinitionsof termsthatwill
beusedlaterin this section:

��� : a reflectorthatrunsata givennode
�

��� : numberof clientsof reflector� �� ��� � : reflector 	 , the 	 -th client of reflector � � , for 	�
��
�
 ���� ��� � = datasendingrateof reflector� ��� � to � �
��� : numberof terminalreflectorsin session�

: datasendingrateof themainsource

� �
: total rateof thesession(sessionbandwidth)

� � 
 ��� �
�����������

� � (1)

for all terminalreflectors� � with sendingrate
� � .

� �!� : fixedcostsat node ��� : coststhatdon’t vary with the
numberof clientsof reflector��� .
��" �$# ��� % : variablecostsat node � � : coststhat vary with
thenumberof clients( ��� ) at node� � .
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�&"(' �)# ��� % : processingcostsat � � , dependon the amount
of datatreatedpersecond.

�&"+* �$# ��� % : total link costsat � � : representthe costsas-
sociatedwith the total amountof bandwidthemittedby
reflector ��� to eachlink that leadsto clientsof ��� , andto
theparentreflectorif any.

�&,-� # ��� % : total costatnode��� when ��� clientsarepresent:
thesumof fixedplusvariablecosts,asfollows:

�&, �)# ��� % 
 �(� � � �&" �)# ��� %

 �(� � � �&"(' �)# ��� % � ��"+* �)# ��� % (2)

4.3 Estimating costs

In orderto make a decisionto eithercloneor to migrate,
a reflectorfirst needsto estimatethecoststhatwould re-
sult from choosingeitheroption.A simpledecisionstrat-
egy would thenbe just to choosethe configurationwith
the lowestcost. However, therearea numberof difficul-
ties in obtainingsuchestimation.Actually this is a typi-
cal problemof makingdecisionsin thepresenceof risks,
anddecisionanalysiscouldbeappliedhereasin Shehory
et al. (1998). In this sectionwe presenta first simplified
approachto theproblem.Furtherresearchis necessaryin
orderto extendit to amoregeneralcase.

Oneof the main difficulties is that, at the beginning,
whenthereflectorstill hasn’t reachedthemainsource(di-
rectly via multicastor via anotherserver reflector),it is
not ableto measuretheactualresourceconsumptionthat
will resultwhenit reachesit. Whenthathappens,it goes
into full operationmode,but at this moment,it is too late
to reviseits previousdecisionsconcerningcloningor mi-
grating.Especially, if thereflectorsunderestimatetheag-
gregatesendingratesof all the sessionmembersbeyond
themulticastfailurepoint while building thetree,several
pointsof congestionmight appearassoonasthetreebe-
comesfully operational.

A solutionto thisproblemwouldbeto rely onanesti-
mationof thetotalrateof thesession(sessionbandwidth),
thatmustbeavailablesomehow beforethesessionstarts.
In practiceit is possibleto obtain such information by
looking at themediatypesin theSDRsessionannounce-
ments.Additionally, if RTCPis used(Schulzrinneet al.,
1996),andassumingthatonlyalimitednumberof session
memberssendsignificantamountsof datato the group,
thesessionbandwidthgrowsvery little with thetotal ses-
sionsize.

Using suchan upperbound,resourcescould be re-
servedat theactivenodesalongthepathin orderto guar-
anteethatenoughresourcesareavailablewhenthereflec-
tors reachthe main source. However, resourcereserva-
tion might not be availableat all nodes,andmostof the
nodesmight not evenbe active. Besidesthat, if the ses-
sion bandwidthis overestimated,too many costsmight

incur with little extra benefitfor theenduser. We adopta
simplesolutionthat relieson anupperboundon theses-
sionbandwidthto simplify thecostcalculations,but does
not reserveresourceson thenodes.

Now we try to quantify eachcostcomponentin our
context. We begin with theprocessingcosts.

4.3.1 Processingcosts

Network packetsconstitutethebulk of thedatatreatedby
a reflector. Thereforetheprocessingcostsduringa given
interval increasewith the numberandsize of the pack-
etstreated.Everypacketreceivedis reflectedto everyone
else. Thusevery packet from the upstreamchannel(re-
flector or multicast)is copiedto every client, andevery
packet from a client is copiedto the upstreamchannel
plusall theotherclientsexceptitself. For a reflectorthat
hasalreadyreachedthe main source(directly via multi-
castor via anotherserver reflector),the total numberof
bits persecondtreatedat ��� is:

.(, �/# ��� % 
 ./' �)# ��� % � .(� �)# ��� % (3)

where:.)' �$# ��� % is the dataratesentfrom the parentto all child
reflectorsof � �.�� �$# ��� % is thedataratesentfrom all child reflectorsof � �
to all othersandto theparent.

.)'0� # ��� % 
 ���21 # � ��3 �
�4� � �5��6

� ��% (4)

.�� �)# ��� % 
 �
��� � �5�76

#/# ��� 3 � %81 � � � � 1 � � %


 ���21 �
��� � ����6

� � (5)

Substitutingequations4 and5 in 3, we have:

.(, �/# ��� % 
 ���21 � �
(6)

Assumingconstantprices,andprocessingcoststhat
increaselinearlywith thedataratetreated,wehave:

��"(' �)# ��� % 
 '�' � 19.(, �/# ���(%

 '�' � 1(���21 � � (7)

where:'�'5� is the(constant)processingpriceperbit persecondat
node��� .
4.3.2 Link costs

The link usagecostsincludethecostsfor bandwidthand
queueing.Herewe consideronly thebandwidthcostsfor
simplification. Thereareonly costsassociatedwith the
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transmissionof packets,notwith thereceptionof packets.
Thus the link costsare the sumof the coststo reflecta
packet from theparentreflectorto all child reflectors,and
from eachchild to everyotherchild plustheparent.

Assumingconstantlink prices,the total link costfor� � canbewrittenas:

�&"+* �$# ��� % 
 '0* ��� : 1 �
�4� � �5��6

� � � �
��� � �5�76

# '0* ��� � 1 # � ��3;� � %)%

(8)

where:'5* ��� � is the price per unit of bandwidthon the link in � �
thatleadsto theclient � ��� � .'5*<��� : is the price per unit of bandwidthon the link in ���
that leadsto the parentreflectorof ��� (or the candidate
parentin caseadecisionto cloneor to migrateis aboutto
bemade).

If thelink priceis thesamefor all clientsandequalto'5* ��� = , or whenall clientsof � � sharethe samelink * , we
canrewrite thelink costas:

�&"+* �$# ��� % 
 '0* ��� : 1 � �
� � � '5* ��� = 1 # ���>1 � ��3 �

�
� � %

(9)

4.3.3 Costof the cloning configuration

If wearegoingto sendaclonefrom theorigin node��� to
anupstreamdestinationnode��? , thecostof theresulting
cloneconfigurationcanbecalculatedas:

�&,-� ��� ? 
 ��, �$# ���(% � �&,/? # � %

 � � � � �&"(' �)# ��� % � ��"+* �)# ��� %
� �(�@? � ��"�'5? # � % � ��"A*�? # � % (10)

Here ��,-� # ���(% representsthe total costof running the
agentat the currentnodewhenthe agentis fully opera-
tional, while ��, ? # � % is thecostof a new agentrunningat
theupstreamnode��? with asinglenode( � � ) asaclient.

4.3.4 Costof the migration configuration

Whenmigratingto anupstreamdestination� ? , areflector��� carriesits client list alongwith it. Assumingsymmet-
ric unicastrouting paths,the traffic will continueto go
throughnode

�
, thereforeconsumingthesameamountof

bandwidthresourcesat thelinks leadingto eachclient re-
flector. Sincethereflectoritself will disappearfrom node� � , therearenofixednorprocessingcostsassociatedwith
it anymoreat this node. Thereforethe costof resulting
configurationaftermigrationcanbecalculatedas:

��,CB ��� ? 
 ��"+* �)# ��� % � ��,/? # ��� %

 ��"+* �)# ��� % � � ��? � ��"('�? # ��� % � ��"A*�? # ��� % (11)

4.4 Making a decision

We would like to make a decisionto eithercloneor mi-
gratebasedon the total costsof resourcesfor eachcon-
figuration.

A simpledecisionstrategy is to choosetheconfigura-
tion with thelowestcost:

if �&,CB ��� ?EDF��,-� ��� ? thencloneelsemigrate.

In order to simplify the calculations,we rewrite the
aboverule as:

if �&,CBG��� ? 3 ��,-�&��� ? DFH thencloneelsemigrate.

Thecostsof eachconfigurationaregivenby equations
11 and10,thereforewehave:

��,CB ��� ? 3 ��,-� ��� ? 
 ��"�'5? # ���(% 3 �&"('�? # � % 3 ��"�' �$# ��� %
� ��"A* ? # ��� % 3 ��"A* ? # � % 3 � �@�

(12)

Notethatthefixedcostsat ��? , aswell asthelink costs
at � � have disappearedsincethey are the samein both
configurations.With symmetricunicastpathsandnomul-
tipath,all thetraffic from � ? to ��� will gothroughasingle
link. Thus,assuminglinear costsfor link resources,we
can useequation9 to calculatethe terms �&"+* ? # ��� % and��"A* ? # � % . Assuminglinear costsalso for processingre-
sources,equation7 can be usedto calculate ��"�'5? # ��� % ,��"�'5? # � % , and ��"(' �)# ��� % . After theseoperationswe obtain:

��,CB ��� ? 3 ��,-� ��� ? 
� � 1 #)# ��� 3 � %I1 # '�' ? � '0* ? � �J% 3 ���21-'7'0�K% 3 � �@� (13)

Whichcanalsobewrittenas:

��,CBG��� ? 3 ��,-�&��� ? 
 � � 1(���21 # '7' ? � '0* ? � � 3 '�'5�J% 3 � �!�
3 � � 1 # '7' ? � '0* ? � �L%

(14)

Thefirst line of theright sideof theequation14 rep-
resentstheincreasein costsassociatedwith themigration
configuration,while the last line correspondsto the in-
creaseassociatedwith the cloning configuration. When��� is high, the migrationconfigurationtendsto become
moreexpensivethanthecloningconfiguration.Therefore
the cloning configurationwill generallybe preferredfor
high ��� , unlessthefixedor processingcostsat � � arepro-
hibitive.

With thisresultweobtainaneasywayto makeadeci-
sion,by usingequation13 to choosethecheapestconfig-
uration. As discussedearlier, anestimationon theupper
boundof

� �
is consideredavailablebeforethe session

starts.Thenumberof clients, ��� , is known at ��� , aswell
asthe local cost � �!� andprice '�'5� . Consequently, before
makinga decision,the agentneedsto obtainthe follow-
ing informationfrom its neighbour� ? :
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'7'5? : processingpriceperunit'5*�? � � : link price per unit for the outgoinginterfacefrom��? to � � .
The informationabove is collectedby a Prospecting

capsulethat is sent to the destinationnode before the
cloningor migrationactionactuallytakesplace.

This is the strategy adoptedto obtain the simulation
resultsshown in this paper. Although it seemsa bit too
simplistic,this strategy alreadytakesinto accountanim-
portant criterion which is the delay penalty for the re-
ceiver which is imposedby the useof the reflectorsin-
steadof native IP multicast.As discussedearlier, this de-
lay penaltyis impliedwithin theprocessingcosts.

In classicalmulticastalgorithmssuchdecisiondilem-
mausuallydoesn’t apply, becauseonly link resourcesare
typically taken into account. In this casewe can make'7'5? 
 '�' � 
 �(� � 
 H , andourcalculationsreduceto:

��,CB���� ? 3 �&,-�&��� ? 
 � � 1-'0* ? � ��1 # ��� 3 � % (15)

In theabovewe have:
For ���MD �MN ��,CBG��� ? 3 �&,-�&��� ? DFH andwechooseto clone.
For ���PO ��N ��,CBG��� ? 3 ��,-�&��� ? OQH and we chooseto
migrate.

Theseobservationsconfirm that when bandwidthis
the only scarceresource,cloning is the default choice
except in the trivial case( ���RO �

), sincemigration al-
waysimplies duplicatingpacketson the link from ��? to� � when ���SD �

, andthereforecausesthe total coststo
increase.

4.5 Merging

Whentwo reflectorsbelongingto the samesessionmeet
at thesameactivenode,they mergeinto asinglereflector.
This operationinvolvestheunionof bothclient lists and
any othernecessaryother information. Sincethis might
resultin resourceoverload,a preliminarynegotiationbe-
tweenbothagentsis desirableto achieve favourablecon-
figurations. For instance,whensendingthe Prospecting
capsuleto anupstreamneighbourto find out aboutcosts,
the capsulecould also be programmedto look for the
presenceof anotherreflector for the samesession,and
checkits currentresourceconsumption.An outcomeof
thenegotiationcouldbethatserver delegatessomeof its
own clients to the prospectingreflector, in order to bal-
ancetheloadandreducecosts.

This is relatedto thetreereshapingproblem(splitting
operation)thatwe have not addressedyet. Currentlythe
agenttakescloningor migrationdecisionsindependently
on thefactthatanotherreflectormight alreadybepresent
in the upstreamnode,thereforethe merging operationis
alwayscarriedout.

4.6 Terminating

Sincereflectorsmust“pay” for resourceusagein theac-
tive nodes,and their clients are their sole sourceof in-

come,they will beautomaticallyeliminatedby theactive
platformwhentherearenofurtherclients.However, there
is a risk thatsuddenchangesin loadmakepricesincrease
in unpredictableways,causingfully operationalreflectors
to dieout prematurely.

In ourcurrentimplementationthisproblemis still not
solved,andin ourview it canonly besolvedwith thehelp
of load control operatingat shortertime scalesthanthe
onesin which the reflectorsoperate.This requiresadap-
tive(elastic)flowsor transcoding,andhereweareassum-
ing that thereflectorsmerelyrepairconnectivity failures,
anddon’t interferewith thesessiondatacontents.

5 Simulation results

We have performedsomesimulationexperimentsusing
ns-2, in order to visualisethe tree constructionand de-
structionmechanisms.The topologyfor the simulations
is illustratedin Figure1. All links have a fixedcapacity
of 10Mbit/sandapropagationdelayof 10ms.Therootof
themulticasttreeis nodeSwherethemainsessionsource
is located.The leavesof thetreecontainterminalreflec-
tors that join the sessionat randomtimes from t=0s to
t=10s. All nodesareactive andhave thesamepricesfor
resources:'�' 
 �

, '0* 
 �
, and � � 
 � 1+TU1WV whereV is thesizeof themobilecodein bytes,andis currently

setto 50000,which is thecurrentapproximatesizeof the
bytecodein ourJava prototype.

Figure1: Topologyusedin thesimulations.

Themulticastcommunicationvia links L1 andL2 is
interruptedatt=20s.As aresulttwo reflectortreesappear.

7
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Both treesstartsataroundt=24s,but thetreeontheupper
sideof the topology is readyat t=29s,while the second
oneis only readyat t=37s. After this constructionphase
all terminal reflectorsaffectedby failuresareserved by
anintermediatereflector. Theresultingtreesareshown in
Figure2.

N1

N2

N3

N4

N7

N8
N9

N6

N10

N5

Figure2: Two samplereflectortrees.Top: treethatresults
from the failure of L1, rootedat N1. Bottom: tree that
resultsfrom thefailureof L2, rootedat N5.

At t=70sthemulticastcommunicationvia L1 andL2
is restored.Mostreflectorsdetectthisacoupleof seconds
later, anddisconnectfrom their parentreflectors,which
die out betweent=77sandt=80s.

Figure 3 shows the aggregatesessiondata rate re-
ceived by threesamplesessionparticipants: A, B, and
C, whoselocation in the treecanbe observed in Figure
1. The main sourcerate is 500kbpswhile all the other
sessionmemberssendaround10kbpseach.

ParticipantA happenedto join the group at around
t=10s,while B joinedright at thebeginningt=0s.During
the failureperiod,althoughthe multicastfeedto nodeA
is up andrunning, it receiveslessaggregatetraffic until
thereflectortreeis fully operational,sinceduringthispe-
riod it doesn’t receive themulticastpacketscomingfrom
the participantsthat have stayedon the othersideof the
failurepoint. ReceiversB andC suffer from the failures
until aboutt=30sandt=38s,respectively. After that,their
respective level of receptionbecomesaboutthe sameas
theoneof A, asif they werealsounaffectedby thefailure.
Whenthemulticastfeedis restored,suddenpeaksof traf-
fic arrive at B andC, dueto duplicatepacketssentonce
via multicastandagainvia the reflector. Thesepackets
areeliminatedby theterminalreflectorsbeforebeingsent
to the applications.We canverify this by looking at the
sequencenumbersreceivedby the decoderconnectedto
C, on Figure4.
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Figure3: Datarateof threesampleparticipants.A: unaf-
fectedby multicastfailure. B andC: affectedby failures
of L1 andL2 respectively.
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Figure4: Sequencenumbersreceivedby the decoderof
participantC.

In orderto visualisethedynamicsof themobilecode
operationsof migrating,moving, merging andterminat-
ing, we describethemin Figure5 for theupperreflector
treeon thetopology. For compactness,wenumberevents
in timewith integernumbersstartingfrom 1, followedby
thecodeof theoperationperformed.Fromt=24sto t=26s
all terminalreflectorsspawn upstreamclones. Sincethe
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orderin whicheachterminalreflectorsendsaclonewon’t
have any influenceon the subsequentoperations,we as-
signeventnumber1 to all. Thisis indicatedas“1C” in the
figure. Thenext eventis event2, andit’s a cloningoper-
ationfrom nodeN4 towardsits upstreamneighbour. This
is indicatedas“2C”. By following thesequenceof events
in this way, it is possibleto track the main actionsthat
lead to the treeconfigurationshown in Figure2, andto
its subsequentdestruction(“T” operation).Althoughthe
mergingoperationsarenotindicated,they canbededuced
aswell, sincethey occurwhenevera reflectorarrivesat a
nodewhereanotheroneis alreadypresent.

1C

1C 1C

1C

1C

1C 1C

1C

1C

1C
3M

5M

9C

7C

4M

8M

10T

11T

1C

12T

13T

2C

6M

N1

N2

N3

N4

Figure5: Dynamicsof mobilecodeoperations.Theevent
numbersareshown besidethearrowsor thenodenames,
followedby thecodeof theoperation:C (clone),M (mi-
grate),T (terminate).

The resultsabove are intendedto illustratethe basic
behaviour of our autonomousreflectorsin ideal condi-
tions.They arenotintendedtoshow arealisticpictureof a
realnetwork. Thenetwork hereis unloaded,all nodesare
active, the delaysareshortandthe pathsfor unicastand
multicasttraffic coincide.In oursimulationswe haveno-
ticedlittle impactof increasednetwork latenciesor mod-
erateloadontheresults,evenwhenthepropagationdelay
on eachlink is increasedto the order hundredsof mil-
liseconds.However, we haveoftenobservedmuchlarger
latenciesfor joining liveMBonesessions,aswell asvari-
able loss patterns. Thus we can expect higher reaction
timesfor our reflectorsin sucha situation.

6 Implementation

We are currently implementingthe mobile reflectorsin
Javausinganarchitecturethatallowsthecodeto beeasily
portedto any EEthatsupportsactiveextensionswith mi-
nor modifications.The architectureis organisedin three
planes:dataplane,monitoringplane,andcontrol plane.
Thisstructureroughlyfollowstheonesuggestedby Blair
et al. (1999),althoughno computationalreflectioncapa-
bilities areincludedyet.

The dataplaneis responsiblefor the blind forward-
ing of multicastandunicastdata. Its coreis inspiredby
theMug reflector(Highfield): in Mug, a nodethatsends
a UDP packet to the reflectoris addedto its client list;
a client that staysidle (i.e. sendsno more packets) for
sometime is removed from the client list. A selectoris
attachedto theMug-like corein orderto switchbetween
themulticastandtheunicastupstreamchannels.These-
lector is controlledby thecontrolplane.Themonitoring
planekeepstrack of the currentresourceusageandper-
formanceparametersof thedataplane.Thecontrolplane
usesthe dataavailable in the monitoringplaneto make
decisions.Its coreis astatemachinewith transitionstrig-
geredby eventsgeneratedat themonitoringplane.

This architectureallows new strategies to be easily
addedto the control plane without affecting the other
planes. It also maps naturally to the Bond platform
(Bölöni and Marinescu,1999), which opensup future
possibilities for dynamic updatesto the statemachine
through“agent surgery” (Bölöni and Marinescu,1999).
Thecommunicationmechanismamongneighbouringre-
flectors takes the form of capsulessuch as in ANTS
(Wetherallet al., 1998). Alternatively, the communica-
tion could be madevia an existing agentmessagepass-
ing mechanism(e.g. Bond, seeBölöni and Marinescu
(1999)).Bothoffer extraflexibility for enhancementsand
precludetheneedto specifyapplication-specificmessage
formatsanddevelopthecorrespondingparsers.

7 Conclusionsand Futur e Work

We have describeda decentralisedschemebasedon mo-
bile code, to build a loosely connectednetwork of au-
tonomousreflectorsthat seeksto maintainsessioncon-
nectivity in the presenceof multicastfailures. The self-
organisingnatureof the schemeensuresits robustness,
scalabilityandautonomyproperties,which make it suit-
ablefor sessionsof any size,while minimisingtheneces-
saryamountof humanintervention.

For the momenteachreflectortreatsonly onemedia
stream(e.g. either audio, or video, or whiteboard). In
orderto dealwith severalmedia,we planto groupmulti-
plephysicalreflectors(eachtreatingonemediatype)into
a single logical reflectorfor cloning andmigration pur-
poses.In a nearfuture,experimentsover theMBonecan
be envisagedin the framework of the EuropeanCOST
Action 264,andwith thehelpof existing active network
overlayssuchastheABONE.

The work presentedin this paperis part of a larger
effort on the useof active networks for adaptive appli-
cations. We plan to integrateit with previous work on
congestioncontrol(YamamotoandLeduc,2000b,a)such
that reflectorsalsoperformapplication-orientedfiltering
and/ortranscodingof datain thepresenceof congestion,
in anetwork which is likely to beonly sparselypopulated
by activenodes.
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