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Abstract—We proposea flow-control schemefor multicast ABR
sewvicesin ATM networks. At the heart of the proposedschemeis
an optimal second-orderrate control algorithm, called the «x-con-
trol, designedto dealwith the variation in RM-cell round-trip time
(RTT) resultingfrom dynamic drift of the bottleneckin amulticast
tree.Applying two-dimensionalrate control, the proposedscheme
makesthe rate processcorverge to the available bandwidth of the
connection's most congestedink sensedby the traffic source. It
alsoconfinesthe buffer occupancyto atargetregimeboundedby a
finite buffer capacity as the systementers the equilibrium state.
It works well irr espectve of the topology of the multicast tree.
Using the fluid analysis, we model the proposedschemeand an-
alyzethe systemdynamicsfor multicast ABR traff ic. We study the
convergenceproperties and derive the optimal-control conditions
for the «-control. The analytical resultsshow that the schemeis
stableand efficientin the sensahat both the sourcerate and bottle-
neck queuelength rapidly corvergeto a small neighborhoodof the
designatedoperating point. We presentsimulation results which
verify the analytical obsewations. The simulation experimentsalso
demonstratethe superiority of the proposedschemeto the other
schemesdn dealingwith RM-cell RTT and link-bandwidth varia-
tions, achieving fair nessin both buffer and bandwidth occupancies,
and enhancingaveragethr oughput.

Index Terms—ex-control, ABR, ATM, buffer control, feed-
back-soft synchronization (SSP),flow control, multicast, multicast
flow control, RTT variations, scalability, second-order rate
control, target buffer occupancy.

. INTRODUCTION

N ABR flow-control algorithm consistsof two compo-

nents:determininghebottlenecKink bandwidthandad-
justingthesourceransmissiomateto matchthebottlenecKink
bandwidthandbuffer capacity In amulticastABR connection,
determiningthe bottlenecklink bandwidthis a dauntingtask.
(Note that, strictly speaking,multicastincludespoint-to-mul-
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tipoint, multipoint-to-point,andmultipoint-to-multipointtrans-
missions However, for the corvenienceof presentationin this
paperwe usethe narrav-sensedefinition for multicastwhich
standgfor the point-to-multipointtransmission.J he first gen-
erationof multicastABR algorithms[1]-[3] employ a simple
hop-by-hofeedbacknechanisnfior thispurposeln thesealgo-
rithms,feedbackResourcéManagementRM) cellsfrom down-
streamnodesare consolidatedat branchpoints. On receiptof
a forward RM cell, the consolidatedfeedbackis propagted
upwardsby a single hop. While hop-by-hopfeedbackis very
simple,it doesnot scalewell becaus¢he RM-cell RTT is pro-
portionalto theheightof themulticasttree.Moreover, unlesghe
feedbaclRM cellsfrom thedownstrearmodesaresynchronized
at eachbranchpoint, the sourcemay be misled by the incom-
pletefeedbackinformation,which cancausethe eonsolidation
noise problem[4], [5].

To reducethe RM-cell RTT and eliminate consolidation
noise, the authorsof [5] and [6] proposedfeedbacksyn-
chronizationat eachbranchpoint by accumulatingfeedback
from all downstreambranches.The main problemwith this
schemads its slow transientresponsesincethe feedbackirom
the congestedbranch may have to needlesslywait for the
feedbackirom “longer” paths,which may not be congestedt
all. Delayedcongestionfeedbackcan causeexcessve queue
build-up and cell loss at the bottlenecklink. The authorsof
[7] proposecanimproved consolidationalgorithmto speedup
the transientresponséy sendingthe fastoverload-congestion
feedbackwithout waiting for all branchesfeedbackduringthe
transientphase.

One of the critical deficienciesof the schemesdescribed
above is that they do not detectand remore nonresponsie
branchesfrom the feedback synchronizationprocess.One
or more nonresponsie branchesmay detrimentally impact
end-to-endperformanceby providing either stale congestion
information, or by stalling the entire multicast connection.
We propose a Soft-Synchronization Protocol (SSP) which
derives a consolidatedRM cell at each branch point from
feedbackRM cells of differentdownstreannodesthatare not
necessarilyresponsego the sameforward RM cell in each
synchronizatiorcycle. The proposedSSPnot only scaleswell
with multicast-tree’sheight and path lengths[8] while pro-
viding efficient feedbacksynchronizationput also simplifies
theimplementatiorof detectionandremoval of nonresponsie
branchesA schemesimilar in spirit but differentin termsof
implementatiorwas proposedndependentlyn [5], [6].

As clear from the above discussionthe problemof deter-
mining the bottleneckink bandwidthin a multicastABR con-
nectionhasbeenaddressety mary researcherdJnfortunately
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little attentionhasbeenpaidto theproblemonhow to adjustthe
transmissiomateto matchthe bottleneckbandwidthandbuffer

capacityin themulticastcontext. All of theschemegproposedn

the literatureretrofit the transmissiorcontrol mechanisnused
for unicastABR connectiongo multicastconnectionsConse-
quently they have overlooked animportantbut subtleproblem
thatis uniqueto multicastABR connectionsUnlike in unicast,
in amulticastconnectiorthebottleneckmayshiftfrom onepath
to anotherwithin the multicasttree. As a result,the RM-cell

RTT in the bottleneckpath may vary significantly. Sincethe
RTT playsacritical role in determiningheeffectivenesof ary

feedbackflow-control schemejt is importantto identify and
handlesuchdynamicdrifts of the bottleneck.Failure to adapt
with RM-cell RTT variationsmay either lead to large queue
build-upsat the bottleneckor slow transientresponse.

A key componentof the schemeproposedin this paper
is an optimal second-orderate control algorithm, called the
«-control, designedto cope with RM-cell RTT variations.
Specifcally, the proposedrate control schemenot only regu-
latesthe traffic sourcerate basedon the congestiorfeedback,
but alsoadjuststhe rate-gain parameteky, which is the speed
of rate increase.As will be discussedater, the maximum
queue-sizas anincreasingfunction of boththe RM-cell RTT
andtherate-@in parametery, andthe «-control canmalke the
flow-control performancedynamically adaptve to RM-cell
RTT variations.Usingthefluid analysiswe modelthe a-con-
trol with the binary-congestiofieedbackandstudythe system
dynamicsin the scenarioof both persistentand on-of ABR
traffic sourcesWe developanoptimal controlcondition,under
which the «-control guaranteegshe monotonic corvergence
of systemstateto the optimal regime from an arbitraryinitial
value.The analyticalresultsshown thatthe proposedschemeés
efficient andstablein that both the sourcerate andbottleneck
queuelength rapidly corverge to a small neighborhoodof
the designatedbperatingpoint. The «-control is also shovn
to adaptwell to RM-cell RTT variationsin terms of buffer
requirementsand fairness. The simulation experimentsalso
verify theanalyticalresultsandthe superiorityof the proposed
schemeto the other schemesin RTT and link-bandwidth
adaptvenessfairnessn both buffer andbandwidthusageand
averagethroughput.

The paperis organized as follows. Section Il describes
the proposedscheme Sectionlll establisheshe flow-control
system model. Section IV justifies the necessityand fea-
sibility of the «-control, presentsthe «-control algorithm,
and investicatesits properties.SectionV derives analytical
expressiondor bothtransientandequilibrium statesevaluates
the scheme’sperformancefor the single-connectioncase,
and comparethe analysisand simulation results. SectionVI
analyzeghe flow-control performanceof concurrentmultiple
multicast-connectionsand comparesthe proposedscheme
with the other existing schemes.The paper concludeswith
SectionVII.

IThe definition of fairnessusedthroughoutthis paperis adoptedfrom [9]
wherethe fairnesss achieved whenall connectionseceie an equalshare/al-
locationof the network resourcegbandwidthor buffer capacities)This differs
from the max-minfairnesswhich dealswith moregeneralcasesvheresome
connectionsdemands smallerthanan equalshare/allocatiorof the network
resources.

IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 10,NO. 1, FEBRUARY 2002

Il. THE PROPOSEDSCHEME

Basedon the ABR flow-control framework in [10], we
use RM cells to corvey network-congestioninformation. A
forward RM cell is sentby the root (source)nodeperiodically
or onceevery N,,, data-cells,andeachrecever nodereplies
by returningto the sourcea feedbackRM cell with Conges-
tion Indication (ClI) and Explicit Rate (ER) information. We
redefne the RM-cell format by adding information on the
rate-gain parameter(second-order)control in the standard
RM cell to dealwith RM-cell RTT variations.In particular
two new one-bit fields, Buffer Congestionindication (BCI)
and New Maximum Queue(NMQ), are defined. Our scheme
distinguisheghefollowing two typesof congestion.

Bandwidth Congestion: If queuelength Q)(¢) at a switch
becomedarger thana predeterminedhreshold@;,, then
the switchsetsthelocal Cl bit to 1.

Buffer Congestion: If the maximumqueudength@,,,.x at
aswitchexceedghetarmgetbuffer occupang Qo.1, where
2Qn < Qgoal < Chax [11] and Chuay is the buffer ca-
pacity, thenthe switchsetsthelocal BCl to 1.

A. The Source Algorithm

Fig. 8 in AppendixA shaows the pseudocodéor the source
algorithm.Uponreceving afeedbackRM cell, the sourcefirst
checksif it is time to exercisethe buffer-congestioncontrol
(thea-control). Thebuffer-congestiomrontrolis triggeredwhen
the sourcedetectsa transitionfrom a rate-decreasehaseto
a rate-increas@hasethatis, whenlocal congestionindicator
(LCI) equalsl while theCl bit in thereceved RM cellis 0. The
rate-@uin parameteiis adjustedaccordingto the currentvalue
of the local BCI (LBCI) andthe BCI bit in the just receved
RM cell. Thisleadsto threecasesl) if BClis 1intheRM cell
receved,therate-gain parameteAdditive IncreaseRate(AIR)
is decreasednultiplicatively by a factorof ¢ (0 < ¢ < 1);
2) if bothLBCI andBCI are0, AIR is increasedadditively by
a stepof sizep > 0; 3) if LBCI = 1 andBCI = 0, AIR
is increasednultiplicatively by the samefactorof ¢. In all the
threecasestherate-decreaggarameteMultiplicative Decrease
Factor (MDF) is adjustedbasedon the estimatedbottleneck
bandwidthBW_EST. Then,the local NMQ bit is marked and
the BCI-bit in the RM cell receved is savedin LBCI for the
next a-control cycle. The sourcealwaysexerciseshe cell-rate
(first-order) control whenerer an RM cell is receved. Using
thesame or updatedrate-parametershe sourceadditively in-
creasespr multiplicatively decreasesits Allowed Cell Rate
(ACR) basedonthereceved Cl-bit. Fig. 3 in SectionV showvs
the equilibrium dynamicsof the sourcerate R(t) (ACR) and
thebottleneckqueudength@)(t), usingthefluid functions(see
Sectionlll). Driven by feedbackCl-bit, R(¢) fluctuatesaround
the bottleneckbandwidth,but alternatebetweertwo different
ramp-upspeedsdeterminedby the feedbackBCI-bit. Conse-
quently the maximumqueuelength Qfﬁﬁx at the bottleneckis
confinedto thedesignatedperatingregime aroundQ 4.1

B. The Switch Algorithm

At the centerof switchcontrolalgorithmis a pair of connec-
tion-updatevectors:1) conn_patt_vec, the connectionpattern
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vectorwhereconn _patt_vec(i) = 0 (1) indicateshesth output
port of the switch is (not) a downstreambranchof the multi-

castconnectionThus, conn_patt_vec(i) = 0 (1) impliesthata
datacopy should(not) besentto theith downstreanbranchand
afeedbackRM cell is (not) expectedfrom the ith downstream
branch? 2) resp_branch_vec, the responsie branchvectoris

initialized to 0 andresetto 0 when&er a consolidatedRM cell

is sentupward from the switch. resp_branch_vec(i) is setto

1 if afeedbackRM cell is receved from the ith downstream
branch.The connectiorpatternof conn_patt_vec is updatedoy

resp-branch_vec eachtime whenthe nonresponsie branchis

detecteddr a new connectiorrequesis receved from a down-

streambranch.

Fig. 9 of AppendixA givesthe pseudocodef switch algo-
rithm. Uponreceving a datacell, the switch multicastsit to its
output ports specifed by conn_patt_vec, if the corresponding
outputlinks areavailable,elseenqueuet in its branch’squeue.
Mark the branch’sCl (EFCI) if Q(t) > @;,. Update ., for
a-control (seeSectionlV.A) if thebranch’snew Q)(t) exceeds
the old Quax. BCI := 1 if its updatedQmax > @goal- RE-
ceiving a feedbackRM cell from either one of receversor a
connectedlownstreanbranch the switchfirst marksits corre-
spondingpit in resp_branch_vec andthenperformshe RM-cell
consolidationlf the modulo-2addition (the soft-sychcroniza-
tion operatiorof SSP),conn_patt_vec @ resp_branch _vec = 1,
anall 1's vector implying all feedbackRM cellssynchronized,
thenafully-consolidatedeedbaclkM cellis generatedndsent
upward. But, if the modulo-2addition #1, the switch awaits
otherfeedbaclkRM-cellsfor synchronizationSincethe consol-
idatedRM-cell is not requiredto be derived only from those
feedbackRM-cellscorrespondingo thesameorwardRM-cell,
thefeedbackRM-cell consolidatioris “softly-synchronized”.

Upon receving a forward RM-cell, the switch first multi-
castgt toall theconnectedranchespecifedby conn_patt_vec.
Then, resetQ,..x := 0 andthe buffer congestionindicator
MBCI := 0 if anNMQ requesis received. The nonresponsie
timer no_resp_timer, initialized to athreshold/V,,,., is resetto
Ny, if a consolidatedRM-cell is sentupward. The predeter-
minedtimeoutvalue N,.; for nonresponsienesss determined
by thedifferencebetweerthemaximumandminimumRM-cell
RTTs. We usethe forward RM-cell arrival time as a natural
clockfor detecting/remaing nonresponsie branchegso, it still
works even if thereare faultsin downstreambranches)If a
switch receves a forward RM-cell, the multicastconnection’s
no_resp_timer reducedy one.lf no_resp_timer = 0 (timeout)
and resp_branch_vec # 0 (i.e., thereis at leastone down-
streanresponsie branch) thenthe switchimmediatelysendsa
partially-consolidate®RM-cell upwardwithoutfurtherawaiting
feedbaclkRM-cells.If no_resp_timer = 0, a leastonenonre-
sponsive dowvnstreanbranchis detectedandis removed by the
simpleoperation:conn_patt_vec := resp_branch_vec 1. The
downstreanbranchcanjoin the multicasttreeat run-time.

C. Multicast Flow-Control Sgnaling and Scalability

The multicast flow-control algorithms proposed above
consistof two basic componentsflow-control signaling and

2Notethatthe negative logic is usedfor corvenienceof implementation.
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rate control. Thesetwo componentsre conceptuallyseparate
from a flow-control theory viewpoint, even thoughthey are

blendedtogetherin the proposedalgorithms.The flow-control

signalingrelies on RM cells, which deliver rate-controland

congestiorinformationbetweerthe soruce-rateontrollerand

the network/recevers.For multicastABR, scalabilityis crucial

since the flow-control traffic due to RM cells and feedback
delay may increasewith the numberof recevers.We propose
SSPI[8] for flow-control signaling,which scaleswell with the

multicastsessiorsize, thanksto the following two properties:
1) thefeedbackdelayis virtually independenbf the multicast
sessiorsize,and?2) the ratio of feedbackRM cellsto forward

RM cellsat eachlink of the multicastsessioris no largerthan

1[4], [8].

Theproposedchemecansupportboth 1) Cl-basedatecon-
trol with abinarycongestiorieedbacKClI-bit), and2) ER-based
rate-controlwith an explicit-rate feedback(ER-value). The
Cl-basedschemeis more suitablefor LANs becauseof its
minimal multicast signaling cost and lowest implementation
complity. Ascomparedo theCl-basedchemethe ER-based
schemeis more responsie to network congestionand can
better sene WAN environmentswhere the bandwidth-delay
productis large. However, the ER-basedcheméas muchmore
expensve to implementthan the Cl-basedscheme.In this
paper we will focus only on the Cl-basedscheme,and the
rate controlandthe «-control to be discussedvill be only for
the Cl-basednot ER-based) schemeWe modelthe Cl-based
flow-control systemby thefirst-orderfluid analysig[12]—[17],
which usesthe continuous-timdunctionsR(¢) andQ(t) asthe
fluid approximationof the sourcerate and bottleneckqueue
length, respectiely. We also assumethe existenceof only a
single bottleneck on eachpath at a time with queuelength
equalto Q(¢) anda “persistent’sourcewith ACR = R(¢) for
eachmulticastconnection.

THE SYSTEM MODEL

A. System Description

As shavnin Fig. 1, amulticast-connectiomodelconsistof
n pathswith RM-cell RTT’s 7; andbottleneckbandwidthsy;
for 1 <« < n. Thereis only onebottleneckon eachpathwhere
TJEZ) is the “forward” delay from the sourceto the bottleneck,

T = (1, — TJ(Z)) the “backward” delayfrom the bottleneck
to the sourcevia the recever, and @;(¢) the bottleneckqueue
length. We usethe synchronousmodel by assumingthat the

sourcesendsRM cells periodicallywith aninterval A equalto

afraction of RTT. Thesourcerate-controblgorithmduringthe

nth rateupdateinterval canbe expresseds

-]

wherea > 0 and0 < b < 1.

R+ a,
bRn—b

additively increasea = AIR
multiplicatively decreasgh = MDF

1)

3The ER-basedchemas worth, andwill bereportedn, aseparat@aper

4This is not a restriction,becauséhe bottleneckis defined asthe mostcon-
gestedink or switch.
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R2. Themulticast-treebottleneckcanbe formedduring

thefollowing two differenttypesof phasesdependingn

feedbackClI-bit in the mostrecentlysource-receied RM

cell:

a) Congestedphase:whereCI = 1 consolidatedrom m
pathswith CI(j) = 1for1 < 5 < m < n. Theshortest
path(with thesmallestRTT) of them congestegbaths

™ is the multicast-treebottleneck becauset determines
: the RTT of multicast-tree’feedbackcontrolloop and
1] thedynamicsof the multicast-treebottleneck.
—m] b) Non-congestedphase: where CI = 0 consolidated
T(l) . .
Lo from all paths.The shortestpathof these which will

causecongestionimmediatelyafterthisnoncongested
phasejs the multicast-treebottleneckdueto the same
reasorasin theabove congestegbhase.

B. System Control Factors R3. Themulticast-tredottleneckcanchangeatary time
instant(even within a rate-controlcycle), but only at the
oneof thefollowing two typesof transitioninstants:

a) whentheconsolidated®RM-cell’'s Cl changed — 0;

b) whenthe consolidatedRM-cell’'s CI = 1 remainsun-
changedput CI(j) for the shortest of m congested
pathschangesd — 0for1 < j < m < n; oranon-
congestegathF;,’s CI(k) change$® — 1, wherepath
P, is shorterthanall congestegbathsfor & # 7.

Fig.1. Systemmodelfor a multicastconnectiorwith n paths.

In unicastABR service,the sourcerate is regulatedby the
feedbackfrom the most congestedink/switch which hasthe
minimum available bandwidthalong the path from sourceto
destination.A natural extensionof this stratey to multicast
ABR serviceis to adjustthe sourcerateto the minimum avail-
able bandwidthshareof the multicast-tree’smost congested
paththatthe traffic sourcehassensedThis is the key feature
of ABR service mostsuitablefor dataapplicationghatrequire

losslessgransmissionHowever, thedynamicsof multicastABR Thus thelocationof themulticast-treéottleneckpathis
flow control is more complicatedthan thoseof unicastABR afunctionof thebottleneck-linkbandwidth(,; ), thequeue
flow control,becaus@otonly theavailablebandwidth but also threshold(()}”) in the bottlenecked switch,andRTT (;)
the RTT andcongestiorthresholdcandiffer from one pathto onpathp;, fori =1,... n.
anotherwithin a multicasttree. As a result, while the source R4. At ary giventime instant,thereexiststhe only one
ratealwayscornvergesto the availablebandwidthof the slowest multicast-treebottleneckpath, which is the shortest con-
path perceived by the traffic source (which is not necessarily gestedpathsensedy the sourcethroughthe mostrecent-
the currently slowestpathin the multicasttree), it is possible feedbackRM cell. This is becauseat ary time moment
thatin thetransientstatethe dynamicsof sourcerateis dictated thereis only one the shortestpath amongthe congested
by the feedbackvia the pathwith a bandwidthlarger thanthe pathsperceved by the sourcewhenthe congesteghase
currentminimumavailablebandwidthacrosghemulticast-tree, starts,unlessthereare multiple pathsthat have the same
dependingn the path’sRTT andcongestiorthreshold To ex- RTT andbecomecongestedtthesametime. In thatcase,
plicitly modelthesefeaturedfor the multicastflow control, we albeitnotvery oftenin practice thesepathshave eitherthe
introducethe following definition. sameratecontrolparameterg, 2;,, andr) or anidentical

Definition 1: The multicast-tree bottleneck path (also feedbackeffect on the sourcerate control, and thus ary
calledmulticast-tr eebottleneck) isthe pathwhosecongestion oneof themcanbechoserasthemulticast-tredottleneck.
feedbackeurr ently receied at the source dictatesthe source Hencetheuniquenessf themulticast-treéottleneckn a
rate control. The multicast-tr ee RM-cell RTT is the RM-cell multicasttreefor ary giventime instantstill holds.
RTT experiencedn the multicast-treebottleneckpath. [ |

Remarks on Definition 1: C. The Sate Equations for the Multicast-Tree Bottleneck Path

R1. The multicast-treebottleneckpathis a source flow Sincethe multicast-treebottleneckdictatesthe sourcerate-
control oriented notionbecaus@nly the congestiorfeed- control, we can analyzethe multicastflow-control systemby

backeurrently received by the source canaffecttheeur-  focusingon its multicast-treebottleneck’sstateequationsLet

rent sourceflow control. The currentcongestiorinforma-  R(t) andQ(¢) bethefluid functionsof the sourcerateandthe

tion detectecht switchesdoesnot affect the source’sflow  queudengthatthe currentmulticast-treebottleneckdefinedby

controluntil it reacheshesourceafteracertaindelay So, Definition 1, respectiely. Then, the multicast-treebottleneck
it is the congestiorfeedbackcurrentlyreceved/perceied  stateis specifed by two statevariables:R(t) andQ(¢). By the

by the source,insteadof the congestiorinformationcur-  rate-controldefined in (1), the multicast-treebottleneckstate
rently detectecat the switches thatdecideswhich pathis  equationsn the continuous-timelomainaregiven by:
the multicast-treebottleneckat the currentmoment.Thus, Source-rate function:

atagiventime instantthemulticast-treeottleneckpathis

notnecessarilplwaystheslowestpath(with theminimum R(to) + a(t —to), IfQE-1T) <

availablebandwidth)in the multicasttree. R(t) = {R(to)e<1ﬂ)W, if Q(t—1,) > Q. L)
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Multicast-tr eebottleneck queuefunction:

/ [R(v—Ty) — ] dv + Q(to)

to

Q1) (3)

wherea = a/A andf3 = 1+ logb (e andb aredefinedin (1)
andA isthesourcerateupdateinterval); t andty arethecurrent
andlastobsenationtimes,respectiely, of the systemstatesor
the currentmulticast-treebottleneckpath,and¢ is chosersuch
that,duringthe periodof (¢ — ¢,), themulticast-treebottleneck
pathis fixed andunique, andalso,during (¢ — ), R(¢) is only
in eitheranincreasingr adecreasinghase;r = 1 + 1} isthe
currentmulticast-treeRM-cell RTT; Q5 (Q;) is the high (low)
queue-thresholdbr the currentmulticast-treebottleneck; is
theavailablebandwidthof thecurrentmulticast-treéottleneck.

Remarks on the System State Equations (2) and (3): Fluid
analysisis a time-periodpiece-wisemodelingprocedurg16].
So0,we canusea setof systemstateequationg2) and(3) of the
samdorm to modelthedynamicf differentmulticast-tredot-
tleneckpathsduringthedifferenttime periods by replacingthe
systemstatevariablessuchasQ(t), Q(t — 13 ), Ty, andd for
differenttime periodscorrespondingdo differentmulticast-tree
bottleneckpaths Consequentlythesystenstatevariables)(t),
Q(t —Ty), T, andT; givenin (2) and(3) arenot constanbe-
causehey maybeassociatedvith adifferent multicast-treéot-
tleneckpathduringadifferent time periodof (¢t —t,), depending
on which pathis the multicast-treebottleneckduring thattime
periodof (¢t — #).

Eventhoughthe multicast-treébottleneckcanchangeduring
ary time period, the multicast-treebottleneckpath perceved
by the the traffic sourceis unique becausehe queue-length
thresholdtesting, Q(t — 1) > @ or Q(t — T) < Q, is
only sampledat the time instants® which arethe integer mul-
tiplesof A. Thisfeatureof the proposednulticastflow control
algorithmensureghat fluid analysisexpressedy (2) and (3)
canaccuratelycapturghedynamicof multicast-tredottleneck
pathunderthe proposednulticastflow controlalgorithmeven
whenthe multicasttreebottleneckpathchangedrom onepath
to anotheras long aswe take (t — to) < A or make (¢ — ¢)
smallenoughsuchthatthebottleneclkpaththatthetraffic source
can perceve is always uniques during (¢t — to). As a result,
the systemstateequationg2) and(3) characterizéhe multicast
flow-controldynamicsby modelingthe flow-controldynamics
of thedifferentmulticast-tredottleneckpaths pnepathfor each
time-periodof (¢ — o) (piece-wisemodelingin termsof time
period),asthe multicast-treeébottleneckchangegrom onepath
during a time period,to anotherpathduring the next time pe-
riod.

50nly atthesesamplingtime instantsthetraffic sourcecanperceie the pos-
sible changeof multicast-treebottleneckpath,andbetweenary two consecu-
tive samplingtime instantg(i.e.,the RM-cell updatetime internval A) thetraffic
sourcedoesnot have a chanceo senseary changeof multicast-treebottleneck
path.So, the multicast-treebottleneckpaththatthe traffic sourcecanperceve
remainsunchangedbetweenary two consecutie samplingtime instants.

6Theuniquenessf themulticastireebottleneckpath,whichcanbeperceved
by thetraffic sourcecanbealwaysachiered eitherby letting (t — ) < A, or
otherwise(if (t —to) > A) by letting (¢ — ¢, ) besmallenoughsuchthatmul-
ticasttreebottleneckpaththatthe traffic sourcecanperceve is uniqueduring
(t —to).
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IV. ADAPTATION TO VARIATIONS OF MULTICAST-TREE
RM-CELL RTT

The cross-tréfic at eachlink may causethe multicast-tree
bottleneclkpathto shift from onepathto anotherSo, the multi-
cast-treeRM-cell RTT fluctuatesdynamicallybetweenr,;;, 2
ming <;<, {7;} ANd7ax = max; <;<n{7;}. The mainanddi-
rectimpactof RM-cell RTT variationss onthemaximumbuffer
requiremenfor the bottleneckpath.

A. Maximum Buffer Requirement and Cell-Loss Control

Although SSPmakesthe RM-cell RTT 7 for the proposed
schemeamuchsmallerthanthatfor the hop-by-hopschemeas
shavn in [8], 7's swing betweenr,,;, and 7., is still large
enoughto male a significant impacton Q... As discussed
in [15], increasingor decreasingR(t) is not effective enough
to have the maximumqueuelength ... upper-boundedy
the maximum buffer capacity C,,.x when the multicast-tree
RM-cell RTT 7 variesdueto drift of the multicast-treebottle-
neck. This is becauseaate-increase/decreasentrol can only
make R(¢) fluctuate around the designatedbandwidth, but
cannotadjust the rate-fluctuationamplitude that determines
Quax- S0, Quax also dependson the sourcerate-@in pa-
rametera (to be detailedin SectionV). Q.,a« IS analytically
shavn in [15] to increasewith both = andrate-gin parameter
«a = dR(t)/dt andcanbewritten asafunction, Qpax(«, 7), o
Qmax(a) for agivenr. In reality, the buffer capacity Cy,ax, ON
the bottleneckpathis finite, andhenceto ensurecell-lossless
transmissionthe condition Q..x < Ciuax musthold. This
constraintdivides the two-dimensional(«, 7)-spaceinto two
regionsasfollows.

Definition 2: If Cpax < 00, thenthefeasible(«, 7)-space
Q2 {(a, 7)|cx > 0,7 > 0} is partitionedinto two parts:
losslesstransmission regiort F {(a, ") | (e, 7) € K,
Qumax(,7) < Cpaxt and lossy transmission region
L2Q\F. n

The theorempresentedelov finds an upperboundfor the
equilibrium-statenaximumqgueudengthQ . («, 7) asafunc-
tion of (o, 7) € Q and@y,.

Theorem 1. Considera multicast-tr ee bottleneck charac-
terizedby the flow-control parametersy, 3, 7, u, A, andQy,.
If (o, 7) € Qandfs =1 — (/) A, thenthemaximumqueue
lengthis upper-boundedy

Qmax(avT) S (7_\/a + V 2Qh)2- (4)
Proof: Theproofis givenin AppendixB. [ |

Remarks on Theorem 1: The derived upper-boundunction
of Qax(cv, 7) describedn Theoreml providesa closed-form
expressionthat reveals an analytical relationshipamongthe
maximumqueuesizeandrate-controparametersAs suggested
by Theoreml andalsoanalyzedn [11], [12], [15], [16], [18],
Qmax(a, T) IS @ monotonicincreasingfunction of both « and
7, andthuscanbe controlledby adjustinga for given 7. The
theoremgiven below derives an explicit relationshipamonge,
7, and @), subjectto thelosslesdransmissiorandC,,x < oo
constraints.
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Theorem?2: Consideamulticastconnectiorflow-controlled
by the proposedschemewith @;, > 0 andC,.x < oo atthe
multicast-treebottleneckIf Cp.x > 20Q;,, thenthe following
claimshold.

Claml. 7 # ¢ and3 K > 0 suchthat(«,7) €
FY¥(a,7) € {{a,7) |7/ £ K, (e, 7) € Q}.

Claim2. L islower-boundedy thefunction K, = 7/«
whereKy = /Crax — v2Q1, and(«, 7) € Q.

Proof: Theproofis providedin AppendixC. [ |

Remarkson Theorem?2: (1) Claim1 shownsthat@,,.x is con-
trollable, andidentifies a sufiicient condition (Cpax > 2Q1,)
for the feasibility of losslesdransmissionMoreover, Claim 1
describeghe configurationof the lossless-transmissiaregion
defined in 2. (2) Claim 2 gives a lower bound of the lossy
transmissiorregion £ for given C,,. and @y, which is ex-
presseddy a continuousfunction defined over 2. Since{? is
partitionedinto 7 and £, the lower boundof £ canbeusedas
an approximateupperboundfor & whenthe lower boundfor
L is tight. Thus,for ary given C,,,., and@,, thelower-bound
function 7/a = v/Cuax — v2Q;, providesthe network de-
signerwith a simpleformulato estimatex without seekingits
close-formexpressiorasafunctionof - andC,,,.., whichisim-
possibleto obtain[dueto thenonlinearityof (16)]. Furthermore,
sincethe lower-boundfunction 7v/a = /Crax — v/2Q4, di-
viding .F and £, is obtainedby the constraint:Q,,... < Chax,

setting Qax = Chuayx in the lower boundyields a formula:
Qumax = (T/a++/2Q;,)?, whichcanbeusedo estimate,, .«
whenthelower-boundof £ is tight. (3) Anotherinterestingfact
revealedby Theorem2 isthat ... is virtually independenof
the multicast-treebottlenecktarget bandwidthy. sinceneither
the losslesdransmissiorcondition/rgion nor the lower bound
of £ containsy. This is not surprisingsinceit is the rate mis-
matchbetweenR(t) andy, insteadof the absolutevalueof 4,
thatdetermines),,,.«.

Toillustratethetightnesf thederived lowerboundof £, the
exactborderwhich partitions?, thelower-boundfunctionof £
givenby K = 7/ = /Crax —/2Q1, andtheconfigurations
of thelosslesgransmissiomegion F (theshadedreaseparated
by 7/ = v/ Ciax — v2Q},) andlossytransmissionegion £
areplottedin Fig. 2, with Cy,,. = 400 cellsand@;, = 50 cells,
which gives K = 10, andx = 367 cell/ms(about155Mb/s).
Theexactborderbetween? and £ is obtainednumerically[by
solving (16) which needsu). The lower-boundfunction of £
(given by K = /Cpax — v2Q;, = 7/a) plottedin Fig. 2
is found to be very closeto the exact borderbetweent and
F. In addition,the smallerq, thetighterthe boundis, whichis
consistentvith theapproximatiorog = ~ x— 1 whenz is close
to 1 [see(44)].

B. The Second-Order Rate Control

As suggestedby Theorem2, « canbe controlledto confine
Qumax t0 Chax, andaslong as Cp,,c > 2Qy,, losslesstrans-
mission can be guaranteedy adjustinga in responseo the
variationof . Thecontrolover o« = dR(t)/dt —whichwe call
ce-eontrol— is the second-ordecontrol processwvhich will be
elaboratedon belowv from a control-theoreticviewpoint. The
original ATM recommendatiorfor unicast(Cl-based)ABR
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Fig.2. Lossyandlosslessransmissiomegionsdividedby thelower boundof
lossy-transmissionegion.

flow controlis basedon the Additive Increaseand Multiplica-
tive Decreas€AIMD) ratecontrol[8]. The AIMD adaptsR(¢)
to 1 basedon the feedbackCl-bit. Sincethe AIMD applies
directcontrol over therate R(t) to matchthe tamget 1, we can
call AIMD the speed feedback control (from acontrol-theoretic
viewpoint). The speedfeedbackcontrol systemis traditionally
called the first-order feedbackcontrol system (having one
pole, or being representedn a one-dimensionattate-space).
The «-control is an accelerationfeedback-controlsystem
(having two poles,or beingrepresentedh a two-dimensional
state-space)vhich is one-orderhigherthanthe AIMD, since
it exertsdirectcontrolover o« = dR(t)/dt. Thus,we call the
«-control the second-order rate control, which provides one
moredimensionin state-spaceontrolover the dynamicsof the
proposedlow-control system.

C. The «-Control

The a-controlis a discrete-timecontrol sinceit is only ex-
ercisedwhen the sourcerate control is in a “decrease-to-in-
crease'transitionbasednthebuffer congestiorfeedbackBCI.
BCI(n) := 0(0r1)if Q¥ < Qgoa1 (0rQy > Qgon), Where
Qgoal (2Q1 < Quoal < Cmax) is thetarget buffer occupang
(i.e., setpoint) in theequilibriumstate If the multicast-treebot-
tleneckshifts from a shorterpathto a longerone,then+ will
increasemaking Q... larger When Q... eventually grows
beyond Q..1, the buffer tendsto overflow, implying that the
currentq is too large for the increased-. The sourcemustre-
duce« to preventcell lossesOn theotherhand,if + decreases
from its currentvaluedueto the shift of the multicast-treebot-
tleneckfrom alongerto ashortempath then,,.... will decrease.
WhenQuax < Qgoal, ONly asmallportionof bufferis usedjm-
plying thatthe current« is too smallfor the decreased. The
sourceshouldincreasex to avoid buffer under-utilizationand
improve responsienessin grabbingavailable bandwidth.So,
feedbackBCI containsthe informationon RM-cell RTT vari-
ations.Keeping2@);, < Qgoal < Chax hastwo beneits: (1)
the sourcecanquickly grabavailablebandwidth,and(2) it can
achieve high throughputandnetwork resourceutilization.
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The main purposeof «-controlis to handlethe buffer con-
gestionresultingfrom thevariationof ~. We setthreegoalsfor
a-control: (1) ensurethathffa)LX quickly corvergesto, andstays
within, the neighborhoof 4.1, which is upper-boundethy
Chax, from an arbitrary initial value by driving their corre-
spondingrate-gain parametersy,, to theneighborhoowf cyea1
for given 7; (2) maintainstatisticalfairnesson the buffer oc-
cupang amongmultiple multicastconnectionswvhich sharea
commonmulticast-treebottleneck;and(3) minimize the extra
costincurredby thew-controlalgorithm.To achieretheseggoals,
we proposea “converge-and-lock’«-control law in which the
new valuec,,+; is determinedy «,,, andthefeedbackBCI bit
0N Quas’s currentandone-step-oldzalues, Q5. and Qs .
Thea-controllaw canbeexpressedy thefollowing equations:

an +p, if BCI(n —1,n)=(0,0)
Uptl = { qQun, if BCI(n) = (5)
an/q, ifBCI(n—1,n)=(1,0)

wheregq is the «-decreaséactorsuchthat0 < ¢ < 1 andp is
the a-increasestep-sizeyhosevalueswill bediscusseahext.

D. The Convergence Properties of the «-Control

To characterizehe «-control’s corvergenceproperties we
first introducethe following two definitions.
Definition 3: Theneighborhood of targetbuffer occupang

ngal IS SpeCIfed by {ngal? ngal} Wlth

LA (n) (n)
goal — ne [Igl?)Q( } {Qmax Qmax —

(6)

Quoat}

o - (n)
goal — ne{g,l%g,} {Qmax Qmax - ngal} (7)
wherle{fﬁX is governedby the proposecdy-control law. [ |
A

Definition 4: {Q%%} 2 {Quax(ow)} is said to
monotonically corverge to Qg..1'S neighborhoodat time
n* from its initial value Qﬁ?&x =

n = Qmax(0xp), If
BCI(0,1,2,3,....,n* — Lin*n* + 1,n*+2,n"+3,...) =
(0,0,0,0,...,0,1,0,1,0,...), Vo < Qgoal;  and
BCI(0,1,2,3,....,n" — Lin*",n* + L,n*+2,n"+3,...) =
(1,1,1,1,...,1,0,1,0,1,...), Yoo > (goal- |

The a control is applied either in transient state, during
which Qmax hasnot yet reachengoal’s neighborhoodopr in
equilibrium state,in which Qma_x fluctuateswithin Qgoa1's
neighborhoogberiodically Thea- controlaimsatmakinng{fa)X
corverge rapidly in transientstateand stayingsteadilywithin
its neighborhoodn equilibrium state.The following theorem
summarizesthe «-control’s corvergence properties,optimal
control conditions,andthe methodof computingthe a-control
parametersn both the transientand equilibrium states.Note
that Qfgoal and Qfg‘oal are the closestattainablepoints around
Qgoa1, UL ngal may not necessarilype the midpointbetween
Q’gml andQ goal- 1Ne€ actuallocation of Qgoal between®,
and g al
valueag.

Theorem 3: Considerthe proposedx-controllaw (5) which
is appliedto a multicastconnectionwith its multicast-treebot-
tleneckcharacterizedy Qqoa1, @r, andr. If (1) a« = «ag, an

goal
dependsm all rate-controparameterandtheinitial

arbitraryinitial valueattimen = 0, (2) 0 < ¢ < 1, and(3)

(1 — ¢)/9)((/Qgoat — V2Q1)/7)?, thenthe following

cIa|mshoId
Claim1. During the transient state the «-control law
uaranteesQfﬁa)LX to monotonically corverge to nga1’S

nelghborhooqugOathOal} = {inax( g()a_l) QIIlaX( goal)}
which aredeterminecby

i —_ Qmax (qrﬁa()) ) If Qg > Mgoal (8)

goal Qmax(q(n*p + Oé())), If [&7)] S agoal

h — Qmax (q(nm_l)QO) ) if oo > (Xgoal (9)

goal Qmax(n*p + Oé()), if [&7)] S agoal
wheren* is definedin Definition 4.

Claim2. Duringtheequilibrium state thefluctuationam-
plitudesof Qfﬁa)x aroundQ ..., areupper-boundetly

1 1
goal_ngal < T2agoal <_ - 1) +T\/m<— — ]_)
q \/6
(10)

q) + 7/ 80goa@n(1 — \/q)

(11)

and the diameterof neighborhoodor the tamget buffer occu-
pany Q0.1 is upper-boundedsfollows:

1
h i 2
goal = goal <7 Kgoal <E —q

bV (- vi) @2

where o, is the rate-gain parametecorrespondindo Qo1
for given .
Proof: Theproofis detailedin AppendixD. [ |

Remarks on Theorem 3: The«-controllaw is similar to, but
differsfrom, the AIMD algorithm[9] in thefollowing sensesn
thetransienstate the«-controlbehaeslike AIMD, accommo-
datingstatisticalconvergenceto fairnessof buffer usageamong
the multicastconnectionssharinga multicast-treebottleneck.
On the otherhand,in equilibrium state,the «-control ensures
buffer occupang to be locked within its setpointregion at the
firsttime WheanﬁQx reaches),..1's neighborhoodregardless
of theinitial value «y. In contrast, AIMD doesnot guarantee
this monotoniccorvergencesince «-control is a discrete-time
control and its corvergenceis dependenbn «y. The mono-
tonic con/ergenceensures*.hatQf{fﬁX quickly corvergesto, and
stayswithin, theneighborhoowf (),..1. Theextracostpaidfor
achieving thesebeneits is minimizedsinceonly asinglebinary
bit, BCI, is corveyed from the network andtwo bits are used
to storethe currentandone-step-oldeedbackBCI(n — 1) and
BCI(n) bits atthe source The a-increasestep-sizep specifed
by condition(3) in TheorenBisafunctionof «-decreaséactor
q. A largeg (smalldecreasstep-sizeyequesta smallp for the
monotoniccorvergence By the condition(3) of Theorem3, if
q — 1,thenp — 0, whichis expectedsincefor astablecornver-
gentsystem,a zerodecreaseorresponds$o a zeroincreasen
systemstate .Basedon (10), (11), and(lZ),whenq — 1, both
Qfgoal and ngal — Qgoal, I.€., Q4.’s fluctuationamplitude
approachegero,which alsomalkessensesinceq — 1 implies
p— 0, andthusQfﬁa)X approachea constanfor all n.

ngal_ngal <7 agoal(
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Fig.3. Dynamicbehaior of and for asinglemulticastconnection.

To balanceR(¢)'s increaseanddecreaseates,andto ensure
the averageof the offeredtraffic load not to exceedthe bottle-
neckbandwidth,eachtime whenc,, is updatedby the a-con-
trol law specifed by (5), the proposedalgorithmalsoupdates
therate-decreastactorby 8, = 1 — (., /11)A accordingly

V. SINGLE-CONNECTION BOTTLENECK DYNAMICS
A. Equilibrium-State Analysis

The systemis saidto bein the equilibriumstateif R(t) and
Q)(t) have corvergedto the certainregime, oscillating with a
fixed frequeng andaverageamplitude.In this state,2(¢) fluc-
tuatesaroundy, andeﬁﬁX aroundq) «o.1. Thefluctuationampli-
tudesandperiodsaredeterminedy therate-controparameters
«, 3; bandwidthy; targetbuffer occupang () g..1; -controlpa-
rameters, ¢; queuethresholds));,, @;; anddelays?;, 1. The
equilibrium-stateanalysiss mainly usedto characteriz¢éhedy-
namicsof the multicast-tree bottleneck afterit hascornvergedto
a particularpathand becomerelatively steady For simplicity,
weassumehata-controlparameters—er, Qgoal, p, andg—are
properlychosenbasedon the conditionsgiven in Theorem3,
suchthatQmaX corvergesto themidpointof theneighborhood:
ngal - (1/2)(Ql oal + ngal) andczgoal < Cmax-

Fig. 3 |Ilustratesthef|rst two cyclesof ratefluctuationand
the associatedjueue- Iength‘unction at the bottlenecklink in
equilibrium statewith a; = o” ;. At time to, R(t) reaches

w(BW) and Q(t) startsto build 1 up after a delay T;. At time
to+ 1y + Tq(l), Q)(t) reacheg?,, andbandwidthcongestioris
detected After a delay 7, the sourcereceves CI = 1 feed-
backand R(t) beginsto decreasexponentially Q(t) reaches
thepeakasR(t) dropsbackto 1. WhenR(t) fallsbelow i, Q(¢)
startsto decreaseAfter a period7; elapsed()(¢) reaches?,,
thenthe noncongestiorstatus(CI = 0) is detectedand fed-
backto the source.After a delay 7, the (CI = 0) feedback

arrives at the source thenthe “rate-decreaséo rate-increase”

transitioncondition(local CI = 1 A CI = 0) is detectedatthe
source.Subsequentlythe sourceadjuststhe next rate-gin pa-
rametera, to asmallervalue,q«; (32 is alsoadjustedoy 32 =
1 — (aa/p)A) sinceBCI(1) = 1 (dueto Qfﬁix > Qgoal) IS
receved inthefeedbaclRM cell. Then,R(¢) increasetinearly

with thenewly updatedrate-guin parametety, = goy = algoal

When R(t) reaches: afteraperlodT( ) , the systemstartsthe
secondfluctuationcycle.
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The dynamicsof the secondfluctuation cycle is similar
to the first cycle except for the reduced«, and increased
(32, leading to a longer cycle length. When the transition
from rate-decreaséo rate-increasds detectedagnin for the
secondfluctuationcycle, the sourcesetsas = «2/q because
Qi < Qgeary 1€, BOL(2) = 0, henceBCI(1,2) = (1,0).
But a3 = ax/q = (go1)/q = «y sincew,, hasalready
converged to {), ), goal} in equilibrium state. Thus, the
third fluctuation cycle is exactly the sameas the first cycle.
Lik ewise, the fourth cycle is the sameasthe secondone,and
$0 on. So, we can onlgl focus on the first fluctuation cycle
Ty = 2Ty + 1) + T + T8 + 1 + 7 andthe second
fluctuationcycle 73 = 2(T +Tb) +Tq(2) +TP +170 412,
We define the control period to beT £ 1 + 1.

In theith fluctuationcycle (i = 1,2), let R{., and R\ be

min

its maximumandminimum rates,respeCUer. Thenwe have

R®

max

=p+ o (Tq“) + Ty + Tf) (13)

whereT(i) = /2Q),/«; isthetimefor Q(¢) to grow from 0 to
Qn, a; = éoal = fgoal/q andas = gay = oclgoal. We define

201
T AT+ 10 + 1y =T+ |22 4 7
o

duringwhich R(¢) increase$rom 1 to RY).. underlinearrate-

increasecontrol. Then,the maximumqueueengthis given by

(14)

(4)

T, T$ .
Qmax = / Oézt dt + / (Rl(zl)ax —(0=f0x N) dt
0 0
(15)
whereTy) =—(A/1-5) log(u/RfﬁLX). Thus,we obtain
= () = (@)
Qmax - |:T1nax:| + 1— ﬁz |:Oéztrma_x + l’LlOg I(fl)ax:| .

(16)

Letting Tl(i) bethetimefor Q(¢) todropfrom QmaX to @, yields

T(i)
Qmax Ql / 2 (1 — 6_(1_’85)%) dt (17)

So,Tl(i) is thenonngative realroot of nonlinearequation

_(1 8; ) /3 T(z) Qmax - Ql] _1=0. (18)
I
Then,the minimumrateis given by
>+’T' +7
R, = pem ==t (19)

The controlperiodis determinedby

2 2
T=31i=3 10 +10 + 17 + 20 + 1] (0)

=1 i=1

whereT” = (4 — RY) )/a; 41 is thetime for R(t) to grow
from R

0 to e with a1 (s = ag).
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Fig.4. Equilibriumandtransientstateperformancevaluation.(a)  versus . (b)

Theaverageequilibriumthroughput,R, canbecalculatedoy

2 /T( 28

T
(1 + oyt) dt + / RO o~ (—8% gy
0

T
+ / (Rffgn + ai+1t) dt] (21)
0

whereZ!" = Téi) + Tl(i) + 7 is thetime spenton exponential-
decreaseatecontrolwithin the<th cycle. Equation(20) reduces
to

2

34

uro+ 2 (1)
A

e
+ 2 [70] 2} |

B. Equilibrium-Sate Performance Evaluation

Let the bottlenecklink bandwidthy,, = 155 Mb/s (367
cells/ms)andCy.x = 750 cells.Assumel;, = 1 = 1 msand
7 =1, + T = 2ms.Also, setA = 0.57 = 1 ms,Q;, = 50,
Q; = 25 cells, and the initial sourcerate Ry = p for the
equilibrium state.

Fig. 4(a) plots R versusg for different Q4..1's obtained
from the analysisand the simulationd for the ideal case
where Qgoar = (1/2)(QF,.1 + QLoa1)- Fig. 4(a) shavs that

We usecdthe NetSimpackagg19] for thesimulationsandsetthesimulation
parametersxactlythesameasthoseusedheanalysifor comparisorpurposes.

()
A

+ T(Z)R@

nun

(22)
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(b)

(d)
max VEISUS . (C)  VEISUS ax  min)- ()  poak VETSUS ax  min)-
R monotonicallyincreasesas ¢ grows. This is expectedsince
a smaller¢ leadsto a larger fluctuation of R, and Q{",
degrading R in the equilibrium state Whenq getslarger, the
fluctuationamplitudesf Qmax andR{, getsmallerasshavn
in Theorem3. In the extremecasewheng — 1 (¢ # 1 since
g = 1 meanghat«-controlis shutdown), Rfﬁa)x approachesa
constantFig. 4(a) alsoindicatesthatfor the sameg, a smaller
Quoal = kChax, 0 < k < 1, givesa larger R in equilibrium,
also confirming our obserationsin [15], as a smaller Q a1
impliesasmallerag.a1. Moreover, Fig. 4(a) shows: 1) R drops
morequickly if ¢ < 0.4 and2) R gainsslowly if ¢ > 0.6, pro-
viding network designerswith the optimal rangeof a-control
parameterg. Fig. 4(a) also shavs that the analytical results
basedon the fluid modelingmatchthe simulatedresultswell.
The slight discrepang is due to the RM-cell processingand
queueingdelays,andfluid analysisapproximations.

While Q0.1 canbe arywherebetweenQg 1 and ngal
pendingon «g, to analyzehow ¢ affects Q,,,.x in the worst
case,FLg. 4(b) plots Q... versusg in the worst casewhere

Qgoal > ngal Qmax 1S Obseredto increaseas g decreases,
which makes sensesincea smallerg implies a larger fluctua-
tion amplitudeof Qf{l‘a)x. Fig. 4(b) alsoshovs that@,,,.. shoots
up quickly wheng is below the rangeof 0.4—-0.6while .«
dropsslowly wheng is above the rangeof 0.4-0.6,giving the
sameoptimalrangeof ¢ asobsenedin Fig. 4(a).Again,thean-
alytical resultsareverified by the simulatedresultsasshavn in
Fig. 4(b).

C. Transient-Sate Analysis
Thesystenctanenterthetransienstatedueto thevariationof

7 andbandwidthin two differentcases1) g > o”_, therate

goal ’
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corvergenceis underdampedand?) o < agoal, theratecon-
vergencds overdamped\(vhereozgoa1 amdozgoa1 arefunctionsof
Qgoal, P, ¢, T, andp. Thetransient-statanalysisaimsatcharac-
terizingthesystenmdynamicswhile themulticast-tredottleneck
pathis still in progresscorverging from oneto anotherequilib-
rium state Denotethetransient-statanitial rate-ginby «, and
the new bottleneck’stargetrate-gin by cq.1 correspondingo
the new bottleneckpath’sRTT 7 andtargetbandwidthz.. The
following theoremcalculateghe numberof transientcycles.
Theorem 4: Considera multicast-treebottleneckcharacter-
izedby Qgoa1, @n, p, andg. If theinitial rategain o = «y, the
nev RM-cell RTT 7 = 7, andnew target bandwidthy, = 1,
thenthe numberof transientcycles, NV, is determinedy

Qgoal . o
{10 ‘<fm>/log qJ , ifag> agofd (23)
[(Ctgoal — 0)/p], if ap < Ggoar

whereag,,1 is the nonn@ative realroot of nonlinearequation

N =

~9 ~
B 1

+pp + ——log =

2 Mgoal + agoalp

s 22
Agoal P

ngal =0 (24)

wherep = 7 + /2Q4 /gon1, aNdgoa1 CANbe approximated

by

(25)

< \V4 ngal Y 2Qh>

agoal ~

=
if Qgoar is small.

Proof: The proof |s presentedn AppendixF. [ |
Let Rl(fgak and Qpeak be the peak source rate and
queue length, respectiely, in the 4th transient cycle,
¢t = 1,...,N (>1) (assumingey > (1/g)cgom OF
ap £ Ggoal — p). Let us startfrom the first (¢ = 1) tran-
sientcycle. SinceR(t) = Ry + agt, wehave
R = Ro +ao (T +7)

pea.

(26)

whereT " = (1/a0)[—(Ro — i) + v/(Ro — 11)? + 20 Q1] is
obtainedby solvingfollowing equation:

T
Q= / (R(t) — i) dt. (27)

Define Téi&k 2 75V + 7 asthetime for R(t) to increasefrom

Ry to RV the peakqueuedengthcanbe obtainedby

peak?
T
poak .
= [ o+ ot = iy
0

TS . ,
+ / (Bioe =% — i) dt - (28)
0

whereZ (" = —(A/(1—)) log(i/ Riny,) isthetimefor R(#)
to dropfrom Reak backto ji. Reducing(28) gives

_ W A
( 2 |:ereak 1— [30

1
Ql()e)ak

2

QI()];;)ak - N)Tgiik + } +
&) O N .

: Oéoirpeak + (RO - u) + /“Llog W

peak

] . (29)
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If Ry = u, (29) reducego (16), WhICh is c0n3|stenW|th the
factthat Q\iA is the specialcaseof Qpeak with Rg =

To computehefirsttransient-stateycle, Weneeotoflnd T( )
which s the nonngjative realroot of nonlinearequation

(D

1-5
—(1—80)~— OT(l)
¢ S tTA

Q,eak Qi (1- 5
[ e (R

Thistransient-stateycleis 70 = 73" + TV + 1Y 4 27 4

7Y, whereT™™ = (fi/on)(1—c R >+T>/A) is thetime

for R(t) to reachy from its lowestvaluein the first transient
cycle. Theaveragethroughpuin thefirst transient-stateycleis

given by

=0. (30)

RT()

peak

RrY = + %o [T(l)

peak

1
T
o )T<1>+T<1>+_
gy T
< /30>
.~

Ay <ﬁe<1,ao>Tl J") LY [Tu)r
T 2 T

Now, for thecase®f2 < i < N (V isgiven by (23)of Theorem
4), sincethe performancemetricsare derived similarly to the
casefor ¢ = 1, we only give the final resultsfor the average
throughputpeakgueudength,andthelengthof theithtransient

cycle:

} +RY

@ ~ (%) 1 (2) (2)
R - W ijeak +— 2 |:17peak:| + Rpeak
(I C
. A | - Riria 47
1-8i1
T o 2
+ 70 (om0 ) S TO]| (3
@) _ =1 ) 4 A (i)
Qpeak - 2 [j})eak:| + Qi1 (1 _ ﬁz 1) peak
~ P
log — 32
A R, @
T = \/ﬁ + I + 17 + T + 27 (33)
Q1
where
i ~ 2Qn
T, =7+, 2 (34)
Q1
R = it cia T, (35)
A o
T(Z) — _ lo 36
0] (36)
‘peak
~ z>+_
T = * ll ¢~ si) ] (37)
;
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andTl(i) is the nonn@ative realroot of thenonlinearequation:

01— B 5 QWL —
L i—1 (2) Wpeak Wl
e Y 7O ~1=0
° A < ! 7
(38)

where2 < 4 < N. Theentiretransient-stat@eriodis then
Tiran = E T(” andits averagethroughpuis expressedy

o~ (=0

N .
1 SR,

tran =1

Ftran = (39)

The peakqueuelengthfor the caseof ag > agoal IS Qpeak =
Ql(i)ak, andc; is determineddy the «-controlgiven by (5).

D. Transient-Sate Performance Evaluation

For the transient-stat@erformancenalysis the sameflow-
controlparameterareusedasin theequilibrium-stateanalysis,
exceptthatCrax = 700 cells,Qgoa1 = (1/2)Crax = 350 cells,
and «y is sethy pg = 367 cells/msand g = 2 ms. To study

AN . ~
the worstcase,;setrg = Tmin = min;c(y . o3{7} and7s =

Tenax 2 max;c(1,..n} 17} Of amulticastVC (Virtual Circuit)
with »n paths,andassume: = 267 cells/ms.Fig. 4(c) plots IV,
obtainednumericallyby (23) andsimulationsby NetSim[19],
Versus mmax — Tmin ) fOr differentg. N isfoundtoincreasestep-
wise monotonicallywith (7wmax — Tmin). Thisis expectedsince
a large variationin RM-cell RTT requiresmore transientcy-
clesto corvergeto thenew optimalequilibriumstate A smaller
q resultsin a fewer numberof transientcycles. Thus, ¢ mea-
suresthe speedof corvergence. Theseobsenationshave been
exactly duplicatedby simulations,thus verifying Theorem4.
Fig. 4(d) shavs the numericalandsimulationresultsfor Qeax
VErsUS(Tmax — Tmin) With Qgoa1 Varying, wherewe setRy =
367 cellsi/ms,n = 347 cells/ms,7in = 70 = 2 ms,and
Cmax = 700 cells. Qpeax is Obsenedto shootup quickly with
(Tmax — Tmin), fUrtherjustifying thenecessityof «-control,and
a larger target Q.1 is found to resultin a fasterincreaseof
Qpeak- The simulationresultsclosely matchthe analyticalre-
sultsasshown in Fig. 4(d).

VL.
A. Analytical Analysis

M (>1) concurrenflow controlledvCswith acommormul-
ticast-treebottleneclkaremodeledy asinglebuffer andasener
sharedoy M sourceratesR;(¢t). Attimet theaggregatearrlval
rateat the multicast-treebottleneckis Z Ri(t - T >) So,
the bottleneck’sbuffer queuelengthfunctlon attimet is

= /tt {EA_ERZ (v - TJ@) - u} dv+Q(to) (40)

MULTIPLE MULTICAST CONNECTIONS

whereTf is forward delayfor theith VC. Applylng thesame
rate-controbroposedn Sectionll, for: =1,..., M, wehave
" Ri(to) + ol (t — to), 1fQ( )<Ql
i(t) = t—tg)
Ri(to)e =75 it Q (t - ) > Q.

(41)

Fig.5. Simulationmodelfor multiple multicastVCs.

The«a-controlis appliedin thesameway asin the singlemulti-
castVC case but Qfﬁﬁx is contrituted,and Q.1 is sharedby
all M VCs. Theanalyticalresultsfor multiple concurrenimul-
ticastVCsareomittedfor lack of spacelnsteadwe presenthe
simulationresultsbelaw to (1) verify the analyticalresultsand
(2) analyzethe performanceof the proposedschemefor more
generalcaseswvherelocations,number andbandwidthof mul-
ticast-treebottlenecksrary with time.

B. Smulation Results

Using the NetSim simulator[19], we conductedextensie
simulationgor concurrentmultiple multicastvCswith multiple
bottleneckso studythe performanceof the proposedscheme
with a-control,andcomparet with schemesvithout «-control.
By removing the assumptionsnadefor the modelinganalysis,
the simulationexperimentsaccuratelycapturethe dynamicsof
real networks, such as the noise-efect of RM-cell RTT due
to therandomnessf network environments,andRM-cell pro-
cessingandqueueinglelays jnstantaneougariationsof bottle-
neckbandwidthswhich arevery difficult to dealwith analyti-
cally.

The simulated network is shavn in Fig. 5, which con-
sists of three multicast VCs running through four switches
SWiy,...,SW, connectedby three links Ly, Lo, Ls. S; is
the sourceof VC;,¢ = 1,2,3, and R;; is S;’s jth recever.
So, VC, and VC3 shareL; and L3, respectiely, with VCj.
S1 is a persistentABR source which generatesthe main
data traffic flow. Sy and Ss; are two periodic on-of ABR
sourceswith on-period= 360 msandoff-period = 1011 ms,
respectiely, which mimic cross-trafic noises, causing the
bandwidthto vary dynamicallyat the bottlenecksWe set L;’s
bandwidthcapacity; to (1) 1 = pz = 155.52 Mb/s and(2)
w2 = 300 Mb/s, forcing the potentialbottlenecksL; and L3
to shaw up. Letting all links’ delaysbe 1 ms, S;’s RM-cell
RTTs via Rig, R17, R1s equald ms which is 2 timesof S;’s
RM-cell RTTsvia R;1, R12, Ri13. Theflow-controlparameters
usedin the simulationremainthe sameas thoseusedin the
analytical solutions for comparison purposes.Specifcally,
Qn = 50 cells, Qgoa1 = 400 cells, A = 0.4 ms,g = 0.6,
p = 16.67 cells/mg, and Ry = 30 cells/ms;VC1's g = 57.8
cells/img, VCs and VCs's o = 22.9 cells/mg. We let S,
startatz = 0, S, att = 160 ms,andS; att = 822 mssuchthat
S and S3 generatethe cross-trafic noisesagainst the main
datatraffic flow at thepotentialbottlenecks.; and L3 with the
respectie on-periodsappearinglternatelywithoutany overlap
in time. Consequentlyas shovn in Fig. 6(a)—(f), the first two
on-periodf VC, andVC; dividethefirst 1178mssimulation
time axisinto the following 4 time periods(ms).7; = [0, 160]
whereonly VC, is actve; 7>, = [160, 520] whereboth VC,
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@

(b)

©

Fig.6. Dynamicsperformance&omparisorbetweerschemesvith
(b) o Total ... cOnvergesto ... With -control.(c) 3: Total
without -control.(e) 2. Total ,.x doesnotcorverge to

andVC, areactive; T3 = [520, 822] whereonly VC; is active;

T, = [822, 1178] whereboth VC; and VC; areactive. The

simulationresultsfor thetwo differentschemesresummarized
in Figs. 6(a)—(f)and7(a)—(d),whereall resultswith «-control

areplottedin Figs.6(a)—(c)and7(a)—(b)ontheleft, while those
without «-control are shovn in Figs. 6(d)—(f) and 7(c)—(d) on

theright. Eachindividual performanceneasuravith «-control

is comparedvith its counterpartvithout a.-controllistedin the

samerow.

1) During T3 . For the a-controlledschemeFig. 6(a) shavs
that VC;'s rate R, (t) corvergesto L, and L3’s capacity367
cells/ms(155.52Mb/s) since VC; is the only active VC andit
grabsall the bandwidthavailable. Thus,during 77, thereexist
2 bottleneckdocatedat L; and L3 with RTT equalto 2 msand
4 ms, respectiely. Denotethesetwo bottlenecks'total queue
lengthsat SW, andSW3 by Q»(¢) and Qs(t) andtheir max-
imumby Qfﬁx andeg’;X, respectiely. Fig. 6(a2—(c)shcwsthat
after experiencingonetransientcycle dueto Q{2 = Q). =
560 > Qgoal;s Qfﬁ;x and Qfﬁ’;x corverge to Qg..1'S Neighbor-

-controlandwithout -control.(a)
max CONVErgesto
soal Without  -control. (f)
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(d)

(e)

®

's corverge to bottleneckbandwidthwith  -control.
-control.(d) 's corverge to bottleneckbandwidth
max doesnotcorvergeto ... without -control.

goal with
3. Total

hood [350, 446] by «-control. So, a-control not only drives
R;(t) to its taget bandwidth,but also confinesthe maximum
queuelengthsat the bottlenecksto Q,..1's neighborhoodIn
contrastfor theschemesvithout a-control, Fig. 6(d)—(f) shav
that R, (¢) corvergesto iy = pug = 367, but Qfﬁlx = Qfﬁ’&x =
560 andnever wentdown to Qgoa1 = 400.

2) During 13. VC, startstransmissiongompetingfor band-
width andbuffer spacewith VC;. The bottleneckat L3 is ex-
pectedto disappeasince R, (t)'s new target bandwidthalong
pathvia L, isonly ahalf of thatvia Ls. So,L4 istheonly bottle-
neckwith RTT = 2 ms,targetbandwidth= (1/2)., for each
of VC; andVCs. For the«-controlledschemeFig. 6(a)shavs
thatthe sourceratesR; (t) and R,(t) experiencetwo transient
cyclesduringwhich R; (t) givesup (1/2) 1 to Ro(t) until they
reacha new equilibrium. Fig. 6(b) shows that a large queue
build-up Qfﬁx = 704 asaresultof the superposedate-gin
parameteffrom R (¢) and R»(t), andthe reducedbottleneck
bandwidth.With «-control, Qfﬁx is driven down t0 Qgoa1'S
neighborhoodf [385, 468]. Fig. 6(c) shavs Qs(¢) = 0, ver-
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@)

(b)

Fig. 7. Buffer occupang fairnesscomparisorbetweerschemesvith andwithout -control.(a) PN

30 31 33 corvergeto fairnesswith

: -control.(c) 2!
do not corverge to fairnesswithout -control.

21

ifying thatthebottleneckat I3 vanishedFig. 7(a)is azoom-in
pictureof Q2 (t) = Q21(t) + Q22(t) of Fig. 6(b), whereQ2: (t)

is the per-VC queueof VC; and (Q22(¢) is the per-VC queue
of VC, atSW,, respectiely. Fig. 7(a)indicateghatin thefirst
transientycle, Qa1 (£)'s maximumQizas = 528, whichis more
than3 timesof Q22 (t)’s maximum@'z2) = 175. Undera-con-
trol, Q21 () and()22(t) converge to eachotherquickly andbe-
comeidenticalfrom ¢ = 391 ms. This verifiesthatthe «-con-
trol law canensurghefairnessn buffer occupang betweerthe
competingVCs. By contrastfor the schemewithout «-control,
Fig. 6(e) iIIustratesthatfo;X jumpsup to ashigh as900 and
staysat900evenafterthetransienttate Fig. 7(c),thezoom-in
pictureof Fig. 6(e),shavsthat()s; (t) never convergesto Q2x(t)

even after the transientstate,and thus the buffer spaceis not
fairly occupied.

3) During T3. After VCs entersan off-period, R, (¢) grabs
all 11 again. After R, (¢t) reaches;, thebottleneckat L; also
shovs up dueto i1; = us, andthenthetotal numberof bottle-
necksbecomeg again. For theschemaewith a-control,because
(222(t) suddenlydropsto zero as VC, entersan off-period,
makinngﬁ;X < (Qg0a1, Which generate8 consecutie BCI =
0, the «-control's additive-increaseperationc,, = a,_1 +p
is executedtwice during the transientcycles until Qn?ax con-
vergesto Qq.a1's Neighborhood367, 483] within 3 transient
cycles. NotethatngtX monotonically corvergesto [367,483]
as shown in Fig. 6(b). This is expectedsmcep = 16.67 <

(1= @)/ )((/Qeoat — V2Qn)/7)?, satisfyingthe condition
(3) in Theorem3. This obser\atlonfurtherverifiesthecorrect—
nesof theoptimalmonotoniccorvergenceconditionderived in
Theorem3. In Fig. 6(d)—(e)for schemesvithout c-control,the
queueand rate dynamicssimply repeattheir dynamicsin 173,
suffering from a large buffer requirement.

22
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©

(d)
21 22 convergeto fairnesswith
do not corverge to fairnesswithout -control.(d) 3

-control.(b)

31 33

4) During T4. The rate and queuedynamicsare similar
to 7>'s, exceptthat the bottleneckis now at L3 with a new
target bandwidth= (1/2)u5 andalongerRTT = 4 ms. For
the o-controlledschemeFig. 6(b) shavs Q2 (¢) = 0, i.e., the
bottleneckat L; disappearednd L3 is the only bottleneck.
Fig. 6(c) shavs that fo&x shootsup to 928, asa resultof the
doubledRTT (4 ms)via Ls. Within 3 transientc:ycles,fof’;X
cornvergesto Qq.1's neighborhooaf [367,445]in equilibrium
state. Fig. 7(b), a zoom-in picture of Fig. 6(c), shavs the
buffer-occupang fairnessensuredby «-control. Theseobser-
vationsverify that «-control can efficiently adaptto RM-cell
RTT variationsin termsof buffer requirementindfairnessBy
contrastfor the schemewithout «-control, Fig. 6(e)—(f) shavs
2 bottlenecks1) a bandwidth-congestiohottleneckat 7.; and
2) a buffer-congestiorbottleneckat L3. Fig. 6(f) shawvs that
fo;x = 1740, almost2 timesof that underthe «-controlled
schemeMore importantly Qfg’;x staysaroundl1740evenafter
the transientstate.Moreover, Fig. 7(d), a zoom-in picture of
Flg 6(f) demonstratethatbufferoccupanyisnotfairbecause
QB = 1000 but Q2. = 740.

The three VCs averagethroughputsR,, R», Rs (cells/ms)
(for on-off sourcesaveragingover theon-periodonly) obtained
by the simulationare comparedor the two typesof schemes
in Tablel. In all thethreeVC casesthe proposedschemenith
a-controlis obsenedto outperformthe schemeawithout a-con-
trol in termsof averagethroughput.

VIl. SUMMARY AND REMARKS
A. Summary

We proposedand analyzeda flow-control schemefor mul-
ticastATM ABR serviceswhich scaleswell andis efficientin
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TABLE |
AVERAGE THROUGHPUTSCOMPARISON OF THE TWO TYPESOF SCHEMES

dealingwith thevariationgn themulticast-treestructure Wede-
velopedthe a-control, the second-orderate control, to handle
thevariationof RM-cell RTT. Underthea-control,theproposed
schemenot only adaptsthe sourcerateto the available band-
width of themulticastree’smostcongestegath,but alsobrings
the buffer occupanyg to a smallneighborhoof thetargetset-
point boundedby buffer size. Although the second-orderate
controlwas proposedor multicastflow controlin [17], it isalso
applicableto unicastflow controlasshavn in [11], [15].
Applying the fluid analysiswe modeledthe proposedmul-
ticastflow-control schemeand derived expressiondor queue
length, averagethroughput,and other performancemeasures
in both transientand equilibrium states.We also derived an
analytical relationshipbetweenthe rate-gain parameterand
RM-cell RTT, ensuringthe feasibility of the «-control in
dealingwith RM-cell RTT variations We developedanoptimal
control condition, underwhich the «-control guaranteeghe
monotoniccornvergenceof systemstateso the optimal regime
from ary initial values. The simulation results verified the
analyticalresultsin bothtransientandequilibriumstates.

B. Remarks

Although a synchronousmodelis employed to control the
RM-cell interval in the analysiswe alsosimulatedour scheme
underthe asynchronousnodelwherean RM cell is sentonce
every N, = 32 [1] datacells. Theasynchronousodelturns
outto havelittle effect on performancef N,,, is nottoo large.
Thethroughputmay degradedueto RM-cell stanationif N,,,
is toolargewhenRTT islargewhile keepingMCR low. Onthe
otherhand,too smallan N,,, will costtoo muchbandwidthin
signaling,andmay alsoresultin a high rateoscillation.More-
over, theasynchronousnodelis alsoapplicableto the connec-
tionswith differentRTTs. The simulatedresultsin Figs.6 and
7 shav thatthe a-controlstill corvergesto bothbandwidthand
buffer’s efficiengy andfairnesseven for connectionswith dif-
ferentRTTs.

While the infinite source,an assumptiorusedin our fluid
modeling,representsnary typical network applications(e.g.,
file orimagetransmissions}herearealsosomefinite sources,
such as the on-off ABR sources.lt is possiblethat a large
numberof on-of ABR sourcessharingthe samebottleneck
enteran on-statefrom an off-state simultaneouslycausinga
sev/ere congestionduring the transientstate. The simulation
resultsin Figs. 6 and7 shav a large queuesize when on-off
ABR sourcesenter an on-statefrom an off-state. However,
the congestiondue to the on-of ABR sourcelastsonly for
a very limited time period during the transientstate,and is
quickly overcomeunderthe a-controlasthe systementersthe
equilibrium state.
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Fig.8. Pseudocodéor sourceendsystem.

Fig.9. Pseudocodéor intermediateswitchsystem.

APPENDIX A
THE PSEUDOCODESFOR SOURCEEND AND
INTERMEDIATE NODES

Figs.8 and9 give sourceandswitchalgorithms respectiely.

APPENDIX B
PrROOF OF THEOREM 1

Proof: Using the fluid-modeling results on the multi-
cast-treebottleneckdescribedn SectionV, for (o, 7) € Q we
have [seethe derivationsof (15) and(15)]

Qmax(aa T)
Thiax Ty .
= / at dt +/ (]*Lnaxe_(l_'@)z — u) dt
0 0
o, 9 A 7
= = ﬂ]lax log 42
5 lmax 73 <a + plog max) (42)
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Fig.10.  ...x (Shadedarea)is upper-boundedy the areaof

wherey is the multicast-treebottlenecktargetbandwidth and

20,
Thax =7+ Q}
&
12,
Riax = [ e <7_ + &>
&
A (03 2Qh
Ty=—-log|l+ — .
d -5 og +N<T+ o )]

Ontheotherhand,Q.,,.x is alsoequalto theareabetweenZ(t)
andy: over thetimeintenal of 7;,,,, + T4, andis upper-bounded
by the areaof its circumscribedriangle AABC asshavn in
Fig. 10. Thus,we have

Qmax(av 7_)
1
S E(aﬂna.x)(ﬂna.x + Td)

:;{<+@)+<+@)
o))

! 20,
(p)) e
= (rva +/2Q1)%. (45)

Sincea > 0 dueto (a,7) € £, equation(43) above holds
becauseof the given constraintcondition3 = 1 — («/u)A
(seethe end of SectionlV for the details).Equation(44) fol-
lows dueto thefactthatlogz < z — 1 (Note:logz ~ z — 1
for = closeto 1. So, the boundgetstighterif [1 + («/p)(7 +
V2Qn/a)] = (1/1) Rimax IS closeto 1,i.e., it < Rpax = 11+
a7+ 1/2Q), /) < 2u, or equivalentlyl < (1/p)Rpax < 2,

81

which s thetypical operatingregime for the proposedscheme
since« is smallunderthe «-control for the given finite buffer
capacityCy,,x). Equation(45) yields the upperboundderived
in (4), completingthe proof. [ |

APPENDIX C
PROOF OF THEOREM 2

Proof: Claiml: LetK 2 r «, a positive real-valued
numberfor («, 7) € Q. Define areal-aluedfunction{(K) =
C(rv/c) 2 (K +1/2Q1,)?, whichis the upper-boundunction
of Qpax (v, 7) obtainedrom (45). Thus,by Theoreml we have
CK) > Quax(a, ) for (e, 7) € 2, andfurther

Qmax(av T) S C(K)
= [K? +2V/2Q1K + (2Q), —

Cmax)] + Cmax-
(46)

SinceChax > 2, and((K) is a continuousand monotoni-
cally increasingunctionof K, 3K > 0 suchthat

K2 +2\/2Q1,K < (Cinax — 2Q1.) (47)
— [K2 + 2\/ 2Q}LK + (2Qh - Oma.x)] < 07 (48)

and{(«,7)|7va < K,(a,7) € Q} # 0. Thus,V(a,7) €
{{a, 7) | 7/ < K, (o, 7) € Q} whereK is specifed by (48),
by (46) and(48), we obtain

Quax(e, 7) < [K? +2V/2Q1.K + (2Q), —
< anax

whichimplies(«,7) € F, thusF # 0.
Claim?2: To obtain a tight lower bound for £, we set
Qmax(a, 7)'s upper-boundunction {(K) equalto C,, i.€.,

Qmax(av T) S C(K) = K2 + 2 V 2QhK + 2Qh = Cmax
(50)

whichreduceso aquadratieequationK ?+2+/2Q;, K +(2Q;,—
Cumax) = 0. Solving this quadraticequationfor K andtaking
the positive root, we obtain Ky = /Chax — V2@, > 0
sinceCp,.,. > 2Qy,. By (50),we have (o, 7) € F,V(«a,7) €
{{la,7) | v/ £ Ky, (a,7) € Q}, implying that all points
locatedbelan or on the curve of function K, = 7/a ¢ L.
Thus, £ is lower boundedby the functionof {(K) = Cyax OF

Ky = 7v/a = vChax — v20Q4. Thiscompletegheproof. =

Oma.x)] + Omax
(49)

APPENDIX D
PrROOF OF THEOREM 3

Proof: Claim1: We prove thisclaimby consideringhe
following two casesdependingipontherangeof «y.

Case 1) oy < @goall @umax(r) iS @ monotonically-in-
creasingfunction of « and ap < Ggoal = Qﬁ?&x
Qmax(0) < Qgoal = Qumax(tg0a1). Applying c-controlwith
anincrease-stepizep, Qﬁ?ﬁx monotonicallyapproaches) ..
from below at Q%% Whenthefirst time Q.. > Qgoa1 hoIdS
atn = n", i.e., a0 +n"p = an+ > (gl thesourcedetects
BCI(n* — 1,n*) = (0, 1), andthenreducesy,, exponentially
by settinge,,~ 11 = ga,+. We wantto prove thefollowing:

Qmax(an*-l—l) = Qmax(qan*) S ngal- (51)
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Since (T\/m + vV 2Qh) 2 Qmax(agoal) - ngal by
Theorem 1, we have ( \/ngal V201)/7)? £ Qgoal
But, sincep < ((1 — q)/¢)((\/Qgoal — v2Q1)/7)?, We get
p<((1- Q)/Q)O‘goali whichreducedo Q(agoal +p) < (goal-
On the other hand, due t0 ap,-—1 < (goal, Weh ave
(.Z(Oén*fl + p) < q(agoal + p) Becausex,: = ap- 1 + D,
Q(an*—l + p) < q(agoal + p), andq(agoal + p) < (goal, WE
obtain

Qpryg] = qQpx = q(an*fl +p) < q(agoal +p) < Xgoal-

(52)
Thusmeax(an*—l—l) = Qmax(qan*) S Qmax(agoal) = ngaly
which is (51). By (51), BCI(n*,n* + 1) = (1,0). Applying

a-control, we get c,« 2 = aprg1/q. But g1 = gqou,s,
giving Qnog2 = QO+ /@ = G+ > Ogoal; thus, BCI(n* +
1,n* + 2) = BCI(O 1). Applying a-controlagain, cv,- 43 =
(Qn+42 = @Qn+ = Op-41. BULDY (52), @43 = qoun- <
Cgoal, ANAthus BCI(n* + 2,n* 4+ 3) = (1,0). Repeatinghe
above procedurewe getvk € {0,1,2, .. ,}

{

implying that BCI(0,1,2,3,...,n* — 1,n*,n* + 1,n* +
2,n*+3,...)=(0,0,0,0,...,0,1,0,1,0,...). By Definition
4, Qfﬁa)x monotonically corverges to Q,..1's neighborhood
{QL 1, @1} In addition,in the equilibriumstate

an*+(2k+l) = Qpr41 = qQp> S Mgoal
x4 o = Qpx > agoal

(53)

Qmax(qon+ ) = Qmax(g(n*p + 040))
= MaX,¢c{0,1,2,...} {Qx(:s)m‘ . < ngal}
Qumax(n) = Qumax(n"p + o) >4
= MiNye(o,1,2,..} {QI(I?a)X Q. > ngal} .

Thus by Definition 3, Q!
goal - Qma.x(n D + 040)
(0)

Case 2) Qo > agoal SlnceQmax — Qmax(OCO) > ngal
Qmax(goa1), applyingthe a-controlwith afactorq 0<g<

1), ana)x monotonicallydecreasefrom Qmax toward ngal

Qmax(q(n*p + Oé())) and

goal

Whean{fa)X < Qgoal for thefirsttimeatn = n*,i.e.,¢" oy =
an- < agoal, the sourcedetectsBCL(n* — 1,7*) = (1,0).

Applying a-control,wegeta,« 1 = o+ /¢ = Gpr —1 > Qgoal,
andthusBCI(n*,n* + 1) = (0,1). By a-control, ct;,- 42 =
g1 = (o~ /q) = e < Qgoat, andhenceBCI(n* +
1,n*+2) = (1,0). Applying «-controlagain,we getc,,- 13 =
Cne 2/ = Qpr41 > Qgoal, ANAthusBCI(n* + 2, 7% 4+ 3) =
(0,1). Repeatthe abore deducingprocedurewe have Vi €

{071727"'7}

{

implyingthatBCIL(0,1,2,3,...,n*
3,...=(,1,1,1,...,1,0,1,0,1,..

[ 79% +(2k+1) = Qpr4] = Qp» /q > Xgoal (55)
Qx4 2k = Qpx < Xgoal
1L n*n*4+1,n"+2, 0"+
.). Thereforeby Defini-
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tion4, Qmax monotonicallycorvergesto ,..1's neighborhood
{QL 1, @1} In addition,in theequmbnumstate

Qmax(an"‘) — Qmax(q aO)
= 1naxnc[07172 {Qmax max < ngal}

Qmax(an* /Q) = Qmax (q( -_1)060)

= miNlye(o,1,2,...} {Ql(ga),x Qmax > ngal} .
(56)
Thus, by Definition 3, Q' ., = Quax(¢" @) and Q" =
QmaX(q(n —1)a0).
Claim2: Sincep < ((1 — q)/9)((\/Qgoat — V2Q1)/7)?

and0 < ¢ < 1, by Cla|m 1 of Theorem3, QmQX is guaranteed
to corverge to Qg0a1'S Neighborhoodn the equilibrium state.
Define maximum-queue-lengthpper-bouncerror functionfor
(o, 7) € F by

’7(@7 ) 2 (Tf) Qma.x(a T)
7'\/_+ \Y4 2Qh Qmax Y 7_) (a7T) €r
(57)

whichisanonngativereal-\aluedfunctionsince@ax (o, 7) <
¢(ry/@). Accordingto Lemmal, seeAppendix E, which is
also verified in Fig. 2, andbecausex | > agoa1, Weh ave

goal

7( Igoal7 ) ,Y(agoalv ) >0, |ead|ngto
goal ngal
= [ goal ngal] [ ( Igoal’T) _'Y(C)égoala’f)]

2
= ngoal - ngal + |:(7_ agoal + 2Qh)
- nga1:| - [(7_\/ Qgoal + 2Qh)2 - ngal]
7_2 (agoal - O‘goal) +7 V 8Qh ( goal RV agoal)

1
T2 <_ag0al - agoal) +7 V 8Qh

<
(58)

= 7‘2agoa1 <§ - 1) + T\/8agoa1Qh <% — 1) (59)

where (58) is due to the inequality o ., < (1/¢)ageal
that resulted from the «-control law. This proves (10).

Likewise, because cgoar > afgoal, which results in
Y(otgoat, 7) — ¥(hp:7) > 0 dueto Lemmal (seeAp-
pendixE), we obtain
ngal ngal
[ngal ngal] + [’V(O‘goalv 7_) -7 (algoah T)]
= ngal - goal + [(7_\/ Xgoal + 2Qh)2
2
- ngal] - |:(T algoa] + 2Qh) - Qfgoal:|
=72 (agoal — afgoal) + 74/8Q,

S 72 (agoal - qagoal) +7 \ 8Qh
. (\/ Mgoal — 1/ qagoal) (60)
= TQOégoal(l — (]) + 74/ 8Oég0a1Qh(1 — \/6) (61)
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where(60) is dueto thefactthatafgoa1 > gagoar resultingfrom  Taking the partial derivative on « over both sidesof (66), we
the a-controllaw. This proves (11). Adding both sidesof (59) obtain

andthoseof (61), (12) follows. [ | dolasr) 1 [Q}% \/@
- 2
APPENDIX E Oa (h+V2Qra+7a)” | # V2
MAXIMUM QUEUE-LENGTH UPPERBOUND ERROR FUNCTION 47Q;, 5 2 Q;
+ ——a+a> 2Q My
MONOTONICITY LEMMA . . h 5
Lemma 1. The maximum queue length upper-bound 3 )
error function v(a,7) = ((7v/@) — Qmax(a,7) = + 37Q 17 [@n
(rv/a + vV2Q1)? — Quax(a,7) defned in (57), is a Vep2 o 2p Vo2
strictly monotonic-increasingfunction of « for Yo > 0 and , (27% 572Q s
(a,7) € F. ta | — 2 taz
Proof: Sincev(«, 7) is definedfor (o, 7) € F, we only 5 .
needto consider(a,7) € F C Q, wherev(«, 7) is differen- 2r® 20+ 5y 37 /Qh TGP Y
tiable,andthuswe cantakethepartialderivativeon« asfollows 2 2 2
67
O1aT) _ 0(er7)  OQumanlarT) 7
9« da 9 (62) Thatis, (67) proves the following:
3]
where w >0, Ya>0, (a71)€eF (68)
(8%
(e, ) 2Qh 63 which implies that ¢(«, ) is a strictly monotonic-increasing
aa =77 (63)  functionwith respecto o, Vo > 0 and(a, 7) € F. Notice
angx(O‘ T 1 2 / 2Qh Qh —u / Qha 2 <p(a, 7‘) |a:0: 0. (69)
2 2 .. .
@ @ Combining(68) and(69), it follows thaty(a, 7) > 0, Yo > 0
+ B W Slog |14+ 5 & <T+ QQ’LN and(«, 7) € F, andthatis for Vo > 0 and(«, 7) € F,
a? 2
o\ 9y(a, 1)
ela,7)=| —- | ————= > 0. (70)
w2 <T+\/2—(Z> (e 7) <N2> dax
. (64) Reducing(70), we obtain
o+ a2 <'r + %) g
w >0, Ya>0 and (a,7)eF  (71)
(8%
Note that again, we usethe factthat . = (A«)/(1 — 8) in  which completegheproof. |
derivationsof 9Q (e, 7)/J« in (64). Thus,we obtain
APPENDIX F
87(@ T) L Qh Qh i PROOF OF THEOREM 4
da 2 Proof: We alsoneedto provethistheoremby considering
. 10 1 + _— [2Qn the following two cases,which correspondto the first and
e @ secondpartsof (23), respectrely.
\/— Case 1) «p > Qgont: L€t ) ) correspondto the new
=+ N nt .
. <7’ ) | ) . Loal = Qmax(a goal) By (9), Weha/eagoal_q oo, leading
pcx + o <T+\/2Q"> > log —& —
T
* _ goal ~, goal __ @ 72
Using(65), we define a new real-valuedfunction ¢(c, 7) " logl ~ log, L logq (72)
ola,r) 2 <a_§> (e, 7) wheretheinequalityin (72)is dueto cyoa > ago;l But since
12
qQgoal < choal, thatis
2
— 1 E + L Qha% + l Qha IOg _ag_ log —20
2 ' 0g
2\ ey 2 py o2 Uponl " gen g (73)
~log w4 Ta 4+ /2@ Iy Q. 108% log %
14 2a we have
(8% - . Q0 e
(66) log Szeal log —=- log uoal

' ’ o =)
20, Q0 ok goal 14 2 %0 74
“+Q<T+\/ ]> log ¢q =" log & SET logq (74)
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which impliesn* = [log(cgoal/c0)/ log ¢], becauser* must
beaninteger. By Definition 4, N = n* — 1 for & > c¢gon1, and

thus
N=n*—1= {log <ag°a1>/10qu .
ao

Case 2) ap < agoall Let o

(75)

correspondto the new

goal
goa_l = Qmax(agoal). By (9), we get agoal = n*p + ag,
leadingto
. .
nt — Qgoal — X0 > Xgoal — (X0 (76)
p p

wherethe inequality in (76) is dueto agem < ol

goal- SINCE
h

agoal - a;gé‘l < b, i'e" (agoal - ao)/p - (a;(;all - ao)/p < 1’
we have
. o _
Mgoal — QO S nt — agoal o <1+ Mgoal — (o (77)
p

implying n* = [(Ggoa1 — a0)/p], because:” mustbe anin-
teger. By Definition 4, N = n* for o < ctgoa1, andthus

N =n" = [(@goal — @0)/p]- (78)
Since crgoa €OMESPONdsto Qgoal = Cmax(Ctgoal), We
can solve (42) for cgar by letting Quuax Qgoa1 and

alA/(1=71)) ., which yields (24). Since Qgoa1 is
small, implying o1 is small, the lower-bound function

T/oo = v/Chuax — /2Q, given in Theorem? is tight, we can
use

Qmax(avT) ~ (T\/a + V 2Qh)2 (79)
to estimate,,,.. asdiscussedn (2) (aboutClaim 2) of Re-
marks on Theorem 2. Substitutinge, 7, and Qax(cv, 7) by
Ggoal; T, ANAQqoar iN (79), respectiely, yields (25). Hencethe
prooffollows. [ |
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