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Abstract. For time-constrainedpplications repairsener-basedactive local recovery ap-
proachesanbe valuablein providing low-lateng reliable multicastservice.However, an ac-
tive multicastrepair serviceconsumegesourcesat the repair senersin the multicasttree. A
schemawasthuspresentedn [10] to dynamically activate/deactiaterepairsenerswith thegoal
of usingasfew systemresourcegrepairseners)aspossible while at the sametime impraoving
application-lgel performanceln this paper we develop stochastianodelsto study the distri-
bution of repair delay both with and without a repair sener in a simple multicasttree. From
thesemodels,we obsere that the applicationdeadline,dowvnstreamlink loss rates,the num-
ber of receiers, and the upstreamround trip time of a repair sener all influencethe overall
value of activating an active repairsener. Basedon theseobsenations,we proposea modified
dynamicrepair sener activation algorithm that considersthe paclet loss rate, the numberof
downstreanrecevers,andtheroundtrip time to the nearesupstreamactive repairsener when
activating/deactiating a repairsener. From simulation,we obsene that our modified dynamic
repair sener activation algorithm provides a significantreductionin the lateng of successful
paclet delivery (over the original algorithm)while usingthe sameamountof systemresources.
We alsofind that muchof the performanceagainsachiezable by having active repairsenerscan
be obtainedby having only arelatively smallfractionof repairsenersactuallybeingactive.

1 Intr oduction

Delay-sensitie applicationssuch as teleconferencinggdistributed simulation, multi-
playergamesandInternettelephoty all have timing constrainton the successfutle-
livery of datafrom sourceto destination(s)In suchapplicationsdatathatdo notarrive
atreceversprior to someapplication-determinedeadline areconsideredost andcan
resultin impairmentsn application-leel performancekor areal-timevideostreamfor
example,a misseddeadlinecanresultin playoutjitter or breaksin the playoutstream.
For a corversationwith interactionamongmultiple spealers,the delayfrom whena
userspeakr movesuntil theactionis manifestedat thereceving hostsshouldbeless
thanafew hundrednmillisecondd6].

Many reliablemulticastprotocolsexploit local recovery[2] [13] [7] [14] [11] to re-
ducethedelayin successfutlatadelivery, makingthemattractve for supportingdelay-
sensitve applicationsSimilarly, by usingactiverepairseners(RS)in amulticasttreeto
provide retransmissioffi.e., errorrecovery) service repairsener-basedocal recovery
schemesgansuccessfullyeducetherepairlateng, aswell assuppresfAK implosion,
andprovide retransmissioscoping[4]. Onthe otherhand,active repairsenersinside
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the network requireadditionalresourcege.g.,buffering andprocessing)Thusit is de-
sirableto activateasfew repairsenersaspossible while at the sametime providing
enoughrepairsenersto improve repairlateng.

In this paper we study the tradeof betweenrepair delay (equivalently; the time
neededo successfullyeliver datato therecever(s))andsystenresource&onsumption
by focusingonthebenefitgainedby usingsener-basedctive errorrecovery (AER) [4].
We begin by developingstochastienodelsto studythedistribution of repairdelayboth
in thepresenceandin theabsenceof repairseners.Basednthesemodelswe obsene
thatthe applicationdeadline downstreamlink lossrates,the numberof recevers,and
theupstreanroundtrip time of arepairsener areall importantcriteriainfluencingthe
decisionof whetherto activate/deactiateanRS.

We then considerspecificalgorithmsfor dynamicRS activation/deactration. We
begin with the algorithmfrom [10], which introduceda protocolto dynamicallyacti-
vate/deactiaterepairsenersonthebasisof thepacletlossratewithin theRS’s subtree.
For delay-sensitie applicationsit is alsoappropriateo considettime-basedneasures
suchastheupstreanRTT in decidingwhetheror notto actvateanRS.We thusmodify
thealgorithmin [10] to considemnotonly thepacletlossrateandnumberof downstream
recevers,but alsothe roundtrip time to the nearesupstreamactive repair sener (or
thesenderwhenmakingthe activation/deactrationdecision.We studyvia simulation
thetradeof thatexistsbetweernthe fraction of RSsthatareactivatedandtherepairde-
lay. We shav thatour modifieddynamicRS activationalgorithmprovidesa significant
reductionin repairdelayover the original algorithm[10], while usingno moresystem
resourceshanthe original algorithm.We alsofind thatmuchof the performanceyains
achievableby having active repairsenerscanbe obtainedby having only a relatively
smallfractionof repairsenersactuallybeingactive.

The remainderof this paperis organizedas follows. In Section2, we describea
multicastlossrecovery architectureandareliablemulticastprotocolthatusesactive re-
pair servicesSection3 presentsheanalyticmodelthatwe useto evaluatethedecrease
in repairdelaywhenusingan active repairsener for time-constraineépplicationsn
a simplemulticasttree.Sectiond proposesa modifiedalgorithmfor dynamicallyacti-
vating/deactiatingrepairseners,andpresentsimulationresultscomparinghe perfor
manceof themodifiedalgorithmwith thatof theoriginalalgorithm.Sections concludes
this paper

2 Real-time Reliable Active Multicast: Motivation and Algorithms

Severalrecenteffortshave focusedon providing better-than-best-effort servicefor delay-
sensitve applicationsMaxemchuketal. [9], Lucasetal.[8] andotherresearcherbave
proposedvariousdistributed receiver-basedlocal recorery schemesThe Active Er-
ror Recovery (AER) protocol[4] usesa repair-server-basedocal recovery schemeijn
which a repairsener (RS)is attachedo a routerto performactive local error recov-
ery (i.e., buffering and retransmissionjor downsteamrecevers and RSs.AER was
shavn to achieve low lateng error recovery, NAK suppressiontetransmissiorscop-
ing, and superiorbandwidthutilization. However, the useof additionalactive nodes
insidethe network comesat a price - additionalsystemresourcessuchasbuffersand



computationareneededt theactive nodes Sereralquestionsmmediatelyarise- how
mary active RSsareneededandwhereshouldthey bestbe placed;whatis the trade-
off betweenthe numberof actvatedRSsandthe repairlateng; musta repairsener
alwaysbeactive, or canarepairsenerdynamicallymonitorperformancendthenself-
activate/deactiateaccordingo obsenedperformanceThesearesomeof thequestions
we addressn this paper

Rubensteiretal.[12] have proposeda static centralizedree-basegrotocolto con-
structa repair graph that usesRSsto retransmitiost pacletsto receversbeforetheir
deadline However, whenthe multicasttreestructureand/orlink lossrateschangeover
time, sucha static approachmay not be appropriateln [10], Oslandet al. presented
an algorithmto dynamically activate/deactiate RSsin responsdo changingnetwork
conditions However, their approactusesonly the pacletlossrateto triggerRS activa-
tion/deactvation.We will seeshortlythatfor delay-sensitie applicationsdelay-based
criteriacanbe effectively usedin makingdynamicactivation/deactiationdecisionsat
anRS.

Let usnow describea reliablemulticastprotocolknown asAER (Active Error Re-
covery [4] [5] [10] [1]) thatimplementsactive sener-basedrepair services;we will
subsequentlynodify this protocolto implementdynamicRS activation/deactiation.
In AER, subcast is definedto be a multicasttransmissiorfrom an RS to the down-
streammulticastsubtreerootedat the RS. We describethe algorithmin the context of
a senderthat periodically multicastsdatato a multicastaddresghat is subscribedo
by all receversandparticipatingRepairSeners;otherscenariosarealsopossible The
algorithmoperatessfollows:

— Packet forwarding, buffering. Whena new paclet arrivesat a routerassociated
with anRS, it is multicastdownstreanby the routerandstoredin the buffer of the
repairsener.

— NAK suppression.On detectinga loss,a recever (or repairsener), afterwaiting
for arandomperiodof time (the NAK suppressionime), sendsout a NAK to its
nearesupstreamactive sener (a repairsener or the sender) At the sametime, it
startsaNAK retransmissiotimer. If therecever (or repairsener) recevesa NAK
for the samepacletfrom its upstreanrepairsener prior to sendingits own NAK,
it suppressets own NAK transmission.

— NAK timeout. The expiration of the NAK retransmissiortimer at a repairsener
(or arecever), without prior receptionof the correspondingepair senesasthe
detectionof a lost paclet for the repairsener (or the recever) anda NAK is re-
transmitted.

— Repair packet transmission,NAK aggregationand propagation.Whenarepair
sener recevesa NAK from a downstreamnode, it subcastdhe paclet if it has
the pacletin its buffer. Otherwise|f thereis alreadya pendingNAK for thatlost
paclet, the new incomingNAK is suppressedf thereis neithera pendingNAK
for this paclet, nor a bufferedrepairpaclet, the RSimmediately subcastshe NAK
downstreamandsendsa NAK upstreanafterwaiting for arandomperiodof time,
aswell askeepinga pendingNAK until therepairpacletarrives.

— Repair packet retransmission.On receving a NAK from a downstreamrepair
sener, the senderre-subcastshe requestedaclet to all the receversandrepair



Fig. 1. A SimpleMulticast Topology

seners. As mentionedabove, theserepairsare receved by intermediaterepair
senersand forwardeddown the tree only if thereis a pendingNAK for that re-
pair.

— Repair packet reception. If a repair paclket is receved, the repair sener first
checkswhetherthereis a pendingNAK for that paclet. If so,that repair paclket
will be bufferedandsubcastlownstream|f thereis no pendingNAK for this re-
pair paclet, the RSdiscardghis paclet.

TheAER protocolsuccessfullyeduceNAK implosionby usingrandomizedimer-
basedNAK suppressioandby usingtherepairsener hierarchyfor NAK aggreyation.
We next presenta simplemodelof the delay performanceof this protocolin a simple
multicasttree.

3 A Simple Model for Understanding the Benefitsof Using A
Repair Server in Time-Constrained Applications

In this sectionwe develop an analyticmodelto studythe distribution of repairdelay
bothwith andwithout a repairsener for time-constraine@pplicationsOur goalis to
gaininsightinto theeffect of parametersuchasapplicationdeadline downstreantink
lossrates thenumberof recevers,andthe upstreanroundtrip time of arepairsener.

Figure 1 shaws a genericmodelfor a single RS co-locatedat a router Node A
is the senderNode B representan intermediaterouter, to which a repairsener (that
is denotedasa squarenodein this graph)canbe attachedOn receving a paclet from
sendet4, router B multicastshatpacletonits subtreeR = {R1, Rs, ..., Ry} denotes
the setof receverson thetree. The solid line betweemode A andnode B represents
the transmissiorpath betweenthe senderand the router (or its correspondingepair
sener). Similarly, the lines betweenrouter B andrecevvers R; to Ry representhe
pathsbetweertherouterandrecevers.

Thenotationwe will useis asfollows:

X;: Time requiredto successfullydeliver a pacletfrom the sendetto recever
R;.



Xij: Timeto transmita pacletfrom ¢ to j in theabsencef pacletloss,where
i € {A,B} andj € {{B} U R}. We modelX;; asafixedvalue.
X Timeto transmita NAK from j to s, wherej € {{B} U R} and

i € {4, B}. We model X ;; asafixedvalue.

T A joint timer of 7, thatintegratesthe NAK suppressiotimer, whichis a
functionof theRTT between andits nearestuipstreanactive node(the
sendeior the active RS),andthe NAK retransmissiotimer of 4, which
is afunctionof theRTT from ¢ to thesenderHerei € {{B} U R}.

D: Theapplication-dependemnieadline
Dij Lossprobabilityof pathij, wherei € {4, B} andj € {{B} U R}.
Al Recallthatwe aremodelinga constantatesenderDatapacletsarrive

at A for first-tie transmissiorat constantrate \.

We denotethe probabilitythata pacletis deliveredafterthe applicationdeadlineat
receiver R; asP{X; > D}.

Basedon this single RS configuration,we now describetwo simple modelsthat
characterizehe distribution of repairdelaybothwith andwithout RSs.

3.1 Evaluationof 3 .. p P{X; > D} WhenanRSis Used

Letusfirst considethetransmissiomelay X;, in thepresencef arepairsener(Figure
1). We introducethe following randomvariables.Let K denotethe numberof losses
prior to the first successfutransmissiorof a packet on path AB. Let K; denotethe
numberof lossesprior to thefirst successfulransmissiorof a packeton pathBR;. We
areinterestedn thevalueof X; conditionedon K = k andK; = k;. We denotethisas
Xi(k, k;) andcomputeits valueasfollows:

Xap+ Xp; k
Xap+A;+(ki— 1)1+ X+ Xpi k
Xi(k,ki) =4 Ars+ (k—1)78 + Xpa + X4 + Xp; k
Agrs+ (k—1)7g + Xpa + Xap + A+
(ki — 1)1 + XiB + XB; E>1,k>1

1)

A timeline of X;, whenk > 1 andk; > 1, is shavn in Fig. 2. Thelossdetection
duration,Agrg, is a function of the constantransmissiorrate A andthe delayof path
AB. At therepairsener, thetime until the next successfuteceiptof apacletfollowsa
geometriadistribution with meanl_;A +. ThuswemodelArs = Xap + —— pAB .

i\ +T]'3, Where'r]'_f, isthe NAK suppressmltlmerof repairsenerB. Similarly we model
A; = Xpg; + 17 - A + Wherer is the NAK suppressiottimer of recever R;.
Here, A denoteshe time betweenthe arrival of a retransmittedpaclet at the repair
sener andthe recever’s transmissiorof the next NAK. From Figure 2, we obsene
that A follows a uniform distributionin [0, 7;].

For agivenk andagivenk;, from equation(1), we caneasilyevaluatethe valueof
X (k, k;). Consequentlywe candetermingheprobabilitythat X; (k, k;) is greatetthan
theapplicationdeadlineD. Theprobability P{X; > D} canbeevaluatedby remaving
the conditioningon thevaluesof £ andk;:
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Y P{Xi>Dy=3 (3 > UXi(k ki) > D) P{K; = ki}) - P{K =k} (2)

iER k=0 i€R k;=0

where,P{K; = k;} = p%.- (1 —pmi), P{K =k} =phy-(1-pap)andl(P)is
onewhenthe predicateP is true andzerootherwise.

3.2 Evaluationof Y. ., P{X; > D} When RSis Not Used

i€ER
Theanalysigs morecomplicatedvhenthereis norepairsener attachedatrouter B of

Figure 1, becausdahe end-to-endink lossesare correlated.Thus,the probability that
a paclet is deliveredafter the applicationdeadlinecannotbe solved independentlyat
eachrecever. In this case,we canusethe following alternatve approachto evaluate
> icr P{X: > D}. Again,we focusonarandomlyselectegpaclet.

Z P{X; > D} = E[numberof receiversthatreceise the paclet afterthe deadling
i€R
= N — E[numberof receversthatreceie the paclet by the deadling(3)

whereN denoteghenumberof recevers.To evaluatethe expectechumberof recevers
thatsuccessfullyeceve the datapacletbeforeits deadlinewe mustdefinesomeaddi-
tional notation.

Let T® bethenumberof receversthatsuccessfullyeceie thatdatapacletbefore
or atthel-th retransmissiomf thatpacket. Thus,from formula(3), we canderive

Y P{X;>D}=N - E[TY] (4)
i€R
whered is the maximumnumberof retransmissionallowedto meetthedeadlineHere
d is afunction of the application-dependemnteadline,D, andlink transmissiordelays.
Yamamotoet al. [15] provide a generalmodelfor evaluatingthe delay performance

of receverinitiatedreliable multicastprotocols.In our study we assumehata NAK-
receiptsuppressiotimer is usedby the senderWithin a NAK-receipttimeoutinterval,



the senderconsideramultiple NAKSs it recevesfor a given packet asbeingredundant
andonly retransmitgmulticaststhe packetonce.Thistimeris afunctionof thelongest
RTT to receivers.We simplify our problemto the casethatall recevershave the same
RTT to thesenderTherefore atrecever R;, duringeachtimer 7;, therecanbe at most
oneretransmissioffor aspecificlostpaclet. Thuswe haved = LM +1],
where 4A; denoteghe lossdetectiondurationof recever R; andis a function of PAi,
X 4; and . Consequentlyfrom equation(4), we have

N
Y P{X;>D}=N->i-P{T¥ =i} (5)
i€ER i=1

Giventheapplicationdeadlineandthe correspondingnaximumnumberof retransmis-
sionsd, we cancalculatethe probability P{T(¥ = ;} asfollows:

P{TY =4} =" P{T" = 4|71 = j}. P{TY = j} 1=1,2,....d (6)
j=0

wherethe conditionalprobabilityof P{T") = i|T¢-1) = j} is shavn in equation(7).

pas + (1= pas)py; * i=j;
P{T® =470~V = j} = N o 7)
(1 —pAB)(i:jJ)pB[l(l —pBi)" 7, N >i>j;

with theinitial condition:
P{TY =0} =1

ThusP{T? = i} canberecursiely computedandthecorrespondingd,. , P{X; >
D} canbeevaluated.

3.3 Numerical CaseStudy

Using the analysistechniqueslescribedabore, we canevaluatethe cumulative distri-
bution functionof the X;, thetime neededo successfullydeliver apacletto arecever
in thepresence/absenoéa RSfor variousapplication-leel deadlinesD. A numerical
casestudyfor the CDF of X; is shavn in Figure3. Here,we assumeahe numberof
receversis 5, path AB experiences lossrateaspap = 0.05. For eachdownstream
path,we assumea lossrateof pg; = 0.10. The one-way delayfor path AB is 30ms,
andthe one-way delaybetweerrouter B andeachrecever R; is 10ms.Figure3 showvs
thatwhenarepairseneris active, thereis a higherprobabilitythata pacletis success-
fully deliveredwithin agivendeadlinethanthecasewhentherepairseneris notactive.
For this setof parameterswe seethe largestgain whenthe applicationdeadlineD is
betweerB0ms to 190ms.

As the valuesof the modelparameterghange sotoo doesthe distribution of X;.
Due to spaceconsiderationswe only briefly explore the parametespaceto identify
generalrends;in [3] we provide amorecompletestudy In [3] we defineagenerakost
functionthatweightsthe benefitsof decreasedepairlateny andthe costof resources
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Fig. 3. Comparehe C DF of TransmissiorDelayfor With/WithoutRS Cases

(e.g.,buffering andcomputationyequiredby active repairseners.The costdifference
betweerthe caseof having active repairsenersandnot having active repairseners,is
denotedby AC, andis definedas:

AC = ¢, P{XRS > D} — (c, P{XP"'ES > D} + ¢p)

wherec, andc;, areweightsreflectingthe unit performancedegradationpenaltycost
for anoverly delayedpacketandtheresourcecostfor recoveringapaclet, respectiely.

Weillustratetheeffectof anapplicationsdeadlineonthecostdifferenceAC in Fig-
ure4. We consideredour downstreamossratesandobsenedthatasthe downstream
link lossprobability pp; increasessotoo doestherelative benefitof having active re-
pair seners.For the parametergonsideredn Figure4, the benefitis largestwhenthe
applicationdeadlinelies in therangeof 2 to 4.6 timesthe one-way delay(about80ms
to 190ms). As the applicationdeadlineincrease$eyond this value, the relative per
formancebenefitsdecreasandactually becomenegative when D > 380ms. Thisis
becauseastheapplicationdeadlineincreaseshe probability of successfullyecorering
a paclet within the deadlineincreasegapproachingl) both with and without repair
seners,while thewith repairsener caseincursaresourcecost,c,. In [3], we alsocon-
siderthe effectsof downstreamlossrates(pg;), upstreanroundtrip time (X 45) and
numberof recevers(V) on costdifferenceAC.

4 An Algorithm for Dynamic Activation/Deactivation of Repair
Servers

In [10], Oslandet al. modifiedthebasicAER protocolto includea two-thresholdalgo-
rithm for dynamicallyactivating and deactvating repairseners.In their approachan
RS estimateghe lossrateto receversin its subtreeover intervals of time. At theend
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of eachinterval, if the measuredossrateis greaterthananupperthresholdvalue,the
repairsener is activated;if the measuredossrateis lessthanalower thresholdvalue,
thecorrespondingepairseneris deactvated.

Ourgoalis to developa new algorithmthatdynamicallyactivates/deactatesa RS
for the purposef supportingtime-constraine@pplicationsin Section3, we studied
how systemparametersuchas the upstreamRTT, numberof recevers, application
deadlineandlink lossratedeterminethe benefitspossiblewith the useof active RSs.
Giventhatour primaryapplication-le&el performancenetricof interest theprobability
thatapacletis successfullydeliveredwithin its deadlineis time-relatedit is naturalto
includetime-basedonsiderationinto the activation/deactiationdecision.

Informally, our time-sensitie RS activation/deactiationalgorithmoperatessfol-
lows.As in [10], anRSestimategobsenes)thelossrateto receversin its subtreeover
intervals of time of lengthr. We introducevariable N;, ;s to denotethe numberof lost
pacletsduring a time interval, and N, to denotethe numberof pacletssentby the
sendeduringthe sametime interval. N;,,s andNp;; aremeasurectthe RS.Letp{“oss
denotethe loss probability of an RS'’s subtreeduringtime interval k. The formula for
computingpf: __ is:

pk _ Nioss
loss —
Npkt

(8)

Ratherthanusethe measurementf lost pacletsto definepf .. above from [10], we
canderive thefollowing expressiorfor pf __,

n

p;coss =1- H(l _pi) (9)

i=1



wheren is thenumberof recevverssuffering lossandp; is thelink lossratebetweerthe
RS andrecever R;. Our earlieranalysisshoved that the numberof receiversandthe
individual link lossrateswereimportantfactorsin determiningperformanceWe note
thatboth of thesefactorsappeaexplicitly in equation(9).

In additionto usingthe numberof receversandthe individual link lossratesin
the activation/deactiation decision,we will want to include time-basedneasuress
well. In our analysisin Section3, we sawv thatthe upstreamRTT (the roundtrip time
from an RS to the closestupstreamRS or the senderitself - X 45 in Figure 1) was
an importantfactor affecting the delay distribution. Thus, we would like to incorpo-
ratethe upstreanRTT into our dynamicactivation/deactiationalgorithm. It is worth
mentioningherethata crucialparameteaffecting performances the application dead-
line D. However, D is completelyapplication-dependemndcaneasilybe determined
only at therecevers. Thus,we choosenot to include D in our dynamicrepairsener
activation/deactrationalgorithm.

4.1 Algorithm Description

We now modify the RS activation/deactiationalgorithmpresentedn [10] to account
for theupstreamRTT of aRSwith pf __. Intuitively, if anRSis veryclosetoits upstream
RS(orthesender)activatingthedownstreanRSwill notsignificantlyreducetherepair
delay On the other hand,if the RTT betweenan RS and its upstreamactive repair
nodeis large,activating this RS canresultin local repairserviceto downstrearmodes
(i.e.,repairscanbe suppliedby the RSitself), providing the possibilityfor a significant
reductionin repairdelays.This intuition tells usthatthelargerthe upstreanRTT of a
RS, the moreimportantit is to activatethat RS. Therefore we usethe productof the
upstreamRTT of an RS andits paclet lossrateduring time interval k¥ asa metric to
controlthe activation/deactiationdecisionat the endof atime interval.

In the original dynamicRS activation/deactiation algorithm[10] (which we will
referto asAL1), duringatimeinterval (of length = 4sec), thenumberof lost paclets
andthe numberof pacletssentby the senderaremeasuredy anRS. The pacletloss
probabilityof aRS’s subtreefor timeinterval k, pf _. , is thencalculatedusingequation
(8). The exactmechanisnfor estimatingthe pacletlossprobability, pf __ is

ﬁfoss = (1 _a) 'ﬁfo;; +a'pfoss
wherea is asmoothingparameterAt theendof eachtimeinterval, AL1 compareg?
with two thresholdslf ¥ __ is greatethanthe upperthresholdthenthe corresponding
RSwill beactive duringthe next time interval, otherwiseif ¥ __is lessthanthe lower
thresholdthe correspondindgRSwill beinactive duringtimeinterval k& + 1.

AL1 only considerghe paclet lossprobability of a RS's subtreepf . asthesin-
gle metricto controla RS’s activation/deactiationdecision.In our modifiedalgorithm
(which we will referto asAL2), during eachtime interval the paclet lossrate of a
RS’s subtreeaswell asthe RS’s upstreanRTT, is measuredThe productof the up-
streamRTT of anRSandp} . of its subtreds thenusedasthe metricfor RS activa-
tion/deactvation.We denotethe productof the upstreanRTT andpf _, as¢:

¢ = RU« X ﬁ;coss (10)



where R,, denoteghe roundtrip time from the currentrepairsener to its nearesup-
streamrepairsener (or the sender) Dynamic RS activation/deactiationis controlled
by atwo-thresholdnechanisnbasednthevalueof ¢. If ¢ is greatethanthe modified
upperlimit, thenthe correspondingRS will be activatedduring the subsequentime

interval; if ¢ is smallerthanthe modifiedlower limit, thenthe correspondindgRS will
bedeactvated.

4.2 Comparisonof AL1 and AL2 via simulation
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Fig. 5. SimulationTopology1

We evaluatethe new two-thresholdpolicy on threetopologie$. Figure5 illustrates
thefirst topology Focusingonthetopologyin Figure5,nodesl 234611121617 are
routersattachedo repairseners.S representthesendefsource) Theremainingnodes
arerecevers.Link propagatiordelaysaremarkedin thegraphin unitsof milliseconds.
Lossylinks arerepresentetdy dashedines.We assumehatotherlinks arelossless.

In orderto characterizeéhe system-widesxtentto which therepairsenersareacti-
vated,we introducethe active fraction, p asfollows:

_ Totalactve durationof all RSs
"~ Total runningtime x Numberof RSs

(11)

2 The threetopologieswere originally generatedby Diane Kiwior of The Analytic Sciences
Corporation,TASC



p is taken asa measureof operationalcost. The othermeasureof interestto usis the
averagerepairlateng. We focuson the tradeof betweenp andthe averagerepairla-
teng providedby algorithmsAL1 andAL2. Thisis donethroughsimulation.Hereby
average repair latency we meanthe averageateng of recoveringlost pacletsatall of
therecevers.

Note that by varying the thresholdsthe fraction of repair senersthat are active
will alsovary. Figure 6 shaws the relationshipbetweenactive fraction p and average
repairlateng, the curvesbeinggeneratedy changingthe value of the thresholdsin
our figures,AL1 representshe original algorithm,in which lossprobability pf . was
theonly metricconsideredwhile AL2 representthemodifiedalgorithmthatcombines
the parameter®sf upstreanroundtrip time andpt __. We obsene from Figure 6 that
AL2 canproducea lower averagerepairlateng for the samevalueof p. Thatis, while
consumingthe sameamountsystemresourcesasAL1, AL2 resultsin the successful
delivery of pacletswith lower averagedelay

As asecondccomparisorof interest Figure7 plotstheworst average repair latency
- the largestaveragerepairlateng experiencedbver all recevers- for AL1 andAL2.
Consistentvith theresultsfrom Figure6, themodifiedalgorithmalsoreducegheworst
averagerepairlateng (for the samevalueof p).

Anotherinterestingresultillustratedby Figures6 and7 is thatthe averagerepair
latengy andworstaveragerepairlateng decreaseapidly asthefractionof active repair
senersincreasedrom zero(i.e., no active repairsenersare ever active) to an active
fractionof approximatelyl 0 percentThis indicateghatmuchof the performanceyain
by having activerepairsenerscanbeobtainedy having only arelatively smallfraction
of repairsenersbeingactive.
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Fig. 6. Averagerepairlateny versusactive fraction,topology 1
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We next introducea new metricto comparethe throughputof AL1 andAL2. The
system repair throughput overhead countsto total numberof link traversalsby all re-
transmittedhbacketsduringthesimulation.A smallersystenrepairthroughpubverhead
indicatesthatlesslink bandwidthis usedin the network to recover from lost paclets.
We obsenre, for topology 1, that AL2 resultsin a smallerrepairthroughputoverhead
thanAL1, asshovnin Figure8.

Recallthat AL2 usesthe upstreanRTT in determiningthe activation/deactration
statusof an RS. That meansamongsereral subtreesuffering a similar lossrate,the
RS with a long-delaylink to its parentwill be activatedfirst. For a given amountof
repair sener resourceusage this could possiblyresultin higherrepairtraffic for the
systemas a whole. Figure 9 shows a secondtopology for which AL2 reduces(over
AL1) boththe averagerepairlateng over all receversandthe largestaveragerepair
lateng/, asshavn in Figures10and11. However, for this topology from Figure12,we
noticeincreasedetransmissiothroughpuverheadncurredby usingAL2 in compar
isonto AL1 - the oppositeof whatwe obsenedin topology 1. This indicatesthatthe
retransmissiothroughputoverheadyainsin AL1 versusAL2 aretopologydependent.
A third topologyandits correspondingimulationresultscanbe foundin [3].

5 Conclusion

In this paper we have studiedthe tradeof betweenthe time neededto successfully
deliver datato the recever(s)andsystemresourceconsumptiorin sener-basedactive
errorrecovery multicastnetworks. We beganby developingstochastianodelsto study
thedistribution of repairdelaybothin thepresenceandin theabsencepf repairseners.
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Basedonthesemodelswe obsenedthattheapplicationdeadlinedownstreanlink loss
ratesthenumberof recevvers,andthe upstreanroundtrip time of arepairsenerwere
all importantcriteriainfluencingthe decisionof whetherto activate/deactiateanRS.
Recognizinghevalueof explicitly considettime-sensitie parameterg determin-
ing whenanRS shouldbe active, andwhenit shouldnot, we modifiedthe algorithmin
[10] to considemot only the pacletlossrateandnumberof downstreanrecevers,but
alsotheroundtrip time to thenearestipstreanactive repairsener (or thesenderwhen
makingthe activate/deactiatedecision.We studiedthetradeof thatexistsbetweerthe
fractionof RSsthatareactivated theamountof overheadraffic, andthelateng of suc-
cessfulpaclet delivery. We found that our modified dynamicRS activation algorithm
providesa significantreductionin repairdelayover the original algorithm[10], while
usingno more systemresourceshanthe original algorithm.We alsofound thatmuch
of the performanceyainsachiesableby having active repairsenerscanbe obtainedby
having only arelatively smallfractionof repairsenersactuallybeingactive.
Ourfutureresearchn this areawill investigategperformanceaunderburstylink loss
rates.We expect the advantageshere (over the caseof statically configuredrepair
senersthatarealwaysactive)to beevenmoresignificant,asrepairsenerscanbeadap-
tively activatedwheneerburstlossoccurs An additionalinterestingareafor studyis to
developtheoreticamodelsthatcharacterizéhe performanceainspossiblewith active
within-the-netvork seners,asa functionof thedensityof suchseners.
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