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Abstract. For time-constrainedapplications,repair-server-basedactive local recovery ap-
proachescanbe valuablein providing low-latency reliablemulticastservice.However, an ac-
tive multicastrepair serviceconsumesresourcesat the repair servers in the multicast tree.A
schemewasthuspresentedin [10] to dynamically activate/deactivaterepairserverswith thegoal
of usingasfew systemresources(repairservers)aspossible,while at thesametime improving
application-level performance.In this paper, we develop stochasticmodelsto study the distri-
bution of repair delayboth with and without a repair server in a simple multicasttree.From
thesemodels,we observe that the applicationdeadline,downstreamlink loss rates,the num-
ber of receivers, and the upstreamround trip time of a repair server all influencethe overall
valueof activating anactive repairserver. Basedon theseobservations,we proposea modified
dynamicrepair server activation algorithm that considersthe packet loss rate, the numberof
downstreamreceivers,andtheroundtrip time to thenearestupstreamactive repairserver when
activating/deactivating a repairserver. From simulation,we observe that our modifieddynamic
repair server activation algorithm provides a significantreductionin the latency of successful
packet delivery (over theoriginal algorithm)while usingthesameamountof systemresources.
We alsofind thatmuchof theperformancegainsachievableby having active repairserverscan
beobtainedby having only a relatively smallfractionof repairserversactuallybeingactive.

1 Intr oduction

Delay-sensitive applicationssuch as teleconferencing,distributed simulation,multi-
playergames,andInternettelephony all have timing constraintson thesuccessfulde-
liveryof datafrom sourceto destination(s).In suchapplications,datathatdonot arrive
at receiversprior to someapplication-determineddeadline,areconsideredlost andcan
resultin impairmentsin application-levelperformance.For areal-timevideostream,for
example,a misseddeadlinecanresultin playoutjitter or breaksin theplayoutstream.
For a conversationwith interactionamongmultiple speakers,the delay from whena
userspeaksor movesuntil theactionis manifestedat thereceiving hostsshouldbeless
thana few hundredmilliseconds[6].

Many reliablemulticastprotocolsexploit local recovery[2] [13] [7] [14] [11] to re-
ducethedelayin successfuldatadelivery, makingthemattractivefor supportingdelay-
sensitiveapplications.Similarly, by usingactiverepairservers(RS)in amulticasttreeto
provide retransmission(i.e.,errorrecovery)service,repair-server-basedlocal recovery
schemescansuccessfullyreducetherepairlatency, aswell assuppressNAK implosion,
andprovide retransmissionscoping[4]. On theotherhand,active repairserversinside
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thenetwork requireadditionalresources(e.g.,bufferingandprocessing).Thusit is de-
sirableto activateasfew repairserversaspossible,while at the sametime providing
enoughrepairserversto improverepairlatency.

In this paper, we study the tradeoff betweenrepair delay (equivalently, the time
neededto successfullydeliverdatato thereceiver(s))andsystemresourceconsumption
by focusingonthebenefitgainedby usingserver-basedactiveerrorrecovery(AER) [4].
Webegin by developingstochasticmodelsto studythedistributionof repairdelayboth
in thepresence,andin theabsence,of repairservers.Basedonthesemodelsweobserve
that theapplicationdeadline,downstreamlink lossrates,thenumberof receivers,and
theupstreamroundtrip time of a repairserverareall importantcriteriainfluencingthe
decisionof whetherto activate/deactivateanRS.

We thenconsiderspecificalgorithmsfor dynamicRS activation/deactivation.We
begin with the algorithmfrom [10], which introduceda protocolto dynamicallyacti-
vate/deactivaterepairserversonthebasisof thepacketlossratewithin theRS’ssubtree.
For delay-sensitiveapplications,it is alsoappropriateto considertime-basedmeasures
suchastheupstreamRTT in decidingwhetheror not to activateanRS.Wethusmodify
thealgorithmin [10] toconsidernotonly thepacketlossrateandnumberof downstream
receivers,but alsothe roundtrip time to the nearestupstreamactive repairserver (or
thesender)whenmakingtheactivation/deactivationdecision.We studyvia simulation
thetradeoff thatexistsbetweenthefractionof RSsthatareactivatedandtherepairde-
lay. We show thatour modifieddynamicRSactivationalgorithmprovidesa significant
reductionin repairdelayover theoriginal algorithm[10], while usingno moresystem
resourcesthantheoriginalalgorithm.We alsofind thatmuchof theperformancegains
achievableby having active repairserverscanbeobtainedby having only a relatively
smallfractionof repairserversactuallybeingactive.

The remainderof this paperis organizedas follows. In Section2, we describea
multicastlossrecoveryarchitectureandareliablemulticastprotocolthatusesactivere-
pairservices.Section3 presentstheanalyticmodelthatweuseto evaluatethedecrease
in repairdelaywhenusinganactive repairserver for time-constrainedapplicationsin
a simplemulticasttree.Section4 proposesa modifiedalgorithmfor dynamicallyacti-
vating/deactivatingrepairservers,andpresentssimulationresultscomparingtheperfor-
manceof themodifiedalgorithmwith thatof theoriginalalgorithm.Section5 concludes
this paper.

2 Real-timeReliable ActiveMulticast: Moti vation and Algorithms

Severalrecenteffortshavefocusedonprovidingbetter-than-best-effort servicefor delay-
sensitiveapplications.Maxemchuketal. [9], Lucasetal.[8] andotherresearchershave
proposedvariousdistributed receiver-basedlocal recovery schemes.The Active Er-
ror Recovery (AER) protocol[4] usesa repair-server-basedlocal recovery scheme,in
which a repairserver (RS) is attachedto a routerto performactive local error recov-
ery (i.e., buffering and retransmission)for downsteamreceivers and RSs.AER was
shown to achieve low latency error recovery, NAK suppression,retransmissionscop-
ing, andsuperiorbandwidthutilization. However, the useof additionalactive nodes
insidethenetwork comesat a price- additionalsystemresources,suchasbuffersand



computation,areneededat theactivenodes.Severalquestionsimmediatelyarise- how
many active RSsareneededandwhereshouldthey bestbe placed;what is the trade-
off betweenthe numberof activatedRSsandthe repair latency; musta repairserver
alwaysbeactive,or canarepairserverdynamicallymonitorperformanceandthenself-
activate/deactivateaccordingto observedperformance.Thesearesomeof thequestions
we addressin thispaper.

Rubensteinet al.[12] have proposeda static centralizedtree-basedprotocolto con-
structa repair graph thatusesRSsto retransmitlost packetsto receiversbeforetheir
deadline.However, whenthemulticasttreestructureand/orlink lossrateschangeover
time, sucha staticapproachmay not be appropriate.In [10], Oslandet al. presented
an algorithmto dynamically activate/deactivateRSsin responseto changingnetwork
conditions.However, their approachusesonly thepacket lossrateto triggerRSactiva-
tion/deactivation.We will seeshortlythat for delay-sensitiveapplications,delay-based
criteriacanbeeffectively usedin makingdynamicactivation/deactivationdecisionsat
anRS.

Let usnow describea reliablemulticastprotocolknown asAER (Active Error Re-
covery [4] [5] [10] [1]) that implementsactive server-basedrepair services;we will
subsequentlymodify this protocol to implementdynamicRS activation/deactivation.
In AER, subcast is definedto be a multicasttransmissionfrom an RS to the down-
streammulticastsubtreerootedat theRS.We describethealgorithmin thecontext of
a senderthat periodicallymulticastsdatato a multicastaddressthat is subscribedto
by all receiversandparticipatingRepairServers;otherscenariosarealsopossible.The
algorithmoperatesasfollows:

– Packet forwarding, buffering. Whena new packet arrivesat a routerassociated
with anRS,it is multicastdownstreamby therouterandstoredin thebuffer of the
repairserver.

– NAK suppression.On detectinga loss,a receiver (or repairserver), afterwaiting
for a randomperiodof time (theNAK suppressiontime), sendsout a NAK to its
nearestupstreamactive server (a repairserver or thesender).At thesametime, it
startsaNAK retransmissiontimer. If thereceiver(or repairserver) receivesaNAK
for thesamepacket from its upstreamrepairserver prior to sendingits own NAK,
it suppressesits own NAK transmission.

– NAK timeout. Theexpirationof the NAK retransmissiontimer at a repairserver
(or a receiver), without prior receptionof the correspondingrepair, servesasthe
detectionof a lost packet for the repairserver (or the receiver) anda NAK is re-
transmitted.

– Repair packet transmission,NAK aggregationand propagation.Whenarepair
server receivesa NAK from a downstreamnode,it subcaststhe packet if it has
thepacket in its buffer. Otherwise,if thereis alreadya pendingNAK for that lost
packet, the new incomingNAK is suppressed.If thereis neithera pendingNAK
for thispacket,nor abufferedrepairpacket,theRSimmediately subcaststheNAK
downstreamandsendsa NAK upstreamafterwaiting for a randomperiodof time,
aswell askeepinga pendingNAK until therepairpacketarrives.

– Repair packet retransmission.On receiving a NAK from a downstreamrepair
server, the senderre-subcaststhe requestedpacket to all the receiversandrepair
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Fig.1. A SimpleMulticastTopology

servers. As mentionedabove, theserepairsare received by intermediaterepair
serversandforwardeddown the treeonly if thereis a pendingNAK for that re-
pair.

– Repair packet reception. If a repair packet is received, the repair server first
checkswhetherthereis a pendingNAK for that packet. If so, that repairpacket
will bebufferedandsubcastdownstream.If thereis no pendingNAK for this re-
pair packet,theRSdiscardsthispacket.

TheAERprotocolsuccessfullyreducesNAK implosionbyusingrandomizedtimer-
basedNAK suppressionandby usingtherepairserverhierarchyfor NAK aggregation.
We next presenta simplemodelof thedelayperformanceof this protocolin a simple
multicasttree.

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

In this sectionwe developan analyticmodel to studythe distribution of repairdelay
bothwith andwithout a repairserver for time-constrainedapplications.Our goal is to
gaininsightinto theeffectof parameterssuchasapplicationdeadline,downstreamlink
lossrates,thenumberof receivers,andtheupstreamroundtrip timeof a repairserver.

Figure 1 shows a genericmodel for a singleRS co-locatedat a router. Node �
is the sender. Node 
 representsan intermediaterouter, to which a repairserver (that
is denotedasa squarenodein this graph)canbeattached.On receiving a packet from
sender� , router 
 multicaststhatpacketonits subtree.��� � ������������������������� denotes
thesetof receiverson the tree.Thesolid line betweennode � andnode 
 represents
the transmissionpathbetweenthe senderand the router (or its correspondingrepair
server). Similarly, the lines betweenrouter 
 and receivers � � to � � representthe
pathsbetweentherouterandreceivers.

Thenotationwe will useis asfollows:�! 
: Timerequiredto successfullydelivera packet from thesenderto receiver�  .



�! #"
: Time to transmita packet from $ to % in theabsenceof packet loss,where$'& � ���(
)� and %*& ��� 
)�,+-��� . We model

�* #"
asa fixedvalue.�."/ 

: Time to transmita NAK from % to $ , where%*& ��� 
)�0+1�2� and$'& � ���(
)� . We model
� "/ 

asa fixedvalue.3  : A joint timerof $ , thatintegratestheNAK suppressiontimer, which is a
functionof theRTT between$ andits nearestupstreamactivenode(the
senderor theactive RS),andtheNAK retransmissiontimerof $ , which
is a functionof theRTT from $ to thesender. Here $4& ��� 
!�,+1�2� .5

: Theapplication-dependentdeadline6  #" : Lossprobabilityof path $7% , where$4& � ���(
)� and%8& ��� 
!�,+1�2� .9
: Recallthatwearemodelingaconstantratesender. Datapacketsarrive

at � for first-tie transmissionat constantrate
9
.

Wedenotetheprobabilitythatapacket is deliveredaftertheapplicationdeadlineat
receiver �  as : � �  <; 5 � .

Basedon this singleRS configuration,we now describetwo simple modelsthat
characterizethedistributionof repairdelaybothwith andwithout RSs.

3.1 Evaluation of =?>A@CBEDGFIH >KJMLON When an RS is Used

Let usfirst considerthetransmissiondelay,
�* 

, in thepresenceof arepairserver(Figure
1). We introducethe following randomvariables.Let P denotethe numberof losses
prior to the first successfultransmissionof a packet on path �K
 . Let P  denotethe
numberof lossesprior to thefirst successfultransmissionof a packeton path 
Q�  . We
areinterestedin thevalueof

�  
conditionedon PR�TS and P  �US  . Wedenotethisas�  /V S��WS  YX andcomputeits valueasfollows:

�* V S��WS  X �
Z[[[[\ [[[[]
�*^�_a`b�8_c S*�edI�WS  �Td�*^�_a`gf) h` V S  �ikj X 3  �`l�! m_n`l�8_o S*�edI�WS  <p�jf)q�r)` V S isj X 3 _a`b�8_t^1`l�*^�_u`l�8_o S pTj �WS  �Tdf q�r ` V S isj X 3 _ `b� _t^ `l� ^�_ `sf*`V S  ikj X 3  `b�  m_ `l� _c S pTj �WS  p�j (1)

A timeline of
�  

, when S pvj
and S  pvj

, is shown in Fig. 2. The lossdetection
duration,

f q�r
, is a functionof theconstanttransmissionrate

9
andthedelayof path�w
 . At therepairserver, thetimeuntil thenext successfulreceiptof apacket followsa

geometricdistributionwith mean ��(xCy�z|{l} �~ . Thuswe model
f!q�r � �8^�_n` ��Wx�y�z|{b}�~ ` 3��_ , where3��_ is theNAK suppressiontimerof repairserverB. Similarly wemodelf  � � _o ` ��Wx�y {���} �~ ` 3 � , where 3 � is theNAK suppressiontimer of receiver �  .

Here,
f

denotesthe time betweenthe arrival of a retransmittedpacket at the repair
server andthe receiver’s transmissionof the next NAK. From Figure 2, we observe
that

f
followsa uniformdistribution in � d�� 3  �� .

For a given S anda given S  , from equation(1), we caneasilyevaluatethevalueof�! V S��WS  X . Consequently, wecandeterminetheprobabilitythat
�! V S��WS  X is greaterthan

theapplicationdeadline
5

. Theprobability : � �* ; 5 � canbeevaluatedby removing
theconditioningon thevaluesof S and S  :
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Fig.2. Timelineof ¦�§©¨7ªI«Aª¬§Y­ , RepairServiceis Used

® 7¯�q : � �  <; 5 ���±°®²W³�´ V ® �¯�q °®² � ³�´cµ V �  /V S��(S  ¥X,; 5 X } :
� P  �US  � X } : � P¶�?SC� (2)

where,: � P  �TS  ��� 6 ² �_c } V j4i 6 _o X , : � P¶�?SC��� 6 ²^�_ } V j4i 6 ^�_ X and µ V : X is
onewhenthepredicate: is trueandzerootherwise.

3.2 Evaluation of = >A@CB DGFIH > JMLON When RS is Not Used

Theanalysisis morecomplicatedwhenthereis norepairserverattachedat router 
 of
Figure1, becausethe end-to-endlink lossesarecorrelated.Thus,the probability that
a packet is deliveredafter the applicationdeadlinecannotbe solved independentlyat
eachreceiver. In this case,we canusethe following alternative approachto evaluate=  �¯�q : � �  <; 5 � . Again,we focuson arandomlyselectedpacket.® �¯�q : � �* ; 5 ���?·¸� numberof receiversthatreceive thepacket afterthedeadline

�
�?¹ i ·8� numberof receiversthatreceive thepacket by thedeadline

�
(3)

where¹ denotesthenumberof receivers.To evaluatetheexpectednumberof receivers
thatsuccessfullyreceive thedatapacketbeforeits deadline,wemustdefinesomeaddi-
tionalnotation.

Let º�»½¼½¾ bethenumberof receiversthatsuccessfullyreceivethatdatapacketbefore
or at the ¿ -th retransmissionof thatpacket.Thus,from formula(3), we canderive® 7¯�q : � �* ; 5 ���?¹ i ·8� º »�ÀW¾ � (4)

whereÁ is themaximumnumberof retransmissionsallowedto meetthedeadline.HereÁ is a functionof theapplication-dependentdeadline,
5

, andlink transmissiondelays.
Yamamotoet al. [15] provide a generalmodel for evaluatingthe delayperformance
of receiver-initiatedreliablemulticastprotocols.In our study, we assumethata NAK-
receiptsuppressiontimer is usedby thesender. Within aNAK-receipttimeoutinterval,



the senderconsidersmultiple NAKs it receivesfor a givenpacket asbeingredundant
andonly retransmits(multicasts)thepacketonce.This timer is afunctionof thelongest
RTT to receivers.We simplify our problemto thecasethatall receivershave thesame
RTT to thesender. Therefore,at receiver �  , duringeachtimer 3  , therecanbeat most
oneretransmissionfor aspecificlostpacket.Thuswehave ÁQ�ÃÂ�Ä xÆÅ<�YxÆÇt��z�xÆÇÈz��É � `nj�Ê

,
where

f  
denotesthe lossdetectiondurationof receiver �  andis a function of 6 ^Æ ,� ^Æ 

and
9
. Consequently, from equation(4), wehave

® �¯�q : � �* ; 5 ���?¹ i �®  ³ � $ } : � º »�ÀW¾ �?$A� (5)

Giventheapplicationdeadlineandthecorrespondingmaximumnumberof retransmis-
sionsÁ , we cancalculatetheprobability : � º »�ÀW¾ �?$Ë� asfollows:

: � º »½¼½¾ �?$Ë���
 ®" ³Ì´ : � º »�¼½¾ �?$WÍ º »½¼ x�� ¾ �s%�� } : � º »½¼ x�� ¾ �l%I� ¿o� j �WÎ����������(Á (6)

wheretheconditionalprobabilityof : � º�»½¼�¾t�?$WÍ º�»½¼ x�� ¾t�l%I� is shown in equation(7).

: � º »½¼�¾ �e$ÏÍ º »½¼ xÌ� ¾ �g%I���
Z\ ] 6 ^�_n` V jÐi 6 ^�_ X 6 �wx

"_c � $<�g%�ÑV j�i 6 ^�_ X�Ò ��x " x "ÌÓ 6 �wx  _o V jÐi 6 _c X  x " ��¹ ; $ ; %CÑ (7)

with theinitial condition: : � º » xÌ� ¾ �ed|��� j
Thus : � º�»�ÀW¾c�e$Ë� canberecursively computedandthecorresponding=  7¯�q : � �  t;5 � canbeevaluated.

3.3 Numerical CaseStudy

Using the analysistechniquesdescribedabove,we canevaluatethecumulative distri-
bution functionof the

�* � thetimeneededto successfullydeliverapacket to a receiver
in thepresence/absenceof aRSfor variousapplication-leveldeadlines,

5
. A numerical

casestudyfor the Ô 58Õ of
�* 

is shown in Figure3. Here,we assumethe numberof
receiversis 5, path �K
 experiencesa lossrateas 6 ^�_ �ÖdI�×d�Ø . For eachdownstream
path,we assumea lossrateof 6 _c �ÖdI� j d . Theone-way delayfor path �w
 is 30ms,
andtheone-waydelaybetweenrouter 
 andeachreceiver �  is 10ms.Figure3 shows
thatwhenarepairserver is active,thereis ahigherprobabilitythata packet is success-
fully deliveredwithin agivendeadlinethanthecasewhentherepairserveris notactive.
For this setof parameters,we seethe largestgainwhenthe applicationdeadline

5
is

betweenÙ�d�ÚÜÛ to
jÞÝ d�ÚGÛ .

As the valuesof the modelparameterschange,so too doesthe distribution of
�* �

Due to spaceconsiderations,we only briefly explore the parameterspaceto identify
generaltrends;in [3] weprovideamorecompletestudy. In [3] wedefineageneralcost
functionthatweightsthebenefitsof decreasedrepairlatency andthecostof resources
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Fig.3. Comparethe ����� of TransmissionDelayfor With/WithoutRSCases

(e.g.,bufferingandcomputation)requiredby active repairservers.Thecostdifference
betweenthecaseof having active repairserversandnot having active repairservers,is
denotedby

f Ô , andis definedas:f Ô �����¬: � ����� q�r ; 5 � i V ���¬: � ���  �� ��q�r ; 5 � ` �"! X
where � � and � ! areweightsreflectingthe unit performancedegradationpenaltycost
for anoverly delayedpacketandtheresourcecostfor recoveringapacket,respectively.

Weillustratetheeffectof anapplication’sdeadlineonthecostdifference
f Ô in Fig-

ure4. We consideredfour downstreamlossratesandobservedthatasthedownstream
link lossprobability 6 _o increases,sotoo doestherelative benefitof having active re-
pair servers.For theparametersconsideredin Figure4, thebenefitis largestwhenthe
applicationdeadlinelies in therangeof 2 to 4.6 timestheone-way delay(about Ù�d�ÚÜÛ
to
jÞÝ d�ÚGÛ ). As the applicationdeadlineincreasesbeyond this value,the relative per-

formancebenefitsdecreaseandactuallybecomenegative when
5 p$# Ù�d�ÚÜÛ . This is

becauseastheapplicationdeadlineincreasestheprobabilityof successfullyrecovering
a packet within the deadlineincreases(approaching1) both with andwithout repair
servers,while thewith repairservercaseincursa resourcecost, � ! � In [3], wealsocon-
siderthe effectsof downstreamlossrates(6 _c ), upstreamroundtrip time (

� ^�_
) and

numberof receivers( ¹ ) on costdifference
f Ô .

4 An Algorithm for Dynamic Activation/Deactivation of Repair
Servers

In [10], Oslandet al. modifiedthebasicAER protocolto includea two-thresholdalgo-
rithm for dynamicallyactivatinganddeactivatingrepairservers.In their approach,an
RS estimatesthe lossrateto receiversin its subtreeover intervalsof time. At the end
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of eachinterval, if themeasuredlossrateis greaterthananupperthresholdvalue,the
repairserver is activated;if themeasuredlossrateis lessthana lower thresholdvalue,
thecorrespondingrepairserver is deactivated.

Our goalis to developa new algorithmthatdynamicallyactivates/deactivatesa RS
for thepurposesof supportingtime-constrainedapplications.In Section3, we studied
how systemparameterssuchas the upstreamRTT, numberof receivers,application
deadline,andlink lossratedeterminethebenefitspossiblewith theuseof active RSs.
Giventhatourprimaryapplication-levelperformancemetricof interest- theprobability
thatapacket is successfullydeliveredwithin its deadlineis time-related,it is naturalto
includetime-basedconsiderationsinto theactivation/deactivationdecision.

Informally, our time-sensitiveRSactivation/deactivationalgorithmoperatesasfol-
lows.As in [10], anRSestimates(observes)thelossrateto receiversin its subtreeover
intervalsof time of length 3 � We introducevariable ¹ ¼ �vuwu to denotethenumberof lost
packetsduring a time interval, and ¹�y ² � to denotethe numberof packetssentby the
senderduringthesametime interval. ¹ ¼ �xuyu and ¹�y ² � aremeasuredat theRS.Let 6 ²¼ �vuwu
denotethe lossprobabilityof anRS’s subtreeduring time interval S . The formula for
computing6 ²¼ �vuwu is:

6 ²¼ �vuwu � ¹ ¼ �vuwu¹�y ² � (8)

Ratherthanusethe measurementof lost packetsto define 6 ²¼ �xuwu above from [10], we
canderive thefollowing expressionfor 6 ²¼ �xuwu ,

6 ²¼ �vuwu � jÐi �z ³ � V jÐi 6  X (9)



where{ is thenumberof receiverssuffering lossand6  is thelink lossratebetweenthe
RS andreceiver �  . Our earlieranalysisshowed that the numberof receiversandthe
individual link lossrateswereimportantfactorsin determiningperformance.We note
thatbothof thesefactorsappearexplicitly in equation(9).

In addition to using the numberof receiversand the individual link loss ratesin
the activation/deactivation decision,we will want to include time-basedmeasuresas
well. In our analysisin Section3, we saw that theupstreamRTT (the roundtrip time
from an RS to the closestupstreamRS or the senderitself -

� ^�_
in Figure 1) was

an importantfactoraffecting the delaydistribution. Thus,we would like to incorpo-
ratethe upstreamRTT into our dynamicactivation/deactivationalgorithm.It is worth
mentioningherethatacrucialparameteraffectingperformanceis theapplication dead-
line

5
. However,

5
is completelyapplication-dependentandcaneasilybedetermined

only at the receivers.Thus,we choosenot to include
5

in our dynamicrepairserver
activation/deactivationalgorithm.

4.1 Algorithm Description

We now modify the RSactivation/deactivationalgorithmpresentedin [10] to account
for theupstream RTT of aRSwith 6 ²¼ �vuwu . Intuitively, if anRSis verycloseto its upstream
RS(or thesender),activatingthedownstreamRSwill notsignificantlyreducetherepair
delay. On the other hand,if the RTT betweenan RS and its upstreamactive repair
nodeis large,activatingthis RScanresultin local repairserviceto downstreamnodes
(i.e., repairscanbesuppliedby theRSitself), providing thepossibilityfor asignificant
reductionin repairdelays.This intuition tells us that the larger theupstreamRTT of a
RS, the moreimportantit is to activatethatRS.Therefore,we usethe productof the
upstreamRTT of an RS andits packet lossrateduring time interval S asa metric to
controltheactivation/deactivationdecisionat theendof a time interval.

In the original dynamicRS activation/deactivationalgorithm[10] (which we will
referto asAL1), duringatime interval (of length 3 �}||ÛN~�� ), thenumberof lostpackets
andthenumberof packetssentby thesenderaremeasuredby anRS.Thepacket loss
probabilityof aRS’ssubtreefor time interval S , 6 ²¼ �xuwu , is thencalculatedusingequation
(8). Theexactmechanismfor estimatingthepacket lossprobability, �6 ²¼ �vuwu is

�6 ²¼ �xuyu � V j�i�� X } �6 ² x��¼ �xuwu `�� } 6 ²¼ �vuwu
where

�
is asmoothingparameter. At theendof eachtimeinterval,AL1 compares�6 ²¼ �vuwuwith two thresholds.If �6 ²¼ �vuwu is greaterthantheupperthreshold,thenthecorresponding

RSwill beactive duringthenext time interval, otherwiseif �6 ²¼ �xuyu is lessthanthelower
threshold,thecorrespondingRSwill beinactiveduringtime interval S `?j .

AL1 only considersthepacket lossprobabilityof a RS’s subtree,�6 ²¼ �xuwu , asthesin-
gle metricto controlaRS’s activation/deactivationdecision.In our modifiedalgorithm
(which we will refer to asAL2), during eachtime interval the packet loss rate of a
RS’s subtree,aswell asthe RS’s upstreamRTT, is measured.The productof the up-
streamRTT of anRSand �6 ²¼ �xuyu of its subtreeis thenusedasthemetric for RSactiva-
tion/deactivation.We denotetheproductof theupstreamRTT and �6 ²¼ �vuwu as � :

�-�T�������6 ²¼ �vuwu (10)



where ��� denotesthe roundtrip time from thecurrentrepairserver to its nearestup-
streamrepairserver (or the sender).DynamicRS activation/deactivationis controlled
by atwo-thresholdmechanismbasedonthevalueof � . If � is greaterthanthemodified
upperlimit, then the correspondingRS will be activatedduring the subsequenttime
interval; if � is smallerthanthe modifiedlower limit, thenthe correspondingRS will
bedeactivated.

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

We evaluatethenew two-thresholdpolicy on threetopologies2. Figure5 illustrates
thefirst topology. Focusingonthetopologyin Figure5, nodes1 2 3 4 6 11121617are
routersattachedto repairservers.� representsthesender(source).Theremainingnodes
arereceivers.Link propagationdelaysaremarkedin thegraphin unitsof milliseconds.
Lossylinks arerepresentedby dashedlines.We assumethatotherlinks arelossless.

In orderto characterizethesystem-wideextentto which therepairserversareacti-
vated,we introducetheactive fraction, � asfollows:

�)� Totalactivedurationof all RSs
Total runningtime � Numberof RSs

(11)

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



� is taken asa measureof operationalcost.The othermeasureof interestto us is the
averagerepairlatency. We focuson the tradeoff between� andthe averagerepair la-
tency providedby algorithmsAL1 andAL2. This is donethroughsimulation.Hereby
average repair latency we meantheaveragelatency of recoveringlost packetsat all of
thereceivers.

Note that by varying the thresholds,the fraction of repair servers that are active
will alsovary. Figure6 shows the relationshipbetweenactive fraction � andaverage
repair latency, the curvesbeinggeneratedby changingthe valueof the thresholds.In
our figures,AL1 representstheoriginal algorithm,in which lossprobability �6 ²¼ �xuyu was
theonly metricconsidered,while AL2 representsthemodifiedalgorithmthatcombines
the parametersof upstreamroundtrip time and �6 ²¼ �vuwu . We observe from Figure6 that
AL2 canproducea loweraveragerepairlatency for thesamevalueof � . That is, while
consumingthe sameamountsystemresourcesasAL1, AL2 resultsin the successful
deliveryof packetswith loweraveragedelay.

As asecondcomparisonof interest,Figure7 plotstheworst average repair latency
- the largestaveragerepairlatency experiencedover all receivers- for AL1 andAL2.
Consistentwith theresultsfrom Figure6, themodifiedalgorithmalsoreducestheworst
averagerepairlatency (for thesamevalueof � ).

Another interestingresult illustratedby Figures6 and7 is that the averagerepair
latency andworstaveragerepairlatency decreaserapidlyasthefractionof activerepair
serversincreasesfrom zero(i.e., no active repairserversareever active) to an active
fractionof approximately10percent.This indicatesthatmuchof theperformancegain
by having activerepairserverscanbeobtainedby having only arelativelysmallfraction
of repairserversbeingactive.
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Fig.7. WorstAverageRepairLatency versusactive fraction,topology1

We next introducea new metric to comparethe throughputof AL1 andAL2. The
system repair throughput overhead countsto total numberof link traversalsby all re-
transmittedpacketsduringthesimulation.A smallersystemrepairthroughputoverhead
indicatesthat lesslink bandwidthis usedin the network to recover from lost packets.
We observe, for topology1, that AL2 resultsin a smallerrepairthroughputoverhead
thanAL1, asshown in Figure8.

Recall that AL2 usesthe upstreamRTT in determiningthe activation/deactivation
statusof an RS.That means,amongseveral subtreessuffering a similar lossrate,the
RS with a long-delaylink to its parentwill be activatedfirst. For a given amountof
repairserver resourceusage,this could possiblyresult in higher repair traffic for the
systemasa whole. Figure9 shows a secondtopology, for which AL2 reduces(over
AL1) both the averagerepair latency over all receiversandthe largestaveragerepair
latency, asshown in Figures10and11.However, for this topology, from Figure12,we
noticeincreasedretransmissionthroughputoverheadincurredby usingAL2 in compar-
ison to AL1 - theoppositeof whatwe observedin topology1. This indicatesthat the
retransmissionthroughputoverheadgainsin AL1 versusAL2 aretopologydependent.
A third topologyandits correspondingsimulationresultscanbefoundin [3].

5 Conclusion

In this paper, we have studiedthe tradeoff betweenthe time neededto successfully
deliver datato thereceiver(s)andsystemresourceconsumptionin server-basedactive
errorrecoverymulticastnetworks.We beganby developingstochasticmodelsto study
thedistributionof repairdelaybothin thepresence,andin theabsence,of repairservers.
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Basedonthesemodelsweobservedthattheapplicationdeadline,downstreamlink loss
rates,thenumberof receivers,andtheupstreamroundtrip time of a repairserverwere
all importantcriteriainfluencingthedecisionof whetherto activate/deactivateanRS.

Recognizingthevalueof explicitly considertime-sensitiveparametersin determin-
ing whenanRSshouldbeactive,andwhenit shouldnot,wemodifiedthealgorithmin
[10] to considernot only thepacket lossrateandnumberof downstreamreceivers,but
alsotheroundtrip timeto thenearestupstreamactiverepairserver(or thesender)when
makingtheactivate/deactivatedecision.We studiedthetradeoff thatexistsbetweenthe
fractionof RSsthatareactivated,theamountof overheadtraffic, andthelatency of suc-
cessfulpacket delivery. We found that our modifieddynamicRS activationalgorithm
providesa significantreductionin repairdelayover theoriginal algorithm[10], while
usingno moresystemresourcesthantheoriginal algorithm.We alsofoundthatmuch
of theperformancegainsachievableby having active repairserverscanbeobtainedby
having only a relatively smallfractionof repairserversactuallybeingactive.

Our futureresearchin this areawill investigateperformanceunderbursty link loss
rates.We expect the advantageshere (over the caseof statically configuredrepair
serversthatarealwaysactive)to beevenmoresignificant,asrepairserverscanbeadap-
tively activatedwheneverburstlossoccurs.An additionalinterestingareafor studyis to
developtheoreticalmodelsthatcharacterizetheperformancegainspossiblewith active
within-the-network servers,asa functionof thedensityof suchservers.
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