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Abstract—

The two key resourcesin an IP Telephonynetwork are the In-
ternet Telephony Gateways (ITGs) and the IP network. These
resouicesmust be effectively managedto simultaneouslyprovide
goodQoSto callsand maximize network resourceutilization. This
paper presentstwo main contributions. First, we designa call
admission policy basedon congestionsensitive pricing. As the
load increasesthis policy preferentially admits userswho place
a higher value on making a call while simultaneouslymaintaining
a high utilization of network resources. We derive the function
mapping congestionto price for the admission policy that maxi-
mizesrevenue.Secondwe designa call redirection policy to select
the bestITG to sewvethe call. The policy balancesload to impr ove
network ef ciency and incorporates QoS sensitivity to improve
call quality. Simulation resultsshow the following: (i) Congestion
pricing basedadmissioncontrol lowers call blocking probability,
increasegrovider revenue,and impr oveseconomicef ciency over
a static at-rate admissioncontrol scheme. (i) Congestionsensi-
tivity in the redirection policy balancesload acrossall the ITGs
while QoS sensitvity improves call audio quality. (iii) Incorpo-
rating price sensitvity in the redirection policy impr ovesthe eco-
nomic ef ciency, i.e., ensuresthat userswho pay more get higher
QoS. The techniquesstudied in this paper can be combined into
a single resouice managementsolution that canimpr ove network
resource utilization, provide differ entiated sewice, and maximize
provider revenue.

Index Terms—

IP Telephony Call Admission Control, Congestion sensitve
pricing, QoS sensitive routing, Blocking probability, Economicef-
ciency, Revenue.

I. INTRODUCTION

While InternetTelephoty (IP Telepholy) encompassesary
differentarchitecturesandservicesthekey ideais thetransport
of real-timevoicetrafc overthe Internet. The IP Telepholy
architecturd1] allows the entireend-to-endpathto be routed
overthelnternet.In thiscasetheendpointsareregularpersonal
computergPCs)thatareequippedwith IP Telephoty software.
ThelP Telephoty architecturealsoallows oneor boththe end-
pointsto beconnectedo thePSTN(PublicSwitchedTelephone
Network). For thesecases,a portion of the end-to-endpath
is routedover the Internet. This requiresinteroperabilitybe-
tweentheInternetandthe PSTNwhichis achievedusinggate-
ways that act as applicationlevel interfacesbetweenthe two
networks. Thesegatavaysarereferredto asinternetTelephory
Gatavays(ITGs)[2].
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In the PSTN,voicetraf c is carriedover dedicatectircuits
establishedisingthe SignalingSystemNumber7 (SS7)proto-
col[3]. Asaresulttheonly delaysufferedby thevoicetrafc in
the PSTNnetwork is the propagatiordelaywhichis x edonce
thecircuit hasbeenestablishedOn theotherhand,theInternet
is still inherentlya best-efort network andprovidesno end-to-
endbandwidthguaranteesThus,transportingpacletizedvoice
overthelnternetcanresultnot only in variabledelaysbut also
losseswvhich cancausepooraudioquality attherecever.

Oneimportantfeatureof IP Telephoty is thatit providesa
rich signalingarchitectureghat canextendup to the endpoints
whenthey arePCsenabledvith IP telephory software. Thisnot
only enablesew serviceq4] but alsoallows serviceproviders
to provide differentiatedservicedy offering tieredservicelev-
els eachwith a differentguaranteeon QoS|[5]. A differenti-
atedservicearchitecturewould allow serviceprovidersto im-
plement e xible and dynamicpricing policies that can maxi-
mize provider ef ciency (revenue)andnetwork ef ciency (uti-
lization of network resources).

Thekey resourcesn anlP Telephoty network arethelP net-
work andInternetTelepholy Gatavays(ITGs). Congestiorin
thelP network increaseslelaysandlossof audiopacketswhich
degradeghequality of therecevedaudio.As aresult,pathsto
differentITGs canhave differentQoS.ITG resourcesnclude
theprotocolprocessingapacityandthe numberof voice ports.
Congestionat the ITG canaddto overall audio paclet delay
andincreasecall blocking dueto unavailability of voice ports.
In orderto implementthe differentiatedarchitectureghekey is-
suesare (1) a call admissionalgorithm, (2) a load balancing
algorithm,and(3) QoSsensitve call redirection.

In this paper we investigatethe above issuesas part of an
integratedresourcemanagemenschemeor IP telepholy net-
works. First, we study a congestionsensitve pricing based
call admissionschemein which the price chaged for a call
increasewith congestionat the gatavay. This createsanin-
centie for usersto placecallsat alatertime. We give a price-
congestiorfunctionfor theadmissiorcontrolpolicy thatmaxi-
mizesprovider revenue.This schemds comparedvith a Flat-
ratebasedAdmissionControl(FAC) schemendaschemavith
No AdmissionControl (NAC) asbaselinecases.Next, we de-
sign a call redirectionpolicy to selectthe ITG bestsuitedto
sene the call basedon the numberof voice portsin useat the
ITG andthereal-timemeasuremerdf pathquality. This policy
(CQR)balancedoadto improve network ef ciency, andincor-
poratesQoS sensitvity to improve call quality. The scheme
canbetunedto becomemoresensitie to gatavay load, which
decreasesall blocking probability, or more sensitve to QoS,



which improvescall audio. We improve this schemeby using

priceto tradeof betweerthesetwo factorsin orderto improve

economicef ciency. This schemgPCQR)is comparedvith a

RandonmRedirectionRR) schemein whichthelTG is selected
atrandom.

Theevaluationof thecall admissiorandredirectionschemes
is doneunderarealisticworkloadbasedn standardelephory
models.This evaluationis performedwith respecto threemea-
sureshamely network ef ciency, provider ef ciency, andeco-
nomicef ciency. Network ef ciency correspondso the block-
ing probability andthe utilization of network resources.Eco-
nomicef ciency re ects thecorrelationbetweerthe price paid
by usersandthe QoSreceved, and provider ef ciency corre-
spondsto the total revenuegeneratedy eachof the schemes.
Simulationresultsshaw the following: (i) Congestiorpricing
basedadmissioncontrol lowers call blocking probability, in-
creasegrovider revenue,and improves economicef ciency
overastatic at-rate admissiorcontrolscheme(ii) Congestion
sensitvity in the redirectionpolicy improvesthe capacityby
balancingload, while QoSsensitvity cangreatlyimprove call
audioquality. (iii) Pricesensitvity in theredirectionpolicy can
be usedto improve the economicef ciency. Finally, we also
investigateheeffectof network topology, levelsof background
traf c, andtherelative percentagef RTP andbackgroundraf-

c ontheresults.

Therestof thepapelis organizedasfollows. In Sectionll we
discusghelP Telephoty architecturein particular the various
network entitiesandtheprotocolsthatareusedn IP Telephoty.
In Sectionlll, we introducecall admissioncontrolin the form
of congestiorsensitve pricing and conducta simple queuing
analysisto investigatethe effect of differentmethodsof con-
gestionsensitve admissioncontrol. In SectionlV we present
a generalizededirectionmodel and our call redirectiontech-
nigue.In SectionV, we discusghe experimentaketup the pa-
rametersandthevariousperformanceneasurethathave been
usedin the comparatie analysis. The resultsarediscussedn
SectionVI. Finally, in SectionVII, we concludewith a sum-
mary of theresultsandsomefutureresearchdirections.

Il. IP TELEPHONY ARCHITECTURE

Figurel shovsthecomponentsf anlP Telepholy architec-
ture andthe mannerin which it inter-operatesvith the PSTN
system. A key entity in the architecturels the IP Telepholy
Gatevay (ITG) which provides interoperabilitybetweenPC-
basedP Telepholy usersandPSTNendpoints.An ITG oper
atesat the applicationlevel, with connectvity to the PSTNon
onesideandthelnternetontheother[2]. ToconnectoaPSTN
endpointan|P host rst connectgo anITG, which terminates
thelP portionof the call andinitiatesa PSTNcall to the PSTN
endpointby allocatingoneof its mary circuits (voice ports)to
thecall. To performthe functionasan applicationlevel proxy
eachlTG is capableof initiating andterminatinglP Telephoty
signalingprotocols,suchasH.323[6] and/orthe Sessiorniti-
ationProtocol(SIP)[7], andalsothe SignalingSystem? (SS7)
protocol[3].

With large numbersof ITGs, discovery andselectionof the
suitablelTG to servicea call is animportantproblem. In this
study we assumethe TRIP (Telepholy Routing over IP) ar-
chitecture[8] for the gatavay location,gatevay discovery, and
gatevay routing problems. The key entitiesde ned in TRIP

includethe Administratve Domain(AD), thel TG, andthe Lo-

cation Sener (LS). The Internetis viewed as a collection of

ADs that areconnectedy multiple backbonenetworks. Each
AD containsone or more ITGs, one or more LSs, and users,
which arecustomerghatinitiate calls.

GivenanITG anda list of ITG attributes,the LS [1] nds
the bestITG for a particularcall. Towardsthis end,eachLS
maintainsa databaseontaininginformationaboutall the other
ITGs. This databasés built usingadwertisementshat are ex-
changedy the LSs. Eachadwertisementontainsmultiple at-
tributes,including (i) phonenumbersservicedby the ITG, (ii)
the IP addres=f the ITG, (iii) the AD identi cation number
of thelTG, and(iv) the numberof availablevoice portsat the
ITG. Additional information like servicefeatures,protocols,
and codecssupportedby the ITG may alsobe part of the ad-
vertisementIn addition,the LS acquiresandrecordsstatistics
regardingthe averagecall quality achievedfrom calls originat-
ing in its AD to thelITGsin thesystem.

A typical call setupsequencevith referenceo Figurel con-
sistsof thefollowing steps:

1) Whenauserinitiatesacall, a clienton behalfof theuser
sendsarequesto thelS providing the destinatiorphone
numberandotherparameterincludingthe QoSthe user
requiresandthepricethe useris willing to pay.

TheLS doesa local databaséookupto determinewhich
ITG will servicethecall. This operationcanhave oneof
threeoutcomes(i) TheLS nds thatthepricerequested
by the useris lessthanthe admissiorprice. In this case,
the call is deniedand appropriateinformationis passed
backto the client. (ii) The price offered by the useris
higherthanthe admissiorpriceandtheLS nds anITG
which canservicethe call, in which caseit returnsthe IP
addresof the selectedTG to theclient. (iii) The price
offeredby the useris higherthantheadmissiorprice,but
noneof the ITGs have availableresourcego servicethe
call. In this casealsothe call is deniedandthe client is
informedof the non-availability of resources.

If the previous step succeedsthe client initiates a SIP
transactiorto begin a sessiorwith the selectedTG. The
ITG andclient then performinitial sessionagreements
andsetupan RTP sessiorto transferaudiodata[9]. On
the PSTNsidethe ITG usesthe SS7protocolto setupa
circuit to the destination.

In IP Telephoty, calls may originateandterminatein either
the PSTNor IP networks. Furthermorepartor all of the call
pathmaytake placeoverthe IP infrastructure.Any routingal-
gorithmusedto determinethe pathmusttake into accountthe
desiredQoSandthecostof thecall to boththenetwork provider
andthe user We presenta call routing architecturewith high
network efciency (i.e., low blocking probabilitiesand high
network utilization) and high economicef ciency (i.e., it al-
locateshigherQoSpathsto userswho placea greatervalueon
goodaudioquality).

2)

3)

I1l. CONGESTION SENSITIVE PRICING-BASED CALL
ADMISSION CONTROL

Congestionsensitve pricing is implementedin the PSTN
in the form of time-of-day pricing. However, unlike in the
PSTN,congestiorsensitve pricingin IP Telepholy canbeim-
plementedmuch more dynamically particularly for net-to-net
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Fig. 1. IP Telephow architecture.

andnet-to-phonecalls wherethe network provider canexploit
the high quality userinterfaceto indicatethe costof makinga
call.

In this study we assume cooperatve ervironment,n which
a singleresourcananagemergchemes implementecbver all
ITGs in the network [10]. This would correspondo an IP
Telepholy serviceprovidedby an ISP with Points-of-Presence
(PoPs)n anumberof differentgeographicaareas We assume
thatthetotal costof the call is basedn the durationof thecall
anda per unit time chage which remainsthe samethroughout
thecall'.

In our congestionsensitve pricing-basedcall admission
scheme referredto as CAC, the admissionprice dependson
thetotal numberof voiceportsin useat eachof theITGsin the
system. EachITG occasionallysendsits currentload adver
tisementdo its LS, which is responsiblgor propagatinghis
informationto the otherLSsin the system.EachLS calculates
the total numberof voice portsin useover all the gatevaysin
thesystemfrom theseadwertisementsanduseshis valueto de-
terminethe admissionprice accordingto the price-congestion
functiondiscussedbelon. TheLS offersalower priceto callers
whentherearemary voice portsfree,i.e., whenthe systemis
underutilized,andincreasesheadmissiomriceasthenumber
of portsin useincreaseskor simplicity, we assumehe userof-
fersabid duringcall setupuniformly distributedbetweerb and
15 centsperminute,or betweenl5 and45 centsfor anaverage
3-minutecall.

Thereare two importantaspectf this scheme. The rst
is the mannerin which the congestionis measured. In this
study we measurethe congestionusing an exponentialaver
agingschemd®6]. The averagenumberof voice portsin use
ateachlITG is recalculatedvery time a connectionis madeto
or leavesfrom the ITG. The secondimportantaspectof this
schemeis the function that mapsthe congestionto the price
thatthe systemoffers,referredto asthe price-congestioffunc-
tion[12].

A. AnalyticalModel

We develop a queuing model to determine the price-
congestiorfunction that maximizesrevenuegeneratedy the
provider’. Thenetwork consistof  voiceportsandis modeled

When the call is madefrom a PC, the caller may be provided real-time
information on the cumulatve costbasedon which the caller may limit the
durationof thecall [11]. In this study we do not considersucha scenario.

Determiningthe price-congestioriunction with the bestperformancen a
real-world IP Telephon systemis averydif cult problemdueto thecomple-

Fig. 2. Statetransitiondiagramof the network underCAC.

asa senerlosssystem Arrival of call requestsollow aPois-
sonproceswith rate . Without lossof generality we assume
theuseris unavareof thecurrentsystenpriceandthateachcall
requestomeswith aprice thattheuseriswilling to paywhich
is uniformly distributedbetween and centsper
minute,or between and for athreeminutecall.

In CAC, asmorevoice portsare utilized, fewer users'bids
will be greaterthanthe price chagedby the system causinga
largernumberof callsto be blocked. This corresponda queu-
ing systemwith discouragedarrivals. The probability a user
will bediscourage@ndnotacceptednto thesystenis statede-
pendentanddependsn the price-congestiofiunction. Let
be the probabilitythatin state anarriving call is rejectedby
the systembecausehe users bid is lower thanthe currentad-
missionpricefor thatstate denotecby . Hence,
is the probabilitythata call is acceptednto the systemandthe
effective arrival ratein state is

Using standardechniqueg13], it canbeshovn that | the
probabilitythatthe systemis in state , is givenby
1)
where
2

The total revenueis equalto the probability of the system
beingin a particularstate,multiplied by the revenueearnedn
that stateandthe durationof time underwhich the systemwas
operating.Thereforethetotal normalizedevenue earnediy
the systemover someduration is givenby:

ities in usermodeling. However, this analysisallows us to more rigorously
compareCAC with the otheradmissiorcontrolschemes.
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Notethat is not equalto the actualrevenue,asit is cal-
culatedbasedon The actualrevenuemay be calculated
by substituting  for , where is the admissionprice
in state . Sincethe users bid is uniformly distributed be-
tween and , it is easilyshowvn that  is equalto

We considerthe following threetypesof price-congestion
functions:

1) Linear: Here is a linear function of , i.e.,

was x edat ,and wasvariedto determine

thelinearfunctionthatgeneratethe maximumrevenue.
Stepwiselinear: We considera stepwisdinearfunction
of theform - ,where isafunctionrelating

tothepriceand is thehorizontallengthof the step.In
our study we choose andvary to determinethe
stepwisdunctionthatmaximizesrevenue.
Exponential: Here we consideran exponential price-
congestiorfunctionof theform . Both
and arevariedto determinghefunctionthatmaximizes
therevenue. waschoseno make the interceptclose
to zero.
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3)
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Fromtheanalysiswe obsene thatwhenthe offeredloadand
the numberof voice portsarevaried, the exponentialfunction
outperformsthe other two functions. We also note that that
the stepwisdinearfunction performsalmostaswell asthe ex-
ponentialfunction. Finally, eachof the bestperformingfunc-
tions begins chaging the maximumsystemprice well before

thesystenreachegpeakutilization. This shavs theimportance
of maintainingexcesscapacityto servicehigh paying callers
duringtimesof heary loadin expectatiorof laterburstsof traf-
c. The exponentialfunction that yielded the maximumrev-
enueis shavn in Figure 3. Our CAC implementatiorutilizes
thediscretizedexponentialprice-congestiofiunctionshovn in
Figure4. This approximationis necessaryo limit uctuations
in theadmissiorprice.

B. BaselineSthemes

We considertwo admissioncontrol schemesas baseline
cases.First, we considera Flat rate basedAdmissionControl
(FAC) scheme.In this schemethe admissionpriceis a x ed
per unit time chage. The cost per minute doesnot vary and
is setat 10 centsper minute. Sincethe averagecall holding
time is assumedo be a negative exponentialdistribution with
ameanof 3 minutes the averagecostof eachcall is 30 cents.
In this schemethe adwertisementsare sentout only whenthe
ITG entersor leavesa statein which it is fully utilized. This
is opposedo sendingout adwertisementsvhen&erthenumber
of voiceportsin usechangesSecondwe consideranalternate
baselinecasein which all calls areadmitted referredto asNo
AdmissionControl(NAC). Underthis schemethe averagecall
priceis setto 15 centsperminute.

IV. REDIRECTION SCHEMES

The LS maintainsa tableof the averagepathquality to, and
the currentnumberof voice portsin useat eachgatevay in the
system. Admitted calls are assignedo different gatevaysby
selectingan entry from this table. Thereare several schemes
which the LS may useto performthis assignmentin this sec-
tion, we rst introducetwo existingsimpleredirectionschemes.
We comparetheseschemedo a simple RandomRedirection
(RR) techniquethat selectsthe servicingI TG at random. We
thenpresenta generalizededirectionmodelbasedon the best
featuresof eachof theschemes.

A. CongestionSensitiveRediection(CR)

Congestiorsensitve redirectionhasbeenpreviously usedto
balanceload on a connectionlevel granularityacrossa set of
replicaseners[31] [14] [15]. We adaptthesetechniquedor
usein our system. We considera CongestionSensitve Redi-
rection (CR) schemein which calls are redirectedto the least
loadedITG in the system.Unlike RR, CR candampenoscil-
lationsand canmore effectively balanceacrossheterogeneous
gatevays.However, it reliesonpropagatiorof loadinformation
which may be out of dateandis hencelessresilientto sudden
overloads.

EachlTG adwertisests congestionmeasuresthe number
of voiceportsin usetoitslocalLS. ThelLS thenpropagatethis
informationto the otherLSs. A LS may have out-of-datestate
informationfor a particulargatevay dueto delayedor dropped
adwertisementsTo reducecontroltrafc, anITG adwertisests
loadtoits local LS wheneverthecongestiorrisesabove or falls
belown athreshold.In this study we choseto placethresholds
atmultiplesof 5 voice ports. Experimentatesultsshaved per
formancehadlittle sensitvity to the distribution or numberof
thesethresholds.



B. QoSSensitiveRedirection(QR)

In the current best-efort Internet, audio paclets can be
droppedor delayeddependingn the pathquality betweerthe
sourceandthe destination. This will affect the quality of the
receved audio. Otherfactors,suchasijitter, protocol errors,
and codecdelaysalso affect the received audio quality [16]
[17]. We considera QoS Sensitve Redirection(QR) scheme
in which callsareredirectedo the ITG which hasrecentlypro-
vided the bestQoSto callers,in an attemptto maximizecall
QoS.For simplicity, we assumehatthemajority of QoSdegra-
dationtakesplacebetweermdministratve Domains(ADs), and
notin thenetwork pathbetweertheclientandits AD. Although
the accessnetwork sometimesaccountgfor signi cant quality
degradationin today's Internetdue to underpraisioning, no
redirectionschemecanmitigatethislossin quality.

Oneimportantaspecf this schemds the mechanisnused
to measurethe quality of the receved audio as a function of
thelossesanddelaysof audiopacletsin the network [18] [19]
[20]. In this study we usethe MeanOpinion Score(MOS) for
audioquality [19]. This measurds basedon scoresgiven by
participantson the quality of the receved audioasthe type of
codecandpacletlossratesarevaried. We calculatehereceied
audioquality asa function of the numberof lost RTP paclets
basednthe studydonein [19].

The statisticsof pacletlossareobtainedthroughthe Sender
Reportsand Recever Reportsin the RTCP protocol, which is
part of the RTP session[9]. EachITG maintainsa window
of thesereportsto all otherITGs in the network. Thesepath
qualitiesarethenusedto estimatehe MOS.

C. CongestionandQoSSensitiveRediection(CQR)

We de ne a generalizededirectionschemecalledConges-
tion and QoS Sensitve Redirection(CQR), that combinesthe
bestfeaturef eachof theseschemesTo thebestof ourknowl-
edge thiswork is the rst to proposesucha scheme.The key
ideabehindCQRis to chooseagatevay basednboththenum-
berof voiceportsin useandtheexpectedquality of thereceved
audio, in a mannerthat s resilientto suddenoverloadcondi-
tions. We de ne the RedirectionMetric (Rdm)for gatevay as
follows:

(4)

Where s thelatestestimateof the numberof voice portsin
useatgatevay ,and isthelatestestimateof theaudioqual-
ity at gatavay . Both and  arenormalizedto a value
between0 and 1 by dividing their measuredvalueshy their
maximumpossiblevalues.TheLS calculateshe Rdmfor each
ITG in thesystemgsortsthel TGsin orderby Rdm,andchooses
randomlyfrom the ITGs with lowestRdm. Note thatwhen

is equalto the numberof gatavaysin the system,COR be-
comeskRR.When , CORbecome<R, andwhen ,
CQRbecome®R.We canhenceusethevariable to tradeoff
betweerload balanceandprotectionagainstsudderoverloads,
andthe variable to tradeoff betweencall quality andload
balance.We alsoconsidera versionof CQR in which betais
inverselyproportionalto theusersbid, calledPrice-base€QR
(PCQR).In particular we set ,where isthe
usersbid price. Theaimis thatuserswith high bids shouldbe
allocatedhigherquality paths,anduserswith low bids should
beredirectedsoasto balanceheload.

V. SIMULATION MODEL

Theexperimentaketupusedn our studyadoptgshearchitec-
ture proposedn TRIP [8]. Oursimulationarchitectureshovn
in Figure 1, is implementedasa modi ed versionof the ns-2
simulator[21] [22]. Over the basefunctionalityimplemented
in ns-2,we implementedanITG module,anLS module,anda
usermodulebasedn thedescriptiongivenin Sectionll.

A. UserandServerModels

This experimentalstudyis basedon a usermodelin which
usersexpectto getthe bestquality of servicethatis available
for somemaximumprice thatthey arewilling to pay During
connectionsetup,the useroffers a particularprice, which the
LS usesto performcall admission.If the call is admitted,the
LS thenredirectsthe call to an ITG that hasavailable voice
ports.

B. Network& SystenfParametes

Fig.5. TheQwestNationallP backbondrom 1999.

Theresultspresentedelon arebasedon the following net-
work andsystemparameters.

1) Simulationanalysids carriedoutontwo network topolo-
gies: (1) The QwestUnited StatesIP backbonefrom
1999 as shown in Figure 5 with an AD placedat each
of the 14 Points-of-Presend@oPs)[ 23], and(2) the Ex-
cite@HomeOC-481P backbonewith an AD at eachof
the 29 @Work SuperNodes[24]. Thetopologycharac-
teristicsdiffer in several respectsfor example,the av-
eragedistancebetweenITGs in the Qwestnetwork is
lower. Unlessotherwisestated resultsareacquiredfrom
the Qwestnetwork topology
The call arrival in eachAD follows a Poissonprocess
with rate calls per second. This parameteiis varied
to studythe sensitvity of the resultsto the offeredload.
Call holdingtime follows anegative exponentialdistribu-
tion with mean180secondsTheseparameterarebased
onstandardelephoty traf c models.

EachlTG has56 voiceports.

Thebackgroundraf c in eachlink follows a Paretodis-
tribution with a shapeparameterof 1.2 andwith mean
link utilization uniformly distributed from 30% to 60%
[25]. Sensitvity to thelevel of backgroundrafc is con-
sidered.

The voice trafc is modeledby an exponentially dis-
tributed "on-off” Markov modulatedprocesautilizing a

2)

3)

5)



G.723code(]6]. RTPtrafc is tunedto constitutel% of
thetotaltrafc [26]. Sensitvity to this percentagés also
studied.Finally, we considered playbackbuffer of 300
ms, and a paclet is consideredost if it is not received
within 300 msof beingsent.The InternationalTelecom-
municationsUnion (ITU) de nesthis valueto bethere-
quiredmaximumdelaytime for voice communication.
ThelTGs arereplicatedandcalls canbe servicedby ary
ITG. Furthermoreall calls costthe same,i.e., unlike in
the PSTN,thereis no differencebetweenocal callsand
toll calls.

is the Iter gain usedin the exponential averaging
schemeo computerthe meannumberof voice portsat
anlTG. In this studywe set

6)

7

C. PerformancéMetrics

To comparethe variousmanagemenstrategies we usethe
following threeperformanceneasures.

1) Provider Ef ciency: Thisis the total revenuegenerated,
andis measuredasthe total call revenueaveragedover
all ITGs.
EconomicEf ciency: A managemenstratgy is eco-
nomically ef cient if it ensureghat callerswho placea
highervalue on servicesare allocatedresourcesefore
callersthatplacealowervalueonthoseservices Further
more,callerswith higherbids shouldbe allocatedhigher
quality pathsover userswith lower bids. A strongcorre-
lation betweenprice paid and QoS achiered shavs that
userswho arewilling to paya high pricetendto beallo-
catedpathswith goodservicequality overuserswvho offer
a lower bid, which causesiserbene t to be maximized
in our usermodel[27]. We usesimplelinearregression
techniqueso nd thecorrelationcoefcients betweerthe
pricechagedto theuserandtheblockingprobabilityand
recevedaudioquality.
Network Ef ciency: Thisis thecall blockingprobability.
A call canbe blocked dueto two reasons:(1) It could
beblockedattheLS. This couldhappernif theLS cannot
nd anlITG thatcanservicethe call. Note thatthe call
could be blocked eitherbecausall ITGs arebusy; i.e.,
no free voice portsat ary of the ITGs (NFP),or because
thereis no ITG thatis willing to servicethe call at the
price offeredby the user(OPR).(2) It could be blocked
atthe TG (GRC). This could happenif the LS hasout-
dated/incorredbadinformationaboutthel TG. Thus,the
LS initiatesa call setupto anITG which actuallyhasno
voice portsavailable. GRC andNFP blocksarelessde-
sirablethanOPRblocks,asthey arenot causeddy price
basedadmissioncontrol and might causea high paying
userto bedeniedservice.
We additionallymeasur¢heaverageservicedistanceand
averageaudioquality achieved by callersin eachof the
schemedo investigatehow well resourcesare utilized.
Theservicedistances de ned to bethe numberof inter-
mediatenetwork hopsbetweertheuserandthe TG used
to servicethecall.
a) AverageServiceDistance:This is the averagedis-
tancein termsof the numberof hopsbetweenthe
userandtheITG thatserviceghecall.

2)

3)

b) RecevedAudio Quality: This is the averageaudio
qualityin termsof MOS measurea@tthereceveras
discussedh SectionlV-B.

VI. RESULTS AND DISCUSSIONS

We collectperformanceametricsin amannetthatensureshe
systenreaches steadystate.While experimentsareconducted
for 90 minutes the resultspresentedn this paperarebasedon
systemstatesampledduring the last60 minutesof eachexper
iment. Thisis doneto eliminatethe effectsof cold start[28].

A. AdmissiornContmwol

An admissiorcontrolschemehasthreedesirableproperties.
It should maximize network efciency by allowing as mary
callsaspossibleinto the system.It shouldmaximizeeconomic
efciency, i.e., asresourcebecomdimited it shouldpreferen-
tially admituserswho placea highervalue on makinga call.
It shouldmaximizeprovider ef ciency by generatingasmuch
revenueaspossible.In this sectionwe compareFlat Admission
Control (FAC) and CongestionSensitve Admission Control
(CAC). We x theredirectionschemeas QoS Sensitve Redi-
rection (QR). We refer to the resultingschemesas QR+FAC
andQR+CAC, respectiely.

1) NetworkEfciency: Unlikein the PSTN,we canusethe
rich signalingnetwork to implementcomplex pricing policies.
To achieve goodnetwork ef ciency andmitigateoverloadcon-
ditions,we usecongestiorsensitve pricing to performcall ad-
mission.
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Fig. 6. Averageblockingprobabilityasafunctionof offeredload.

Figure6 compareshecall blockingprobabilityasafunction
of the offeredload for the two managemenschemes.Tablel
tahulatesthevariouscomponent®f the blocking probability.

In QR+FAC, theblocking probability of a call is about50%,
regardlesof the offeredload. Sincethe price of acall is x ed
at 30 centsandthe users bid is uniformly distributedbetween
15 and 45, half of the calls are blocked in this scheme. The
effective voice port utilization is low andtherearealwaysfree
portsavailablefor userswho offer higherbids. Consequently
asseenin Tablel, all callsblockedin this schemeareblocked
dueto overprice,i.e., OPRblocks.

In QR+CAC, the price changegddynamicallywith load. At
low loads,the averageprice is low, allowing morecalls to be
servicedthanin QR+FAC. With higherofferedload, the num-
ber of blocked calls increases.However, ascanbe seenfrom
Figure6, the blocking probability for QR+CAC never exceeds



TABLE |

COMPARISON OF DIFFERENT TYPES OF BLOCKING PROBABILITIES (P(OPR/NFP/GRC)

BLOCKING PROBABILITY DUE TO OPR/NFP/GRC).

Management] Load=0.3 Load=0.5 Load=0.7 Load=0.9
Strateyy P(OPR)| P(NFP)+| P(OPR)| P(NFP)+| P(OPR)| P(NFP)+| P(OPR)| P(NFP)+
P(GRC) P(GRC) P(GRC) P(GRC)

QR+FAC 0.480 0 0.477 0 0.489 0 0.479 0

CQR+CAC 0.002 0 0.144 0 0.154 0 0.261 0

that of QR+FAC. This happenshecausehe price-congestion
function of QR+CAC admitsa large numberof calls, causing
a highersystemutilization. Althoughthe systemhashigh uti-
lization, the price-congestiorfunction effectively preventsthe
systemfrom overload,and henceno calls are blocked dueto
NFP(nofreevoiceports)or GRC(gatavayrejecteccall setup).
At low loads,theprice-congestiofunctiongenerates low ad-
missionprice,allowing almostall callsto beadmitted.
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2) EconomicEfciency: At high loads, congestionarises
in termsof high demandfor voice ports at the ITGs, which
increaseghe call blocking rate. Our systempreferentiallyal-
locatesvoice portsto userswith high bids over userswith low
bidsby increasinghecall admissiorpriceduringtimesof over-
load. We considertwo metricsto comparethe economicef -
cieng of the differentmanagemenschemesthe relationship
betweeradmissionprobability andprice paid,andthe average
audioquality achiered.

Average QoS Achieved: Figures7 and 8 show the rela-
tionship betweenthe averagereceved audio quality and
servicedistanceas a function of the load for eachof the

resourcemanagemenschemeswith price basedadmis-
sion control. We obsene that QR+FAC provides excel-
lent quality for all calls, sinceall calls areterminatedo-
cally dueto the large numberof OPR blocks underthis
schemeas shavn in Figure 8. QR+CAC also provides
an excellent audio quality, as low paying calls tend to
be blocked and high payingcalls canbe satis ed locally.
The receved audio quality doesnot vary with load, as
our price-congestiorfunction doesa goodjob of block-
ing a larger numberof low paying calls when load in-
creases.This keepsthe systemfrom becomingoveruti-
lizedandhenceforcescallsto usepathswith poorquality.
As load increasesthe greaterthe demandfor high QoS
paths,and hencethe smallerthe percentagef calls that
can be handledlocally. However, a large percentagef
callsthatwould have beenallocatedpathswith poorqual-
ity areblocked,keepingaudioquality constanticrosdoad.
QR+CAC provideslower audioquality thanQR+FAC due
to the higher systemutilization. All the high QoS paths
becomeallocatedforcing calls to travel fartherfrom the
localITG.

RelationshipbetweenPrice and AdmissionProbability:
We measurdhe relationshipbetweenthe users bid price
andthe probability that the useris admittedinto the sys-
tem by calculatingthe correlationcoefcients of the two
variables. In QR+FAC, all calls with a bid price greater
than30 centsareadmitted,andall othercallsareblocked
by the system. This resultsin a strong correlation of
0.866 regardlessof offeredload. However, this correla-
tion is achievedby unnecessarilplockingalargenumber
of calls. We nd that QR+CAC alsohad a very strong
relationshipbetweernthetwo variables.However, the cor-
relationcoefcients for this schemeareslightly lessthan
thanthat of QR+FAC underall loadsdueto the factthat
the admissionprice uctuateswith load. A suddenburst
of calltraf c causesheadmissiorpriceto raise,blocking
high payingusers.If a statistical uctuation suddenlyde-
creasesheamountof call traf c, theadmissiorpricewill
drop, allowing morelow payingcallsto be admittedinto
thesystem.In thismanneycallerswith alow bid how have
amethodto “sneakin” andacquirea setof voice portsat
alow price. More detailedinformationis availablein our
technicalreport[28].

3) Provider Efciency: We achieve provider ef ciency by
makingthe admissionprice congestiorsensitve. This allows
usto runthe systemat high utilization andallocatevoice ports
to userswho arewilling to pay more. In Figure9 we compare
the total revenuegeneratedrom eachscheme.For QR+FAC,
therevenueincreasedinearly with load. This is not surprising
to nd sincein this model pricesdo not uctuate with load.
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Sinceacallis equallylikely to beblockedregardlesf loadin
this schemethetotal revenuewill be a function strictly based
onthenumberof callscominginto the system.

In QR+CAC we nd asimilareffect: themoretraf c coming
into the systemincreaseshe numberof callsthatarehandled,
causingevenueto increaseThetotalrevenuegeneratedby this
schemas higherthanthatof QR+FAC for high load,sincethe
admissiorpriceincreasesvith load. Thetotal revenueis higher
thanthat of QR+FAC for low load for a lessintuitive reason.
At low loads,we block muchfewer callsthanin QR+FAC. Al-
thoughwetendto chaigealowerpricepercall, we servicemore
callsandhencegeneratenorerevenue. Our analysisexplains
this result: the admissionprice for a particularsystemload is
designedo generatehe maximumamountof revenue.

B. RediectionSdhemes

Oncea call is admittedinto the network it shouldbe redi-
rectedto the gatevay bestsuitedto provide service. Sucha
redirectionschemeénastwo desirableproperties First, it should
maximizenetwork ef ciency by achieving abalancedoadand
dampeningscillations.Secondijt shouldmaximizeeconomic
efciency by ensuringthat calls with high bids acquirehigh
quality pathsaheadf callswith lower bids. In this sectionwe
comparethefollowing redirectionschemesRandomRedirec-
tion (RR), Congestiorand QoS Sensitve Redirection(CQR),
andPrice-base QR (PCQR).We useNo AdmissionControl
(NAC) for all resultsshavn in this section.We referto there-
sulting schemesas RR+NAC, CQR+NAC, and PCQR+MC,
respectiely.

1) NetworkEfciency: To maximizenetwork ef ciency, it
is necessaryo have a load balancingpolicy to prevent oscil-
lationsin call traf c to eachof the ITGs. This policy mustbe
distributedin nature,asit mustrun acrossmultiple LSs with
potentially out of dateinformation. We henceusecongestion
sensitve redirectionto balancecall traf c overthesetof ITGs,
therebyincreasinghenumberof callsthatcanbe admittedinto
thesystem.

In Figure10, we measurgheblocking probability of thetwo
redirectionschemesWe use to tunethe relative weightsof
congestiorand QoS sensitvity (notethat CQR with is
thesameasCR). RR+NAC doesnottake asaparameteand
henceis shovn asa at line.

As the level of congestiorsensitvity is increasedn the hy-
brid scheme,the call blocking probability decreasesigni -
cantly The strictly QoS sensitve schemecausesmary calls
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Fig. 10. Averageblockingprobabilityasafunctionof .

to be routedto a few ITGs in the centerof the network topol-
ogy that provide good QoSto all callers. Suddenincreasesn
calltrafc malkethese TGsmorelikely to saturateresultingin
larger numbersof blocked calls dueto GRC. Larger amounts
of congestiorsensitvity causethe loadto be moreevenly dis-
tributedacrosshesetof ITGs, therebydecreasingheblocking
probability Hence,someamountof congestionsensitvity is
necessarjn theredirectionschemen orderto increasesystem
capacity

Surprisingly the call blocking rate increaseslightly aswe
increaseherelative weightof congestiorsensitvity from

to . This happendecauseaddingQoS sensitvity
causegalls to be routedto closerITGs. Advertisementsent
by theselTGs arelesslikely to be droppedor delayedby the
IP network, andhencecallsdirectedtowardthese TGs areless
likely to resultin ablockedcall. Furthermorealthoughwe see
smallervaluesof resultin betterperformancesmallervalues
also causean increasedsensitvity to suddenoverloadcondi-
tions. Experimentakesultsshaved to be areasonable
tradeof.

At highloads statistical uctuationscancauseall voiceports
at certainlTGs to saturatedueto sudderin ux esof calls. This
changein systemstateis re ected as NFP and GRC blocks.
This canbeexplainedby notingthatthe systemcanexistin one
of thefollowing two states:(1) Whenthereis atleastonel TG
with no free voice ports. In this caseno incomingcall will be
blocked. (2) Whennoneof the ITGs have free voice ports. In
this caseall incoming calls will be blocked. NFP blocks can
only occurif the systemis in State2. Becauseof the large
amountsof backgroundrafc, adwertisementsndicatingthat
the ITG is full cangetdroppedor delayed,and hencestate?
tendsto be manifestedoy GRC blocks. Thelarge relative per
centagef GRCtypeblocksemphasizetheimportanceof con-
gestionsensitvity in aredirectionschemeavhentheIP network
is heavily loaded.

2) EconomicEfciency: The IP network is not homoge-
neousandhence o wstraversingdifferentpathsin the network
may experiencewidely varying levels of QoS.Flows passing
throughcongestedreasof the IP network sustainhigh paclet
loss,therebydecreasingall quality. Our systemallocateshigh
quality pathsto userswith high demandover userswith less
demanddy performingcall redirectionbasedn price.

1) Average Call QoS: Figure 11 shows the averageaudio
quality achiesed in the hybrid schemewithout call ad-
missioncontrol. We noticethat QoS sensitvity cansig-
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ni cantly increasehe averagecall quality. For example,
qualityincreasefrom apoorMOS of 3to agoodMOS of
4.5for CQRwhen . This happendecausehe LS
canleverageQoSsensitvity to distinguishbetweend TGs
with nearlyequallevels of congestiorbasedon their re-
spectve pathqualities.Althoughsmallervaluesof im-

prove performancethey decreasaesilienceto sudden

overloadconditions.Figure12 shavs how QoSsensitv-
ity canimprove resilienceto IP network congestionWe
alsoobsene thatcongestiorsensitvity offereda similar

cientscloseto 1. This happendecauseiserswith higher
bids areassigned lower valueof  underthis scheme,
resultingin higher quality calls. Low paying usersare

redirectedto more distantITGs, leaving higher quality

pathsavailablefor high payingusersanddecreasinghe

blocking probability for all users. Furthermorewe no-

tice that the correlationimproves with load under this

scheme.At low load, mostITGs had small numbersof

voiceportsin use.This causeshe QoSsensitve compo-
nentof the schemdo have alargereffect, therebygiving

goodQosStoall callsanddecreasinghecorrelation.Note

thatthis is a desirableresult,asat low loadscongestion
sensitve redirectionbecomesinnecessaryrurthermore,
theseschemesreparticularlysusceptibleéo overloaddue
tothelackof call admissiorcontrol. Sincethelargenum-

berof blocksoccursindependentlyf price,economicef-

ciency is alsoreducedn the senseghatmary high pay-

ing calls areblocked. This shavs the importanceof an

effective admissiorcontrolscheme More detailedinfor-

mationis availablein ourtechnicalreport[28].

3) Provider Efciency: RR+NAC and CQR+NAC gener
aterevenuethatriseslinearly with load. This happendecause
we chageall callersthe same x edrate. In PCQR+MC, we
achieve provider ef ciency by chaging usersmorefor access
to higherquality paths.Thisallowsthesystento generatenore
revenuefrom thesepathsfrom userswith high bids, while still
generatingevenuefrom userswith low bidsonthelower qual-
ity paths.Thisschemeaeneratemorerevenuethanall theother
redirectionschemesinderhigh load. This is becausehe sys-
tem is always providing a wide rangeof pricesfor incoming
calls. For example,if acallerwith ahigh bid entersthe system
it will likely be handledatthe homelTG which will allow the
systento chaigethe maximumpossibleamountfor thecall. In
addition, we block very few calls, and of thosewhich are not
blockedwe canchagea pricevery closeto thebid.

C. Sensitivityto the NetworkParametes

To investigatethe sensitvity of our mainresultsto changes
in network parametersye vary the network topology andthe
percentagef RTPtraf c of thetotaltrafc load. Thefollowing

bene t in termsof blocking probability underincreased is asummaryof themainobsenations.

offeredload. It is interestingo notethatarelative weight
in therange offersbothavery high QoSand
avery low blocking probability. This shawvs thatwe can
achieve the bene ts of congestionsensitvity with QoS
sensitvity in a single hybrid redirectionscheme.Addi-
tional experimentsshaved that thereexisteda good op-
eratingpoint for the systemundera variety of different
parametersalthoughthe bestvalueof varied.

2) RelationshibetweerPriceandAudioQuality: Wemea-
surethe relationshipbetweenthe bid price of the user
and the audio quality achieved by calculatingthe cor
relation coefcients of the two variables. In RR+NAC,
all calls areterminatedat an ITG independentlyof the
bid price. Hence,all calls receve the sameaverageau-
dio quality and so the correlationcoefcients are close
to zerounderthis scheme. The correlationcoefcients
underCQR+NAC arealsocloseto zerofor the samerea-
son. We nd thataddingprice sensitvity to the redirec-
tion methodin PCQR+MC resultsin correlationcoef-

We carried out simulationsbasedon the Excite@Home
topologymentionedearliet The larger network diameter
causesheaverageservicedistanceo risefor all schemes.
However, the averageaudio quality also increaseswith
load. Dueto thelargernumberof ITGsin thesystemgach
LS hasa larger numberof entriesfor ITGs with a partic-
ular load, and canchoosethe bestfrom a wider rangeof
path qualitiesto sene the user Furthermorethe larger
network diametercauseghe numberof GRC blocks for
CQR+NAC to increasesigni cantly with load, causing
revenueto drop. Callsthat would have beendirectedto
ITGsviaapoorQoSpathtendto getblocked rst, causing
theaveragerecevedaudioquality to improve with system
loadunderthis scheme.

RTP trafc is by naturelessbursty than the Paretodis-
tributedbackgroundraf c. Henceaswe increaseherel-
ative percentagef RTP trafc, the averagereceved au-
dio quality achieved by eachof the managemenéchemes
increases. However, the averagereceved audio quality



in PCQR+MC decreasesaseachLS now hasa smaller
numberof entriesfor ITGs undera particularload. This
causeshecongestiorsensitve componenbdf CQRto have
a larger effect, therebyforcing a larger numberof callsto
be pushedo ITGs offering a poor QoS. Furthermorejn-
creasinghe offeredloadcauseshe averagecall quality to
decrease SinceRTP traf c now constitutesa larger per
centageof total network traf ¢, increasinghe numberof
callsin the systemhasa signi cant effect on IP network
load. This effectis smallestfor the schemeswith admis-
sioncontrol,dueto thelargenumberof OPRblocks.

VIlI. CONCLUSION

Theunderlyingclient-senerarchitecturen IP Telephoty al-
lows serviceprovidersto enablenew servicesand ef ciently
managenetwork resourcesin this paperwe presenteé com-
paratie studyof afew simplebut representatie resourcanan-
agemenstratgiesthattake into accounbothnetwork resource
congestionthe QoS requirementf the users,andthe price
thatthe usersarewilling to payfor a certainQoS.For the cur
rent best-efort Internet, we introducedtwo congestionsensi-
tive call redirectionmechanismsWe introducedan admission
controlpolicy thatchangepricebasednnetwork resourcauiti-
lizationto avoid systenoverload.Theresultsshov thatadding
QoS sensitvity to congestiorsensitve redirectionmaximizes
resourceutilization while simultaneouslymaximizingthe eco-
nomic ef ciency, i.e., it provideshigherQoSto userswho are
willing to payfor it. We compareda hybrid redirectionscheme
thattakesinto accountthe factthatthe quality of receved au-
dio depend=on the characteristicof the path chosenby the
network with asimple at andcongestiorsensitve redirection
techniques.

Therearemary itemsthatneedfurtherinvestigation Firstly,
therearedifferentwaysto combineCSandQoSsensitvity into
a single resourcemanagemenmodel; theseapproachesieed
to be comparedo determingheir relative strengthsandweak-
nessesSecondlythe problemof ITG placemenin wide area
networks needsto be addressedThirdly, the studyneedgo be
carriedout usingmorerealisticusermodels. Finally, it would
be of someinterestto simulatea competitive network where
managemergchemesandiffer at eachadministratve domain.
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