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Abstract—As the Internet hasgrown in sizeand diversity
of applications, two trends have emergedto provide good
end-user perceived performance. First, serversare often
replicatedfor better scalability of the service. Second,QoS
approachessuch as the differentiated servicesframework
have beenproposedas enhancemento to the best-efbrt IP
service. We are interestedin the combination of thesetwo
trends; that is, replicated serversin QoS-basednetworks.
In this paper, we focuson the problem of selectingamongst
replicatedserversin the contextof differ entiated servicenet-
works. Our contributions are twofold. First, we designa
QoS-basedserver selectionarchitecture. The architecture
is scalablein the sensethat server selectionand resource
reservationare donein an aggregatedfashion and operate
in the background, rather than being driven by individual
client demand. At the sametime, the architecture offers fast
responsetime to client requestsfor server selection. Sec-
ond, we explore the design spaceimplied by the architec-
tur e and evaluate various designoptionsincluding signalling
protocols, server selection/sortingalgorithms and resource
reservationgranularity .

|l. INTRODUCTION

As thelnternethasgrown in sizeanddiversity of appli-
cationstwo trendshave emepgedto provide goodend-user
perceved performanceFirst, to achiere scalability Inter-
netservicedrequentlyusereplication, in which multiple
instanceof a singleservicearedistributedeitherlocally
(in a sener farm) or globally (using wide-areareplica-
tion). Effective useof replicatedservicesrequiressolu-
tionsto problemsincluding naming,group management,
andsenerselection(i.e.,selectingasenerto meetaclient
request).

Secondto achieve quality of service(QoS),additionsto
best-efort IP servicein theform of integrated [28], [27],
[25] and differentiated services [4], [18], [19] are under
development.Integratedservicegint-serv)canpotentially
offer guaranteeend-to-endQoS on a perflow basis,at
the cost of compleity in protocol processingand state
requirements.Differentiatedservices(diff-serv) achieve
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scalabilityby dealingwith aggrgjatesof flowsandoffering
asmallsetof differentservicecateyories.

We areinterestedn thecombinatiorof thesgwo trends;
thatis, replicatedsenersin QoS-basedhetworks. In this
paperwefocusontheproblemof selectingamongstepli-
catedsenersin the contet of differentiatedservicenet-
works. Ourgoalis to provide thefollowing:

Given a client request for service, select a server
and server-client path that satisfiesthe client QoS
constraint. The client request will consist of (at
least) a name for the desired service and a QoS
requirement. The server will be selected from
amongst a set of servers that offer the desired
service.
Ourfocusin this paperis onthearchitecturemechanisms
andsignallingprotocolsto makethe selection.We do not
considerissuessuchasreplicatedsener group membes
shipanddetailsof theselectionAPI, sincethey arelargely
orthogonato theselectionsystem.

Best-efort senerselectiorcanleveragehe“best-efort”
natureof the serviceto provide a scalablesolution that
usually (but generallynot always)provides good perfor
mancege.g.,[10], [12], [26], [6], [3], [9], [24]). QoS-based
sener selectionfacesadditionalchallengessincethe ser
vice inherentlymakesa guaranteeegardingperformance.
Unlike in best-efort networks,offering a sener selection
mechanismin QoS networksmay require explicit sup-
portfrom the networklayer sincewe have to considerthe
path QoS constraints. Hencewe believe it is important
to takethe sener selectionrmechanismnto consideration
in the designand implementatiorof diff-serv networks,
sothatsener selectioncanbe moreeasilyandefficiently
supported Furthermorethereis alwaysa scalabilitycon-
cernassociatedvith QoSnetworks.Althoughdiff-servis
designedo be morescalableghanotheralternatves,sup-
portingend-to-endQ)oSremainsa challengingssue.Any
newv mechanismproposedn this context shouldnotincur
much additionaloverhead. For instance,it is not desir
ableto makesener selectionandresourcaesenationon
aperflow basis.



Our contributionsaretwofold. First, we designa QoS-
basedsener selectionarchitecture. The architectureis
scalablein the sensethat sener selectionand resource
reserationaredonein anaggregatedfashionandoperate
in the backgroundratherthanbeingdriven by individual
client demand. At the sametime, the architectureoffers
afastresponsdimeto theclientsener selectiorrequests.
Secondyve explorethe designspacamplied by thearchi-
tectureandevaluatevariousdesignoptionsincluding sig-
nalling protocols,sener selection/sortinglgorithmsand
resourceresenation granularity We find, for example,
that “backward” signalling,from clientstowardsseners,
is much more efficient than “forward” signalling, from
senersto clients. However, backwardsignallingrequires
additionalsupportfrom bandwidthbrokersplacedin the
network,andhenceaddscompleity to thebandwidthbro-
ker signallingprotocols.

The paperis organizedasfollows. We next review re-
latedwork. We introducethe differentiatedservicenet-
work modelin Sectionlll, and presentthe architecture
designin SectionlV. We then explain the simulation
configurationin SectionV, and presentour performance
evaluationresultsin SectionVI. Finally, we summarize
ourresultsin SectionVII.

Il. RELATED WORK

Most researchin sener selectionand anycasting has
beendonein the contet of best-efort networkssuchas
thecurrentinternet. Verylittle attentionhasbeenpaidto
senerselectiorin QoSnetworkswith theexceptionof the
PNNI specificatiorf2]. In this sectionwe first review the
relatedresearctin best-efort networks,andthenexplain
thearycastingmechanisndefinedin PNNI.

A. Server selection in best-effort networks

The simplest sener selectionapproachis to assign
seners statically i.e., eachclient usesa pre-determined
sener.  For instance, Domain Name Service (DNS)
seners[16] andUsenemews seners[14] for client hosts
arestaticallyconfigured DNScanalsobeenhancetb sup-
port mappinga serviceto a sener insidea domain[11].
It canapproximatelybalancethe load amongseners by
making selectiongandomlyor in a round robin fashion.
More sophisticateddynamic sener selectiontechniques
have alsobeenproposed12], [26], [6], [24]. Suchtech-
niquestypically selectsenersbasedn senerand/orpath
characteristicthataredynamicallymeasured.

'Anycastis a communicationparadigminvolving selectionof one
destinationfrom a setof destinations.We usethe termsarycastand
sener selectioninterchangeably

Sener selectioncanbe supportedat eitherthe network
layer or the applicationlayer RFC 1546 proposes net-
work layerarycastservicethatcanbe usedfor servicelo-
cationandauto-configuratiorj21]. Recently Katabiand
Wroclawvski presenta framevork for Global IP-Anycast
(GIA) [15], intendedo provide globalsupportfor network
layerarycastin ascalablevay. Networklayeranycasting
typically doesnot considersener characteristicsuchas
thesenerload.

Fei et al. have proposeda detailedapplication-layer
arycastingarchitectureincludinganovel sener selection
mechanisnthatcanbeusedfor Webseners[3], [9], [29].
Their architectureconsiderdoth sener andpathmetrics.
Designatedresolvers” are usedto collect both pathand
sener informationandto selectan appropriatesener for
clients. We will usethe resoler-basedarchitectureasa
startingpoint for our architecture.

All theaborve studieshave beenconductedn thecontext
of best-efort networks. Themajorgoalisto selectasener
(togethemwvith the path)with thebest‘performance’(e.qg.,
with shortestexpectedresponsdime). Our studydiffers
fundamentallyfrom the earlierwork dueto the focuson
QoSnetworks. Our primarygoalis to selecta sener and
path that satisfy the client QoS constraintand optimize
networkresourceisage Furthermorescalabilityisamore
challengingissuein our studybecausef the overheadn
QoSnetworkoperations.

B. PNNI anycasting

PNNI is a QoS-basedouting and signalling protocol
for ATM networkg[2], usedto setup a virtual circuit that
meetgheuserend-to-endQoSrequirementsWe describe
thearycastserviceprovidedin PNNI in detailhere,given
its relevanceto our study PNNI definesarycastservice
at the network/link layer, as part of its routing architec-
ture. Eachsener that providesthe sameservicepartici-
patesin the samearycastgroup by declaringthatit can
reach the anycastgroupaddress.The reachability infor-
mation is floodedthroughoutthe network. Whena user
needdo requesaservice,jt simply sendsarequestcross
the usernetworkinterface(UNI) to a directly connected
switch, indicating its QoS requirementsand the anycast
groupaddress.The switchthenselectsa sener basedon
reachabilityinformation. The restof the operationsare
similar to unicastrequests:the switchfirst selectsa path
to the sener basedon its routing databaseand the user
QoS requirementthen sendsout a connectionsetupre-
guestalongthepath. Theconnectioris successfullysetup
if every networkcomponenbnthepathandthesenercan
indeedsatisfythe QoSrequirementNotethatPNNI does
not specifyhow to selecta sener or path.



The major constraintsof PNNI arycastingare as fol-
lows: First, PNNI supportsouting andarycastingbased
onfloodingof networkstateandreachabilityinformation,
which consumesignificantnetworkresources.Further
more,the operationsaresupportecbn a perflow (or con-
nection)basis,andhencethe overheadncreasesvith the
numberof flows. Bothreasondeadto scalabilityconcerns
with the protocol. SecondPNNI doesnot considersener
QoSinformation. A switchcanonly selecta sener based
onreachabilityinformation,without knowing whetherthe
sener cansatisfytheclient QoSconstraint®r not. Hence
the selectedsener may not sustainthe userQoSrequire-
ment,especiallywhensenercapacityis lessadequatéhan
networkcapacity

Our work considerssener selectionin a diff-serv-
capabldnternet,whichdoesnotlenditself to muchof the
ATM-stylemechanismasedn PNNIlarycasting.Further
more, we considerboth pathandsener QoSinformation
in our sener selectiorarchitecture.

I1l. DIFFERENTIATED SERVICE NETWORKS

Edge router
| \

Core router-

Fig. 1. Edgeandcorerouters

This sectionprovidesa brief overview of differentiated
services,and highlights the mostimportantassumptions
with respecto our work. Diff-servnetworksdistinguish
betweenedge routersand core routersof a domain(Fig-
urel). Edgeroutersareconnectedo endhostsor routers
of otherdomains. A corerouteris solely connectedo
routersin its own domain.Sincecoreroutersgenerallysee
mary more flows thanedgerouters,a diff-serv network
implementonly simpleoperationsn thecoreroutersand
pusheghe complity to theedge.Whendatapacketen-
teradiff-servdomain they areclassifiedmarked shaped,
and policedin the edgerouters,typically on a peruser
flow basis.The packetghatpasshroughtheedgerouters
aremarkedascertainflow aggr@atesgachcorresponding
to a per-hop behavior (PHB). The PHB defineshow the
packetsshouldbe forwarded. The corerouterstreatthe
packetoon a PHB basis,.e., thepacketsharingthe same
PHBsaretreatedin the sameway. Only a smallnumber
of PHBsareto besupportedn thecorerouters.

QoScanbeguaranteeth a diff-servnetworkdomainif
theresourceareappropriatelyprovisioned. Theresources
aremanagedasedon contractdbetweenhe neighboring
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diff-servdomainsgalledservicelevel agreements (SLAS).
Thediff-servdomainonfiguretheiredgeandcorerouters
basednthe SLAsto makesureenoughresourcegrepro-
visionedfor the diff-servtraffic. End-to-endQoScanbe
ensuredyy concatenatiof the SLAs betweerall neigh-
boringdomainsonthepath.

Many detailsregardingtherealizationof adiff-servnet-
work remainopenandarethe subjectof debatewithin the
IETF andelsavhere.Thereforewe makeasetof assump-
tionsaboutthe basicoperationwhich areconsistentvith
the currentproposaldor diff-servoperation.Specifically
we assume:

(1) Theresources eachdiff-servdomainaremanaged
by anentity calleda bandwidth broker (BB) [19]. TheBB
is responsibldor negotiationwith BBsin the neighboring
domains,and resourcemanagemenin its own domain.
BBs in differentdomainstypically do not shareresource
availability information, but they can communicatewith
eachotherto resere resourcedy usingsignalling. One
exampleof suchasignallingprotocolis theQboneBB pro-
tocol definedby the Internet2QBoneBandwidthBroker
Advisory Council[17].

(2) SLAs definethe maximumamountof resourceshat
canbe allocatedby one domainon behalfof anotherdo-
main. SLAs are relatvely static, i.e., they changeon a
longtime-scaldweeksor months).A particularportionof
theresourcesvithin therangeof the SLA mustbeexplic-
itly allocatedbeforeary datacanactuallyusetheservice.
Suchresourceallocationcanoccurdynamicallye.g.,ona
time-scaleof severalminutesor hours.

(3) Resourcallocationis typically doneend-to-ende-
tweenall diff-servdomainsalongthe datapathto insure
end-to-endQoSfor the aggr@ateflow betweentwo end
domains.

BBl  (2)Alloc 2 Mbps? BB2 (1) Alloc 2 Mbps? ~ BB3

(@) OK

/‘\

|
SLA: from d
Peak: max 5 Mbps
In use: 3 Mbps

|
SLA:b->c
Peak: max 6 Mbps
In use: 2 Mbps

Fig. 2. Resourcallocationin diff-servnetworks

Figure 2 shavs an example of the resourceallocation
process Supposeliff-servdomaindS3andDS2havethe
following SLA: DS2providesavirtual wire (VW) servicé
for DS3from ingresspoint b to egresspoint ¢ with peak

2VW [20] intendsto emulatea corventionalleasedline servicein
diff-serv networks by usingthe expeditedforwarding(EF) PHB [13].
It guaranteeso deliver datawith a specifiedpeakrate,low loss,low
lateng, andlow jitter. Herewe useVW asanexample but ouranycast
architecturalesigndoesnot dependbn ary particularservice.



rateof 6 Mbps. Also assumeéhat2 Mbpshasalreadybeen
allocated. Similarly, assumeDS1 provides VW for DS2
from ingresspointd to ary of thehostsin DS1with peak
rateof 5 Mbps;assume Mbpshasalreadybeerallocated.
Supposehatit is determinedhatsomecollectionof hosts
in DS3needo senddatato hostan DS1atarateof 2 Mbps.
The bandwidthbrokersin eachdomainare responsible
for allocatingthe resourcesas indicatedby the ordered
messagexchangebetweerBBs. BB3 will sendarequest
messagealong the datapathto BB2, andthento BB1.
If resourcesireavailablein eachdomain,a confirmation
will be sentback,andthe correspondingesourcesvill be
allocated;otherwise arejectionmessagavill bereturned
to BB3. Notethe allocatedresourcesanbe adjustedby
asimilar signallingprocessf theuserdemand-hangesn
thefuture.

IV. ARCHITECTURE DESIGN

Resolver

Fig. 3. Architecture:Entitiesandclient-resolerinteraction

A. Overview

Our goal is to designan architectureto supportQoS-
basedsener selectionin diff-serv networks. We intend
to provide end-to-endQoS guaranteeso arycastclients.
Hencewe needto discover the availableresource®n the
pathsfrom the senersto the clientsand makea resena-
tion accordingly However, the BBs in differentdomains
typically do not shareresourceavailability information;
and no entity in the network maintainsglobal network
stateinformation. This implies that we have to rely on
signallingbetweenBBs for resourcediscovery andreser

architecturdo alsoaccommodatetherQoSmetrics.

Our designis basedon two typesof entities: resolvers
andserver agents, illustratedin Figure3. Thereis are-
solver in eachdomainthat hasarycastclients, following
a similar approachto the best-efort servicearchitecture
of Feietal. [3], [9], [29]. An entireanycastgroupshares
a singlesener agent;one sener agentmay acton behalf
of mary arycastgroups. The sener selectionprocesss
fairly simplefrom aclient’s perspectie, asalsoillustrated
in Figure 3: Whena client (C2) needsto accesghe ser
vice, it contactsthe resoher in its own domainand asks
for aseneraddressTheresoherrepliesto theclientwith
a sener addresgS1), which canmeetthe client QoSre-
qguirements.ThenClient C2 cansenda requesto sener
S1,andS1startsdeliveringdatato C2.

To enabletheresoher to makeappropriatesener selec-
tions,additionaloperationdehindthescenearenecessary
In thebackgroundtheresoler predictstheclientdemand
in the domain,and contactsthe sener agentand/orBBs
to make sener selectiondecisionsand resourcealloca-
tion. The sener agentcollectsdynamicQoSinformation
from all individual seners. This canbe doneby letting
the seners“push” the resourcaupdateinformationto the
sener agentwheneer thereis a significantchangen the
senerload. Basedonthe senerresourcanformationand
the resoher demandthe sener agentcanselecta list of
candidatesener domainsthathave senerswith available
capacity and then assistthe resoler in sener selection
andresourcallocation.Althoughtheresoher selectone
sener for eachindividual client request,it may resere
resourcedrom multiple seners (potentially in multiple
sener domains)or all its clientsin the arnycastgroup,so
thatdifferentclientsmaybe assignedo differentseners.
Multiple sener domainresenation is more flexible than
singledomainresenation, but is also more expensve in
termsof signallingcost,aswewill show in SectionVI-B.

After the reseration processthe resolher hasa list of
selectedseners, including both sener addresseandthe
amountof resourceghat are available from eachsener.
The resoler monitorsthe utilization of the resered re-
sourcesndadjustghereserationaccordingly

Therearefour majorissuesin this architecturedesign:
(1) determiningclientdemandj2) signallingprotocolbe-

vation. However, it is not desirableto makea separate tweenthe resoler, sener agent,and BB; (3) sener se-

resenation for eachindividual client request,sincethat
approachwill dramaticallyincreasethe signalling over-
headandthuscompromisehe scalabilityof the diff-serv
network. Instead,we proposeto resere resourcesn an
aggregyatedfashion. More detailsof the architectureare
describechext. Notethatwe focuson bandwidthrequire-
mentin this design;but it shouldbe possibleto extendthe

lection/ sortingalgorithms;and (4) resourcereseration
granularity We discussheissuesn furtherdetailin the
next four sections.

B. Determining client demand

Theresoher needsto determinethe resourcedemands
of its clientsbeforeit contactshesener agentand/orBBs



to makereserations. This canpotentiallybe donein one
of threeways: (1) theresoler initiatesa new resenation
wheneer it receves a requestfrom a client; (2) the re-
solver collectsthe client requestdor a certainperiod of
time, andthen makesresenrationsfor the aggregation of
all the requestspr (3) the resoler tries to anticipatethe
aggrgateddemandf all its clientsandmakeresenrations
correspondinglybeforetheclientsactuallyrequestor the
service.

Approach(1) canleadto accurateresenration for each
individual client, but it is not scalableébecause separate
resenationis triggeredby eachclient request.Approach
(2) is morescalablehan(1). However, theresolher hasto
waitfor acertainperiodof timein orderto havereasonable
aggreation,which causeglelayin responseo the client
requests. We believe that the third approachis the best
choicebecausét is scalableandoffersfastrespons¢ime
for clientrequests.

Underthe third approacheitherthe clientshave to tell
theresohertheirfuturedemandn advance pr theresoher
hasto “guess”their future demandby usinga prediction
algorithm.In generalpredictionalgorithmghathavebeen
usedn thecontext of resourceprovisioning,suchasthelo-
cal maximumor local Gaussiampredictordiscussedh [8],
are also applicablehere. The predictionalgorithmsare
relatively orthogonato theotherthreedesignissuesn the
architecture. We focus on the otherissuesin the restof
this study

C. Sgnalling protocol

BBS

Steps:

(1): resolver asks SA

(2)-(7): SA tries DS5

(8)—(11): SA tries DS4, if necessary

(12): SA replies to resolver BB2

Resolver

Fig. 4. Forwardsignalling

Theresoheris triggered(e.g.,asaresultof its demand
predictionalgorithm)to resere resource$rom the sener
domainsto the client domain. Resourcereseration is
doneby signallingbetweenesoher, seneragentandBBs.
We considettwo alternatve signallingdirections:forward
(from the sener domainsto the client domain)andback-
ward (from theclientdomainto the sener domains).

In forward signalling, theresoher asksthe sener agent
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to selectsenerdomainsandresere resourcesThesener
agenffirst selectsalist of candidatesener domainswhere
seners have resourceswvailable, and thentries eachdo-
mainin thelist oneby oneby contactingthe BB in each
senerdomain.

Figure4 shovs anexampleof forwardsignalling. Sup-
posethe sener agentselectdboth DS5andDS4 ascandi-
datesener domains.Thesener agentfirst contactsBB5,
which triggerssignalling messagedetweenneighboring
BBsonthepathtotheclientdomain(i.e.,BB5-BB3-BB2).
If all thedomainshave resourceswvailable,a confirmation
message&vill comebackto theseneragentandresources
will be allocatedalongthe path. Otherwise sener agent
cancontactBB4, andtry to resere resourcesrom DS4.
Similarly, signallingoccursdown thedatapathtowardsthe
clientdomain.Theseneragentepliesbacktotheresoher
after eitherresourcesreresered, or all candidatesener
domainsaretried. If reserationis successfulthe reply
messagevill containthe list of selectedsener domains
andcorrespondingesources.

Steps: BB5

(1): resolver asks SA
(2): SA returns candidate server list
(3): resolver asks BB1

(4)-(11): alloc goes upstream

(12): BB1 replies to resolver

Resolver

Fig.5. Backwardsignalling

In backward signalling, theresoherasksheseneragent
for alist of candidatesener domainswheresenershave
resourceswvailable. Theresoher thenasksthe BB in its
own domainto resere resourcesrom oneor moreof the
candidatesener domains.

Figure5 shovsanexampleof backwardsignalling. Sup-
posetheresoherrecevesthe candidatesener domainlist
(DS4, DS5) from the sener agentresoler thencontacts
BB1toresereresourceffom DS4or DS5,whichtriggers
signallingmessagew the neighboringoandwidthbrokers
in theupstrean{BB1-BB2-BB3-B5). Notethatthe BBs
on the path may participatein sener selection. For in-
stanceBB2 may decidewhich direction(to BB3 or BB4)
to try first. BB2 mayalsodecideto try anothedirectionif
the previousresenationattempffails.

We canview thepathsfrom all the candidatesener do-
mainsto a particularclientdomainasareversetreestruc-
ture,wheretheclientdomainis therootandthesener do-



mainsareleaves (Figure6(a)). Forwardsignalling starts
from a leaf and traversesto the root, as shawvn in Fig-

ure 6(b). Multiple leaves may needto be tried before
a successfutesenation can be made,sincesomeof the

domainsonthe pathmaynothave enoughresourcesvail-

able. Note that the sener agentmakesthe decisionon

which sener domainto try, andthe BBs helpto find out

if resourcesre available. The BBs do not have to dis-

tinguishbetweerarycastandunicastsignalling;henceno

significantchangein the currentBB signallingproposals
(e.g.,[17]) isrequired.
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Fig. 6. Comparisorof forwardandbackwardsignalling

On the otherhand,backwardsignallingstartsfrom the
client domain(root), andtraversesto the sener domains
(leaves), as shown in Figure 6(c). Unlike forward sig-
nalling, eachBB onthepathmaydecidewhich directions
(or branches)o try. Backwardsignallingis more effi-
cient thanforward signalling for two reasons.First, the
signalling messagesre combinedtowardsthe root. At
mostone messageeedsto be senton eachlink. Hence
the total numberof signallingmessagess reduced.Sec-
ond, backwardsignallingcanpruneinfeasiblelinks (i.e.,
the links with insufficient resourcesjfasterthan forward
signalling. In forward signalling, pruning oneinfeasible
link leadsto pruningone pathandleaf. For instance,n
Figure4,if wefind link DS5-DS3is notfeasibleafterstep
(2), we do not needto do steps(3)-(6), i.e., we canprune
pathDS5-DS3-DS2-DS1ogetherwith leaf DS5. But in
backwardsignalling, pruning one infeasiblelink causes
the whole subtreeassociatedvith the link to be pruned.
For instancejn Figure5, if we find link DS2-DS1is not
feasibleafter step(3), all steps(4)-(11) canbe avoided,
i.e., both branchedDS2-DS3-DS5and DS2-DS4canbe
pruned. Fasterpruning can narrav down the searching
spacemorequickly, andhencereducethe time to reacha
successfuteseration.

However, backwardsignallingrequiresadditionalsup-
port from the BBs. The BBs needto signal upstream
insteadof downstream.Sincethe pathfrom a sendetto a
receveris, in generaldifferentfrom thatfrom therecever
tothesende(i.e.,thepathsareasymmetric)we alsoneed
to discovertheupstreanpathssothatthe BBsknow where
to sendsignallingmessage’s Hencebackwardsignalling
is somavhatmorecomple.

Hereis onepossibleway to discover the upstreanpaths: sincethe

D. Server pre-selection and sorting algorithms

Sener selections accomplishedh two steps.First, the
seneragenselectsalist of candidatsenerdomaindased
on the sener information. Second signallingis initiated
eitherin theforwardor the backwarddirectionto resere
resourcegrom oneor moresener domainsto the client
domain.

We referto thefirst stepaspre-selection. Pre-selection
canbebasedon metricssuchasavailablesener capacity
andthedomain-level distancei.e., numberof domainson
the path). Sener capacityinformationis “pushed”from
eachindividual sener to the sener agent. A sener do-
mainis feasible if it hasatleastonesener with available
capacityto supportheresoherrequest We studytwo pre-
selectionalgorithms:(1) Unrestricted selection: selecting
all feasiblesener domains.(2) Closest only selection: se-
lectingall feasiblesenerdomainghatareclosest{i.e.,with
minimumdomain-lerel hop-count}o the clientdomain.

In thesecondstep,we needto decidetheorderin which
the candidatesener domainsshouldbetried. In forward
signalling, the decisionis madeby the sener agent. In
backwardsignalling,the BBs on the pathneedto decide
which direction(i.e., ingresspoint) to try first. Note that
se/eralsenerdomaingnaycorrespondo thesameangress
point.

We studythreesortingalgorithms:thefirst oneis appli-
cablefor bothforwardandbackwardsignalling;the other
two canonly beusedin backwardsignalling. (1) Random:
sortthe sener domainsor ingresspointsin randomorder
(2) Widest-first: sort the ingresspoints accordingto the
amountof resourcesvailablefrom theingressointto the
egresspoint; ingresspointswith moreresourcego first.
(3) Probabilistic balancing: sorttheingresspointsbased
on the resourceswvailable from the ingresspoint to the
egresspoint. However, the orderis randomizedsuchthat
the ingresspointswith moreresourcearemorelikely to
be attemptecearlier

E. Reservation granularity

In the simplecase resourcesirereseredfrom asingle
selectedsener domainto theclientdomain. However, for
large demandsijt may be betterto allow the reseration
to bedivided betweenseveral sener domains sothatthe
arycastclientsin a domaincanget servicefrom several
sener domains.We definereservation granularity asthe

BBstypically have accesgo the BGProutinginformationin their own
domainstheseneragentmaycontactheBBsin thesener domaingo
obtainthepathinformationfromtheserverdomanstotheclientdomain,
andthenrelaythe pathinformationto theresolerin theclientdomain.
The resoler may then usethe discoreredupstreanpathinformation
duringthe backwardsignallingprocess.



minimumamountof bandwidththatcanberesered from
eachsener domain. Intuitively, adecreasé theresenra-
tion granularitymakesresourcaeseration moreflexible
sincethe sener agentor BBs have morefreedomin de-
ciding how to split thereseration amongdifferentsener
domains. Consequentlyit mayleadto betterresenation
results. But on the downside, splitting the reseration
acrosanultiple sener domainsmay potentiallycauseex-
tra signalling overhead. We explore this trade-of in the
performancevaluation.

V. SIMULATION CONFIGURATION

We simulateour proposedQoS-basedener selection
architecturausinga simulatorwrittenin TeD [22], [23], a
networkdescriptionlanguagehat supportdiscreteavent
simulationwith parallelexecutions. The simulationcon-
figurationis describedelow.

A. Network topology

Thesimulationresultspresentedh this paperarebased
ona100-nodeandomtopology* thatmodelsdomain-level
connectity. Thereare25 transitdomains(ISP domains)
and 75 stub domains(end-userdomains). We use GT-
ITM [5] to generatehe 25 nodetransitdomaintopology
with theWaxman-Jalgorithmfor transit-transitonnecti-
ity; we thenattach75 stubdomainsandrandomlyconnect
eachstubdomainto oneor two transitdomains.We also
randomlygenerate30 edgeshetweerstubdomains. The
averagedggree of the graphis 3.4; the degreeis much
higherfor transitdomainsandlower for stubdomains.

We randomlyselectfive stubdomainsasarycastsener
domains,and50 stubdomainsasarycastclient domains.
Static SLAs exist betweenneighboringdomains. Each
domainagreego provision acertainamountof bandwidth
for its neighbordo all otherneighborg(i.e., betweereach
pair of ingressand egresspoints). This bandwidthis 25
Mbpsfor domainswithout arycastseners,and 75 Mbps
for thosewith anycastseners.

We assumehe senershave muchhighercapacitythan
thelinks cansupportin the experimentsandfocuson the
impactof networkresourceconstraintson the reseration
result.

B. Traffic model

We imposetwo typesof traffic onthetopology: unicast
and arycast. Unicasttraffic exists betweeneachpair of
end-userdomains. The BBs in the end-domaingpredict
their total userdemandand make resourcereserations

“We have also experimentedwith othertopologiessuchasthe ISP
topologyusedin [1], with similarresults.

basedntheprediction.For simplicity, we only modelthe
resourcalemandinteadof modelingtheactualdatatraffic
andthe demandpredictionalgorithm. Eachend-usedo-
main generateshe total ratefor all out-goingdataflows,
andsplits the flow to all otherend-usedomainsaccord-
ing to a uniform distribution. The total rateis uniformly
distributed. A new rate and destinationdistribution are
generatedfteranexponentiallydistributedholdingtime.

Anycastdemandxists betweerarnycastsener domains
and client domains. The requestsare generateddy re-
solversfor aggrgatedanycastclients. Similar to the uni-
castdemandtherequestedateandholdingtime areuni-
formly andexponentiallydistributed,respectiely.

VI.

Weevaluateboththesignallingoverheadindresenation
performanceof the designoptionsimplied by the sener
selectionarchitecture. Signalling overheadis measured
by the averagenumberof hopsthat eachsignallingmes-
sagetraverses. Note that the numberof signallingmes-
sagesemainsthe sameacrossall our experimentssince
therateholdingtimesareselectedrom the samedistribu-
tion. Reserationperformancés measurethy thedemand
acceptanceatio, i.e., the total rate of the accommodated
resenration requestover the total rate of all reseration
requests.

PERFORMANCE EVALUATION

A. Sgnalling direction
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Fig. 7. Forwardvs. backwardsignalling: overhead

2000

Figure7 shaws signallingoverheadunderbothforward
andbackwardsignalling. Unrestrictedsener pre-selection
andrandomsortingare usedin both cases.The resera-
tion granularityis 4 Mbps. We experimentwith different
userdemandevels by changingthe userbandwidthde-
mandsizewhile keepingthe ratio of unicastandarycast
demandghe same(aboutl.5). Total userdemand(hori-
zontalaxis)refersto thetotal userdemandincludingboth
arycastandunicastdemandyveragedover time. We ob-
sene that backwardsignalling hasmuchlessoverhead,
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especiallyastotal demandncreases.The mainreasons
that backwardsignallingtendsto combinethe signalling
messagetowardsthe client domain(the root of the tree)
andhencereduceshetotalnumberof signallingmessages,
aswe explainedin SectionlV-C.

We alsofind that the differencebetweenforward and
backwardsignallingbecomedarger asthe total userde-
mandincreasesWith theincreasén userdemandforward
signalling overheadmonotonicallyincreasesbut back-
ward signallingoverheadfirst slightly increasesandthen
decreases.This is becausdwo factorscontritute to the
changein signalling overhead. On one hand,fewer net-
work resourcesare available when the userdemandin-
creasesand hencethe sener agentor BBs needto try
moretimesbeforethey canfind a feasiblepath, causing
larger overhead.Onthe otherhand,whenfewer resources
areavailable,we canprunetheinfeasiblepathsfastersince
fewer links arelikely to have sufficient resourcesyhich
reducessignallingoverhead Whetherthesignallingover-
headactually increasesor decreasesiependson which
factoris moresignificant. As explainedin SectionlV-C,
the pruningeffect is muchmoresignificantfor backward
signalling, especiallywhenthe userdemands relatively
higherandfewer resourcesreavailable.

Figures8(a) and (b) shawv the resenation performance

8

for anycastrequestsindall requestgbotharnycastanduni-
cast) respectiely. In bothcaseswe find thatforwardand
backwardsignalling have similar performance. Almost
the sameamountof userrequestxan be accommodated
regardlessof the signallingdirection. This is becausehe
samepre-selectiomndsortingalgorithmsareused;it does
not matterwhethemwetry from thesener sideor from the
client side. Note that backwardsignallingis more flexi-
ble in the sensehatmoresortingalgorithmscanbeused.
We will shaw the effect of differentsortingalgorithmsin
SectionVI-D.

Note that the demandacceptanceatio for all requests
(Figure 8(b)) is a little higherthanfor arycastrequests
(Figure8(a)). Thisis becausef thesimulationconfigura-
tion: sincethereareonly five anycastseners,bottlenecks
are formed nearthe sener domains,which causeanore
arycastrequestso berejected.

B. Reservation granularity

In this section, we evaluate the impact of resenra-
tion granularityon resenationperformancendsignalling
overhead Backwardsignalling,unrestrictecre-selection
andrandomsorting are used. We experimentwith three
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30

differentlevelsof traffic load: light, medium,andheary 5
Figure9(a) shaws the resenation performanceaunderdif-
ferent reseration granularitiesfor the anycastrequests.
We obsenre that the demandacceptanceatio decreases
with the increasein reseration granularity; and the ef-
fect is more dramaticwhen the traffic load is relatively
higher This is becausdt is generallyeasierto satisfy
anarycastrequestwhenthegranularityis small,sincere-
sourcexanbereseredfrom multiplesenerdomaingand
paths)n casehatasingledomain(andpath)doeshothave
enoughresources.Granularityaffects performancemore
significantlywhentraffic load is higherand hencefewer
resourcesare available, becausehereis a larger chance
thatmulti-domainreserationscanhelp.

However, the total demandacceptanceatio for both
arycastandunicastrequestsloesnot changesignificantly
with the changein reseration granularity as shavn in
Figure9(b). In otherwords, aboutthe sameamountof
userrequestgcountingboth anycastand unicast)canbe
accommodatedegardlessof the reseration granularity;
however, the reseration mechanismfavors anycastre-
guestswhen the granularityis small, and tendsto grab
moreresourcesway from unicastapplications.

Figure10shownsthesignallingoverheadunderdifferent
resenation granularitiesand different traffic load. We
obsenre that the signalling overheaddecreasesvith the
increasen reserationgranularity;theoverheadlecreases
fasterwhenthetraffic loadis higher Thisresultindicates
thatthebetterresenrationresultsundersmallergranularity
thatwe obseredin Figure9(a)donotcomefor “free”: the
costis highersignallingoverhead.

We also obsenre that when granularityis smaller the
signallingoverheadirstincreasesndthendecreasewith
theincreasan thetraffic load, sothatthe overheadunder
mediumloadis largerthanbothlight andheary load. This
is consistentvith ourobsenationin SectionvVI-A —recall

5Thetotaluserdemandmderﬁght, medium,andheavy loadare1200
Mbps,1500Mbps,and2000Mbps, respectiely.

thatFigure7 correspondso relatively smallerreseration
granularity(4 Mbps). However, whenthe granularityis
larger, the overheadmonotonicallydecreasewith thein-
creasen thetraffic load. This is becauset is easierto
prunea link underlarger reseration granularity so that
the pruningeffect is the dominantfactor thatdecidessig-
nalling overhead.

C. Pre-selection algorithms

We compareawo pre-selectiolgorithmsdn thissection:
unrestrictedselectionand closest-onlyselection. Unre-
strictedselectionchoosesll senersthatareableto sup-
port the anycastresourcerequirementregardlessof the
distancebetweerthe sener andclient domains. Closest-
only selectionmposesoneadditionalrestriction:only the
senerswith the minimumdistance(in termsof the num-
ber of domains)are chosen. Unrestrictedselectionis in
somesensanore“greedy”sinceit triesevery possibilityto
makea resenration. Closest-onlyselectiontendsto make
efficient usageof networkresourcesinceit only triesto
usethe sener domainswith shortestlistanceo theclient
domaineventhoughothersenerdomainswith longerdis-
tancemaybeavailable.

We usebackwardsignallingandrandomsortingin this
setof experiments.Theresenrationgranularityis 4 Mbps.
Figuresl1(a)(b)shawv thereserationperformancéor ary-
castuserrequestandall userrequestsrespectiely. Fig-
ure12 shavsthesignallingoverheador anycastrequests.
We make the following obsenations acrossthe experi-
ments: (1) Unrestrictedselectioncanaccommodatenore
arnycastrequestshanclosest-onlyselectionbecausé tries
to maximizethechanceof makingreserationsfor anycast
requests(2) Unrestrictedselectioralsohasbetterresena-
tion performancavhenbotharycastandunicastrequests
areconsideredyhich suggestshatunrestrictecselection
makesuseof theresourceghatwouldotherwisebewasted.
However, thedifferencebetweerunrestrictedandclosest-
only selectionsis smallerfor all userrequestshan for
only anycastrequests.This implies that closest-onlyse-
lectiontendsto accommodatenore unicastrequests.(3)
Unrestrictedselectionhaslarger signallingoverheadhan
closest-onlselectiorbecausé is moreaggressiein mak-
ing resenations. This is the price thatit paysfor better
reserationperformance.

D. Sorting algorithms

The sortingalgorithmdeterminesvhich serner domain
is tried first during the signalling process. As we men-
tionedin SectionV, therearefeweralternatvesin forward
signallingsinceno pathinformationis available. In this
sectionwe evaluatethe threesortingalgorithmsfor back-
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ward signalling: random,widest-first,and probabilistic
balancing.

We useunrestrictedselectionin this setof experiments.

The reseration granularityis 4 Mbps. We obsere that
the sortingalgorithmsmakevery little differencein both
resenation performanceand signalling overhead. Fig-
ure 13 shavs the reseration performancdor arycastre-
guests Resultof signallingoverheadirenotshovndueto
spacdimit. Thisresultsuggestshatit is notimmediately
clearwhethemnecanimproveresenationperformancdy
taking the advantageof the local resourceavailability in-
formationin eachdomain,sincea local optimal selection
doesnot necessarilylead to a global optimal selection.

However, we do not have enoughevidenceto conclude
how thethreesortingalgorithmsperformin generaktases.
For instancewidest-firstor probabilisticbalancingmight

performbetterthanrandomsortingwhenthe distancebe-

tweenall sener andclient domainsare very short,if we

couldassumehe resourceavailability in two neighboring
domainsarepositively correlated.

VIl. CONCLUSIONS

In this paper we have presentedh QoS-basedrycast
architectureto supportsener selectionin diff-serv net-
works. Resources$or theclientsin adomainthatrequest
the samearycastserviceareaggrgatedandresered to-
gether Resourcesrediscoreredandresered by using
signallingbetweernthe bandwidthbrokersof the domains
on the path. We have evaluatedseveral designissuesm-
plied by the architecture,including signalling direction,
sener pre-selectiorand sorting algorithms,andresource
resenation granularity We find that: (1) Backwardsig-
nallingis muchmoreefficientthanforwardsignalling. The
advantageof backwardsignallingis more significantun-
derhighertraffic load. However, backwardsignallingre-
guiresadditionalsupportfrom the bandwidthbrokersand
henceaddscompleity to the bandwidthbrokersignalling
protocols. (2) Smallerreseration granularityallows re-
sourcedo be resered from multiple seners, and hence
leadsto moreflexible reseration. But smallergranularity
alsoincreaseshe signallingoverhead.Henceit is possi-
ble to trade-of betweenarycastrequestacceptanceatio
and bandwidthbroker signalling overheadby adjusting
theresenation granularity (3) Unrestrictedore-selection
can admit more arycast requestshan closest-onlypre-
selectionput it alsoincursmoresignallingoverheadhan
closest-only (4) The resultsfrom our experimentsshov
thatthedifferencebetweemandomywidest-firstandprob-
abilistic balancingsortingalgorithmsis small. However,
in general,it is not yet clear whetherone can improve
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resenation performanceby taking the advantageof the
local resourceavailability informationin eachdomain.

There are still mary openissuesfor future research.
First, we needto have a betterunderstandingf the ex-
isting pre-selectiorandsener sortingalgorithmsandalso
explore new algorithms. The pre-selectiorand sorting
algorithmsare in somesensesimilar to the QoSrouting
algorithmg[7], if we assumall thesenersareconnected
by virtual links that have infinite resourcegndzerocost.
Onemajordifferenceis thatthe pre-selectiorand sorting
algorithmsarenotbasednglobalinformation,while most
corventionalQoSroutingalgorithmsarebasedn routing
tablesthat essentiallyreflectthe global networkstate. It
will beinterestingo seewhethersomeQoSroutingalgo-
rithmscanbe adaptedo the sener selectionproblem.

Second,although our architecturecan accommodate
both sener and path QoS characteristicsn sener selec-
tion, we have beenfocusingontheimpactof pathresource
constraintsn the performancesvaluation. Furtherexper
imentsareneededo understandhe interactionbetween
pathandsener resourceconstraintsandtheir impacton
reserationperformance.

Third, our architecturds basedon signallingbetween
bandwidthbrokers. In doing so, we can make explicit
reserationsfor arycastapplicationsand make stringent
end-to-endQoS guaranteesBut the signalling overhead
is still a concernfor the scalability of the approach.An-
otherpossibilityis to takea measurement-basegproach
withoutusingsignalling. For instanceit mightbepossible
to measurehetraffic patternsof eachdomainandpredict
thedomainresourceavailability. Sener selectionsanbe
donebasedon suchpredictions. However, the downside
of this approachis thatwe will not be ableto makehard
QoSguaranteesincewe do notresere resources.
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