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Abstract— Congestion-sensitive pricing for providing better than best effort ser-
vice has received significant attention in the last decade. In this paper we identify a
robust parameter for capturing congestionconditions in an edge-to-edgeframework
and proposea family of adaptive pricing schemesfor premium network services.The
parameter is the ratio of two values: Edge queue and estimated edge-to-edge capacity.
By coordination betweenedgerouters, both of the valuesare available at the ingress
point in an edge-to-edgeframework. Thus, the pricing schemesdeployable.Basedon
the identified parameter, weproposea newadaptive pricing framework, Price Discov-
ery. Basedon the Price Discovery framework and the identified pricing parameter, we
develop and analyzefour pricing schemes.We compare the pricing schemes,and se-
lect the bestonein performance. We identify stability conditions for the bestscheme.
This is followed by evaluation of the bestpricing schemewith extensive simulations of
various scenarios.

I . INTRODUCTION

The playersthat engagein transactionsinvolving bandwidthcan
be groupedin the following three categories: Capacity providers,
re-sellers (Internet service providers and other bandwidth service
providers)andend-consumers.The transactionsbetweenthecapacity
providersandre-sellersarebesthandledin anexchangekind of envi-
ronmentThis is becausetheenvironmentoffers thecapacityproviders
andre-sellersavarietyof optionsby providing accessto alargenumber
of capacityprovidersandre-sellers.Anotheradvantageof exchangesis
transparentpricing, which encourageshealthycompetition.This kind
of pricing wheretypical transactions(betweencapacityproviders and
re-sellers) arefor a largeamountof bandwidthis, whatwe call, band-
width pricing.

Re-sellerscreatevalue by cateringto the variety of needsof end-
users(their diverseapplicationswhich vary in termsof their delayand
jitter sensitivities). Bandwidth,amongits otheruses,is usedfor Inter-
net servicesaswell. The domainof pricing bandwidthfor providing
Internetservicesto endusers(transactionbetweenre-sellers andend-
users)is known asInternetpricing. Severalproposalshave beenmade
for Internetpricing. We canclassify thoseproposalsinto two major
groups:congestion-sensitive pricing proposals(e.g. [1], [2], [3], [4],
[5], [6], [7], [8]), static pricing proposals(e.g. [9], [10], [11]). In
congestion-sensitive pricing,asthenamesuggests,priceperunit traffic
volumevariesby time dependingupontheactualnetwork congestion.
In staticpricing,priceperunit service(astraffic volumeor servicedu-
ration)is fixed.

Congestion-sensitive pricing is becomingpopularas a methodfor
network resourceallocationandcongestioncontrol. The main moti-
vation behindthis is that network performancecannotbe solely de-
rived from congestioncontrol protocols[12]. During periodsof re-
sourcecontentionor congestionepochs,thereis a needto distinguish
onepacket from the otherbasedon their importanceas indicatedby
a utility function (utility functionsaretypically a combinationof user
preferencesandapplicationrequirements).Thusduringcongestion,in-
creasingpricesof network servicesmakesanallocationcloserto Pareto
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efficient [13] (i.e. allocatesresourcesto userssuchthattheoverall user
surplusis closeto thehighestpossible)andgivesusersright incentives
to adjusttheirdemandsto alleviatecongestion[2].

Wecanalsoclassifythepricingproposalsbasedupontheirgranular-
ity. Someof thecongestion-sensitive pricing proposalshave usedper-
packet charging, while othershave usedper-contract charging which
providesprice informationto theuserprior to charging. MacKie Ma-
sonandVarian’s SmartMarket [3] proposesto useper-packet charges
baseduponthe total marginal congestioncost the packet imposeson
otherusers.For pricedetermination,GibbensandKelly’sPacketMark-
ing scheme(alsoknown asProportionalFair Pricing)[2] alsousesper-
packet charging by usingthenumberof packetsmarkedat a congested
network router.

WangSchulzrinne’s ResourceNegotiationandPricing (RNAP) [7]
is anexampleof congestion-sensitive pricingschemewith per-contract
charging. RNAP combinesadmissioncontrolwith congestionpricing
by usingtheservicelevel agreementflexibility of diff-serv [14] archi-
tecture. RNAP leave the job of price determinationto local network
routersandusesprobingtechniquesto determineedge-to-edgeprices.
Also, DynamicCapacityContracting(DCC) framework [8] usesper-
contractchargesby makingpricedeterminationonanedge-to-edgeba-
sisat theedgeroutersratherthanleaving it to local network routers(a
majordifferencefrom RNAP).

In this paper, we proposea new pricing framework, Price Discov-
ery, to solvetheproblemof allocatingpremium(betterthanbesteffort)
Internetserviceswithout making any assumptionsaboutuserbehav-
ior. Pricediscovery is deployable in a generalcontractingframework
in which endusersandISPsenterinto servicelevel agreementsat the
beginningof acontractingperiodfor service.TheISPsvarypricefrom
one period to anotherin order to meetthe servicelevel agreements.
Price for premiumservicesdoesnot changeduring a period in con-
tractingframework.

PriceDiscovery attemptsto employ congestion-sensitive pricing at
network edgesandusesanadaptive event-basedalgorithmto increase
or decreaseprice. It operatesin cyclesof queuedrainandqueuebuild
while discovering the price in an adaptive manner. In order to deter-
mine theprice in period � , it usestwo parameters:queuelengthat the
edge(edgequeue)	�
��� andestimatedcapacity ��
 . With a simpleco-
ordinationbetweeningressandegressedgerouters,both 	�
��� and ��

are available in an edge-to-edgeframework. By using edge-to-edge
congestiondetectiontechniques(e.g. [15]), � 
 canbe variedto alle-
viate congestion,it typically decreasesduring congestionepochs(so
that a part of available capacitycan be usedfor draining the queues
that build up during congestion)andincreases(to increaseutilization
of the edge-to-edgecapacity)whenthereis no congestion.So, Price
Discovery takesadvantageof theavailableinformationin anedge-to-
edgeframework and employs congestion-sensitive pricing to control
the queuelengthsat the network edges.PriceDiscovery is a general
framework that canbe appliedto any scenariowhere 	 
��� and � 
 or
their logical equivalentsare available for price determination.DCC,
for instance,providesboththeparameters.



PriceDiscovery is closeto Shenker et al.’s EdgePricing [11] pro-
posalin termsof operatingpoints, i.e. network edges.However, the
majordifferenceis thatEdgePricingproposesstaticusage-basedpric-
ing, while Price Discovery supportsthe idea of congestion-sensitive
pricingusinganadaptive algorithm.

Thepaperis organizedasfollows: In SectionII, weinvestigatebasic
issuesandconceptsin an edge-to-edgeframework basedon diff-serv
architecture.In SectionIII, we take a look at the problemof Pareto
efficient network resourceallocationin the faceof congestion,while
maintaininghigh utilizations. In SectionIV, we presentthePriceDis-
covery framework, and show that the edgequeuecan be usedas an
effective parameterfor pricingnetwork servicesasit representsthecu-
mulativedifferencebetweendemandandcapacityfrom thelasttimethe
queuewasempty. Next in SectionV, we formulatefour possiblelinear
pricing schemes(PIPD,PIAD, AIPD, AIAD) within thePriceDiscov-
ery framework andshow by comparative evaluationthat Proportional
IncreaseAdditiveDecrease(PIAD) performsbest.Thenin SectionVI,
we evaluatestability conditionsfor PIAD pricing scheme.In Section
VII, we developa simpleusermodelanduseit to evaluatePIAD. We
presentexperimentalresultsto show how the PIAD schemereactsto
congestionsof differentmagnitudeandhow thePIAD parameterscan
be tunedto get desiredqueuelengthsandotheroperatingconditions
(SectionVII-F). Wealsoevaluatepremiumserviceallocationdonebe-
tweentwo usersfor different basedemand(demandat price=0)and
reservationprice(SectionVII-G). Summaryanddirectionsfor further
work arepresentedin SectionVIII.

I I . BASIC EDGE-TO-EDGE CONCEPTS

Giventherecenttrendtowarddiff-servarchitectureto providebetter
thanbesteffort services,it isdesirableto performcomplex operationsat
network edgesandsimpleforwardingoperationsatnetwork interior. In
suchanedge-to-edgescenario,it is possibleto coordinateedgerouters
in orderto achieve variousobjectives[15], suchascongestioncontrol,
capacityestimation,flow control.

By employing edge-to-edgecongestioncontrol,it is possibleto push
congestionbackfrom the interior of a network anddistribute it across
network edgeswherethesmallercongestionproblemscanbehandled
with flexible and cheapermethods[15]. This methodwill createan
environmentwheretraffic backlogsoccurat network edges,i.e. edge
queues. In suchan environment,one methodof managingthe edge
queuesis to employ congestion-sensitive pricing at the edges. Price
Discovery hasbeendesignedto take advantageof this scenario,by
leveragingtheavailableinformationeffectively in an adaptive pricing
schemethatoperatesin cyclesof queuebuild andqueuedrain (queue
varyingin rangespermittedby theservicelevel agreements)in thepro-
cessof discoveringtheoptimumprice.However, noticethatPriceDis-
coverydoesnotnecessarilyrequireanedge-to-edgecongestioncontrol
mechanism.It only requiressomeform of coordinationbetweenedge
routersso thatpremiumcapacitiesavailablefor next periodcanbees-
timated.

Giventhepossiblecoordinationamongedgerouters(or atight edge-
to-edgecongestioncontrol), theproblemof congestion-sensitive pric-
ing canbereducedto aproblemof usingadaptivepricingto controlthe
edgequeues.Figure1 shows thebig pictureof thescenarioalongwith
theparameterswe will usein PriceDiscovery.

Theparameterusedto measuretheseverity of congestionin thepric-
ing schemeis theedgequeueat theingress.	 
��� is thelengthof edge
queueat theendof period ����� andat the beginningof period � . ��

is theestimatedcapacityin period � calculatedbasedoneitheredge-to-
edgecongestioncontrolalgorithmsor edge-to-edgecoordinationused.� 
 is therateatwhichpacketsleave theegress.Thiswill belower than��
 duringcongestionepochs.��
 is thetotal demandduringperiod � .

Fig. 1. Edgeto edgeframework at thebeginningof periodi.

I I I . ISSUES IN CONGESTION SENSITIVE PRICING

In this section,we first formulatethe utility maximizationproblem
for a userconsumingpremiumnetwork servicein a contractingframe-
work. At the beginning of a contractperiod,eachusercontractsfor
network resourcesatapricethatis declaredby theserviceprovider. We
now formulatetheobjective functionfor anindividualuserwhowishes
to maximizehis benefitsfrom network servicesin contractperiod � .

Supposethat therearea total of � users. The utility function of
user� (where ��������� ) in contractperiod � is givenby � 
  . Let the
numberof packetssentby user� in contractperiod � be !"
  . Thenthe
singleperiodutility maximizationproblemfor user� in contractperiod� canbestatedas: #%$'&(�)+*-, �.
  0/!1
  324�65"
7!"
  �8
subjectto: ! 
  :9�; (1)

This leadsto thefirst ordercondition:< � 
  /! 
  2< !1
  = 5"
 (2)

Theexpressionontheleft of Equation2 is alsocalledthereservation
price. Thus,we seethat in order to maximizeits individual benefits
from the network, eachusercontinuesto usethe network resources
until the actualprice equalshis reservation price. In order to make
the goalsof individual usersconcurwith the premiumservicelevel
agreements,thepricein contractperiod � shouldbesetsuchthat:>?  �@4� !"A
  = � 
 (3)

where, ! A
  is thesolutionof themaximizationproblem(statedin (1))
thatsatisfiesEquation2.

The solutionobtainedfrom Equation3 is the ideal solution to the
problemof allocatingnetwork resources,as it not only ensuresthat
userswith highestutilities get the premiumnetwork services(Pareto
efficiency or economicefficiency), but also ensuresthat the network
resourcesare fully utilized (network efficiency). However, it is hard
to determinetheindividualuserutility functionsandthey oftenchange
with time. Theproblemis thatif thepriceadvertised(determinedby an
alternatemeans)is higherthantheoptimumprice that satisfiesEqua-
tion 3, thecapacitycontractedby userswill be lessthantheavailable
capacity. Thiswill decreasetheresourceutilizationandcauseanineffi-
cientallocationof resources.If thepriceis lower thantheoneobtained
from Equation3, total userdemandwill exceedcapacityandit will be
hardto maintainpremiumserviceconditions.

To operatein this scenariowhenthe informationrequiredfor ideal
solution is not available, we take the approachof having a queueat
theedge(which actsasbuffer for demand)anduseanadaptive pricing
schemeto control the lengthof thequeue.Clearly, the longertheper-
missiblequeue,thehighertheaverageutilization,but greaterthedelay
eachpacket encounters.Thus,thereis a trade-off. SomeISPswould
like to offer betterserviceeven if thatmeanslower utilizations,while
otherswouldlike to maintainhigherutilizations(biggercustomerbase)
evenif this impliesincreasein delayspacketsencounter.



Fig. 2. Modelof useradaptationandallocationfor eachof the B cases.

IV. A SYSTEM PARAMETER FOR PRICE DISCOVERY

Thestateof thenetwork systemat thebeginningof contractingpe-
riod � is completelyspecifiedby the queuelength carriedover from
previous period, 	 
7�C� andestimatedcapacity, � 
 . 	 
��� representsthe
cumulative differencein demandand capacityfor premiumservices
sincethe last periodin which queuelengthwasequalto zero. Thus,
it is naturalto expecttheparameter	 
��� to bechosenfor congestion-
sensitive pricing. By coordinatingedgerouters,the edge-to-edgeca-
pacity ��
 canbe estimated.So, the two parameters	�
��� and ��
 are
known at thebeginningof a contractperiodin anedge-to-edgeframe-
work and thuscanbe usedin a pragmaticschemefor pricing. Their
ratio is particularlyinterestingasit indicatestheseverity of congestion.
Thus, the ratio of queuelength to capacityis intuitively an attractive
parameterfor usein congestion-basedInternetpricing.

To further investigatethebehavior of thesystemandto confirmthe
validity of this intuitive parameter, we set-upa singleperiodoptimiza-
tion problemandsolved it usingoptimizer functionsbuilt in Matlab.
We then investigatedthe relationshipbetweenthe optimal pricesob-
tainedfor a period � and the stateat the endof period ���D� (which
is known whenprice for period � is to be determined).In particular,
we investigatedthe relationshipof the ratio of edgequeuelengthand
capacitywith optimalprices.

Thisoptimizationandhypothesisexperimentcanlogicallybeviewed
asthefollowing two steps:E In step1, we assumethatweknow every bit of informationrequired
to find theoptimumprice(in thetypical scenarioformulated).E In step2,weexaminetherelationshipbetweentheoptimumpricesof
step1 andour intuitive parameterfor capturingcongestionconditions,	 
���GF � 
 . Theparameteris known at thetime of pricing in anedge-to-
edgeframework.

The ideais to find optimumprice assumingwe knew everything,and
thenseehow goodwe coulddoknowing whatwe actuallyknow.

Theobjective in the formulatedproblemis to maximizetheutiliza-
tion of network resourcesin aperiod � , giventhedistributionof thetotal
budgetof all users1, distribution of availablenetwork resourcesavail-
able for contractingin period � , maximumpermissiblequeuelength
(expectedto be determinedby servicelevel agreementspecifications)
andqueuelengthat theendof period �C�-� .

In theoptimizationmodel,wetake H =1000samplesizefor eachran-
domcomponent(i.e. observations)in asingleperiodproblem.Further,
to checkthesensitivity of theregressionresultsobtainedto theassumed
distributions,we do the hypothesistestingfor two differentdistribu-
tions of userbudgets(onewith large varying loads). The processof
budgetadaptationandeventualutilization is explainedin Figure2.

Useradaptationto varyingdemandis capturedby changingthebud-
getaccordingto thefollowing simplelinearrule:IKJ'L M7N�OQP3R = #%$'&TS ;VU I�JXW �Y� 5 
Z5\[^] (4)_

For tractability reasons,all usersareassumedto be in the sameclassin the sensethat they have the
samereservationprice.Thetotalbudgetof all userswasusedin theformulationasit canbeestimatedwith
betterconfidenceascomparedto individualuserbudgets.
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.
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Fig. 3. Combiningthe ` casesto make anobjective functionto beminimized.

whereaKb'c d7e�fQg3h is thepartof budgetactuallyspent, ij is thereservation
pricefor theindividual user, j1k is thepricein period l and aKb is user’s
budgetfor theobservation m (period l ).

We defineobjective function assimply the sumof fraction of net-
work resourcesnot utilized in eachof the m samplesfor period l . The
constraintsimply statesthat the servicelevel agreementsrequirethe
queuelengthnot to exceedn�oqp�r . As thefmincon (optimizerin Mat-
lab for multi-dimensionalconstrainedoptimization)optimizertakesa
functionto find its minima,theindividual utilizationsarecombinedto
createanobjective functionasshown in Figure3. Givenprice j1k , the
customercontractsfor a�b'c dse�fQgthvu j1k amountof capacity. So,thesingle
periodoptimizationproblemsolvedusingfmincon canbeformulated
asto minimizeaggregateidle capacityover a numberof periods:wXx+ye�z-{s|}|}|~ b�� {

�Q��� aKb'c d7e�fQg3hj1ks� b��
subjectto:n k�� n k7� {.� a b'c dse�fvgthj k � � b���n�oqp�r ��m%��� �t�����t�3�'� (5)

where m is the numberof observations, � b is the estimatedcapacity
at observation m , n�oqp�r is themaximumpermissiblequeuelength,andaKb is theuser’s budgetin observation m . For � b , we useNormaldis-
tribution with parameters� ���3� and � ��� truncatedin the range� �t� �����t��� , i.e. � bK��� � �3� � �t¡ truncatedin therange� �t� �����t��� . For a�b ,
we useUniform distribution. In orderto examinethesensitivity to the
total budgetdistribution,we examinetwo cases:a�b��£¢¤� � �V�G¥'� ¡ andaKb¦�§¢¤�7¨ �V����¥3� ¡ . Samplesizefor thebudgetandcapacityis takento
be m � ���3�t� . Weset n oqp�r to 50.

The primary motivation of the above numericaloptimizationexer-
ciseis to observe thebehavior of optimalprice if all theneededinfor-
mation(like budgetanduseradaptationmodel)wasavailable. Thus,
any reasonablemodelfor useradaptationis goodfor the taskat hand.
After optimization,we try to seehow well we have doneat predicting
theoptimalprice from the informationthatwe know at thebeginning
of a contractingperiod(like n k� { and ��k ) without usingthe assumed
parametersin problemformulation.

A. RegressionAnalysisfor Budget

In this section,we presentregressionanalysiswhentheBudgetdis-
tribution is U[20,50]. We presentthe resultsof optimizationfor dif-
ferentvaluesof n k� { in Table I. In table, � k c o f p g is the averageofm (=1000,in this case)randominstancesof capacity(drawn from the
chosendistribution) for period l .

Regressionresultsof bestfit linear model betweenn k� { u ��k c o f p g(independentvariable)and j1©k arepresentedin Table II and III. The
regressionequationis:j ©k � �Vª �3� � � �Vª �3� ¨ n k7� {��k c o f p g (6)



TABLE III

ANALYSIS OF VARIANCE: «3¬) VERSUS  )7® _¯ )7° ±³²µ´·¶
Source Degreesof Freedom Sumof Squares MeanSumof Squares F P

Regression 1 0.0143 0.014296 905.92 0.00
ResidualError 9 0.0001 0.000016

Total 10 0.0144

TABLE I

OPTIMIZATION RESULTS : «3¬) FOR VARIOUS ¸ )® _ .	�
��� 	�
 L ¹�Oµº�P 5 A
 	�
7�C� F ��
 L ¹�Ovº�P
0 13.11 0.286 0.00
5 14.28 0.296 0.51
10 14.15 0.304 0.10
15 15.02 0.314 0.15
20 16.73 0.324 0.20
25 16.97 0.332 0.26
30 17.72 0.346 0.31
35 17.52 0.360 0.36
40 18.50 0.371 0.41
45 19.92 0.388 0.46
50 20.16 0.401 0.51

TABLE II

REGRESSION ANALYSIS : «'¬) VERSUS  )® _¯ )° ±»²v´¼¶
Predictor Coefficient SECoefficient T P

Constant 0.281 0.0022 125.54 0½v)7® _¾ )7° ±»²µ´·¶ 0.223 0.0074 30.10 0

Similarly, weperformedthesameregressionanalysiswhenbudgetdis-
tribution is U[30,150]andgot thefollowing regressionequation:51A
 = ;V¿ ÀÂÁ3ÁÄÃÅ;V¿ Æ3Ç3È 	 
7�C�� 
 L ¹�Ovº�P (7)

So we observe that thereis a strongassociationbetween
½Q)® _¾ )7° ±³²µ´·¶

and 5 A
 , and the associationdoesnot weaken considerablywith large
variationsin budget.This impliesthatwe couldusethepredictorvari-
able

½v)7® _¾ )7° ±»²µ´·¶ to determine5 
 in adaptive pricing. Further, thereis no
needfor exploring morecomplicatedmodelsastheratio of theregres-
sion sumof squaresto the total sumof squaresis pretty high for the
linear model(99%). Notice that, the predictorvariable

½Q)® _¾ )° ±»²v´¼¶ does
not requireany knowledgeof total userbudgetswhich wereassumed
to beknown during thesimulation. Further, thepredictorvariablefor
a contractperiodcanbe estimatedat the beginning of the period,as
queuelengthat theendof previousperiodis known andtheestimated
capacityavailablein aperiodis known at thebeginningof theperiod.

V. SOME ADAPTIVE PRICING SCHEMES WITHIN PRICE

DISCOVERY FRAMEWORK

In this section,we usetheparameteridentifiedin theprevious sec-
tion, to definefour adaptive pricing schemesandevaluatethem.In or-
der to evaluatetheir performance,we usetheresponseof theschemes
to asuddenincreasein load.It isarequirementfrom thepricingscheme
thatit beableto controlthequeuelengthin desirablelimits (determined
by servicelevel agreements)while maintaininghighutilization.

Typically an ISP providing premiumserviceswould like to control
theedgequeuein a range , 	�É U 	�Êt8 . Thepreciseselectionof this range
would be determinedby the trade-off that the ISP and the usersare
readyto make betweendelaysandutilization (servicelevel agreement
specifications).For instance,higher levels of network utilization and

lower pricesarepossibleif higheredgequeuesaremaintained.This
comesat thecostof higherdelaysbecauseof thelargeredgequeue.

Themain ideais to increasetheprice if thenetwork is gettingcon-
gested,andto decreasethe price whenthe congestionalleviates. We
now definefour possiblepricing schemessomeof which usethe pa-
rameteridentifiedin theprevioussection.
1. Proportional Increaseand Proportional Decrease(PIPD): In this
scheme,the price is increasedor decreasedproportionalto the dif-
ferencebetweencurrentqueuelength and the lower or higherqueue
threshold.Let Ë � and Ë1Ì betwo positive constants,thenwe canwrite
functionfor calculatingpricefor contractperiod � Ã � asfollows:51
ÎÍ.� =ÐÏÑ Ò 51
 Ã Ë��1Ó ½ ) � ½}ÔÂÕ¾ )×Ö _ U 	�
�Ø-	�Ê5 
 �ÙË�ÌCÓ ½QÚ � ½v)vÕ¾ )ÎÖ _ U 	 
�Û 	 É5 
}UÝÜ�Þ}ß"à�á'â �µã à
2. Proportional Increase and Additive Decrease (PIAD): In this
scheme,the price is increasedproportionalto the differencebetween
currentqueuelengthandthehigherqueuethreshold,anddecreasedby
a constantwhenthequeuelengthfalls below lower threshold.Let ä �
and ä�Ì betwo positive constants,thenwe canwrite functionfor calcu-
latingpricefor contractperiod � Ã � asfollows:5 
ÎÍ.� = ÏÑ Ò 5 
åÃ ä �1Ó ½Q) � ½ Ô Õ¾ )ÎÖ _ U 	 
 Ø�	 Ê5 
 �æä�Ì U 	 
�Û 	 É51
 UÝÜ�Þ}ß"à�á'â �µã à
3. Additive Increaseand AdditiveDecrease(AIAD): In this scheme,
the price is increasedor decreasedby a constant( ç � and çèÌ respec-
tively) whenthequeuelengthexceedshigherthresholdor goesbelow
lower threshold.Let ç1� and ç Ì betwo positive constants,thenwe can
write functionfor calculatingpricefor contractperiod � Ã � asfollows:51
ÎÍ.� =êé 5 
"Ã ç ��U 	 
 Ø-	 Ê51
ë�Ùç Ì U 	�
 Û 	�É5 
QUÝÜ'ÞQß"à�á3â �µã à
4. Additive Increase and Proportional Decrease (AIPD): In this
scheme,thepriceis increasedby aconstantwhentheedgequeuelength
goeshigher than higherqueuethreshold,anddecreasedproportional
to the differencebetweencurrentqueuelength and the lower queue
threshold.Let ì3� and ì Ì be two positive constants,thenwe canwrite
functionfor calculatingpricefor contractperiod � Ã � asfollows:5 
ÎÍ.� =ÐÏÑ Ò 5 
"Ã ì ��U 	 
 Ø�	 Ê5 
 �æì�Ì Ó ½ Ú � ½Q)µÕ¾ )×Ö _ U 	 
�Û 	 É5 
QUÝÜ�Þ}ß"à�á'â �µã à

The schemesPIPD, PIAD, and AIPD use the parameter(i.e.	 
µF � 
ÎÍ.� ) we identified in the previous section. We will now evalu-
atetheabove four pricing schemesandshow thatPIAD performsbest.
Next, we outlinetheusermodelandpricing scenariousedfor compar-
isonof schemes.

TABLE IV

PARAMETERS USED FOR COMPARING THE FOUR SCHEMES

Scheme Parameters 	 í 5
PIPD Ë � = ÇVî Ë�Ì = Ç 19.77 98.92% 0.612
PIAD äq� = ÇVî ä Ì = ;V¿ Ç 20.65 99.56% 0.602
AIAD ç � = ;0¿ ��ï î çèÌ = ;V¿ � 19.36 99.01% 0.609
AIPD ì3� = ;V¿ � î ì Ì = � 20.61 99.12% 0.604



TABLE V

COMPARISON OF THE PERFORMANCE OF FOUR SCHEMES

Scheme(Parameters) 	 í 5 	 ¹qº (
PIPD(Ë � = Ç0î Ë�Ì = Ç ) 19.45 91.39% 0.99 159

PIAD( äq� = ÇVî ä Ì = ;0¿ Ç ) 19.57 88.97% 1.03 158
AIAD( ç � = ;V¿ ��ï î çèÌ = ;0¿ � ) 34.72 94.68% 0.86 456

AIPD( ì3� = ;V¿ � î ì Ì = � ) 47.79 96.82% 0.84 506

Let,
Z5 bethereservationprice.Weknow thatat thereservationprice

theuserdemandfor network serviceis zero.Usingthis fact,weusethe
following simplebut reasonableuseradaptationfunctionfor evaluation
of pricingschemes: � 
 L N @ N ) = � N @ëð Z5X�\5  Z5 (8)

In theabove equation,� N @ëð is thedemandwhenpriceis equalto zero
and �T
 L N @ N ) is thedemandwhenpriceis 5"
 .

For performanceevaluationof pricingschemes,weusethefollowing
systemparametervalues: /	 Ê = Á ï U 	 É = ��ï U Z5 = Á0U � N @�ð = � ÈÂ; 2
for all schemes.Otheralgorithmspecificparametersarespecifiedin
TableIV. Notice that theparametersareselectedsuchthatutilization
is almost the samefor eachalgorithm as the startingpoint for later
comparisons.

For comparingthe pricing schemesdescribedabove, we first nor-
malizethe differentpricing schemesby choosinga setof parameters
(tunables),suchthat theaveragequeuelength(a measureof theaver-
agequality-of-service)andaverageutilization over a numberof con-
tractingperiodsis approximatelyequal. TableIV givestheparameter
valuesfor thefour schemesandthevaluesof theaveragequeuelength	 , averageutilization í andaverageprice 5 over 200contractingperi-
ods. Afterwords,we subjectall theschemesto a stepincreasein load
andobserve how well the schemescancontrol the edgequeuewhile
maintaininghigh levelsof utilization. Theloadis:ñ � N @ëð = Á3;3; , í R /sï ; 2��Ùí R /Q� ;3; 2µ8 (9)

where
ñ � N @ëð is thechangein basedemandand í R /!�2 is definedas:í R /!�2 = S � UòÞ�9 !;VUÝÜ�Þ}ß"à�á'â �µã à

Averagequeuelength, utilization, price and the maximum queue
lengthfor all thefour schemesaftersubjectingthemto thestepincrease
in loadaregivenin TableV.

Theresultof subjectingPIPDto thesteploadis shown in Figure4-
a. We seethat thepricing schemerespondsquickly by jackingup the
priceandcontrolsthemaxqueuelengthat 159. Moreover, theaverage
utilization over the 200 periodinterval is 91.4%,which is goodfor a
steploadof 200(morethan120%of basedemandbeforeloading).

Theresultof subjectingPIAD to thesteploadis in Figure4-b. Wesee
that thepricing schemerespondsquickly to control thedemand.One
differencefrom the PIPD caseis that price variationsare less. This
decreasein price variation is achieved by observingthat the pricing
schemecandecreasethepriceadditively ratherthanproportionally. By
doingso,we gain lesservariationsin priceat thecostof someutiliza-
tion (seeTableV).

Theresultof subjectingAIPD andAIAD to thesteploadis in Figure
4-cand4-d. Theseschemeslack theresponsivenessrequiredto control
congestionsliketheonesimulated.This is indicatedby thefactthatthe
maximumqueuegrows to ashigh as456and506respectively.

It is importantthatthepricing functiondoesnot allow thequeuesto
grow farbeyondthehigherthreshold,	 Ê . For this reasonandto beable
to controlrisingdemandsin theperiodsof congestionby providing the

right pricing feedback,we shouldincreaseprice multiplicatively pro-
portionalto thedifferencebetweencurrentqueuelengthandthehigher
queuethreshold,	 Ê (like PIAD andPIPD).Especiallyin PIAD, when
thequeuelengthfallsbelow thelowerthreshold,westartdecreasingthe
pricebut this time we achieve lesspricevariationat thecostof slight
decreasein utilization. Additionally, additive decreasewaschosenin
orderto avoid thepossibilityof systemoscillatingbetweenhigh edge
queuelengthsandedgequeueunderflow. Thus,PIAD helpsachieving
a balancebetweenfastercongestioncontrolandpricestability.

Adaptive schemesareattractive in the sensethat they do not make
any assumptionsaboutthe userbehavior. But, they tendto have sta-
bility problemsandthe ideabehindincluding additive price increase
is to alleviatesomeof theseinstability issues.In thenext section,we
describethePIAD algorithmin greaterdetailandderive thecondition
for which theschemeensuresstability.

VI . PIAD WITH TUNABLES

In this section,we find theconditionfor PIAD tunablesthatensure
thesystemremainsstablei.e. edgequeuesdonotgrow unboundedly.

Let us assumethat the highestreservation price that a userhasisZ5 ¹qº ( . Let !1
  be the capacitycontractedby user � in period � . By
definitionof

Z5 , it follows that:5 
 = Z5 ¹qº (¦ó >? � ! 
  = ;
The above statementimplies that the entirecapacityis beingusedto
draintheedgequeue.Also, thefollowing statementholds:ô�Z5 ¹qº ( Ø ;0U·õ ä � suchthat

Z5 ¹qº ( ��ä � , 	 ¹qº ( �æ	 Ê 8
where,	 ¹qº ( is theedgebuffer size(capacityof theedgequeue;its total
size,not 	 Ê ). Theabovestatement,givesusthefollowing conditionfor
ensuringstability: Z5 ¹qº (	 ¹³º ( �æ	 Ê ��ä � (10)

Thus, we concludethat as long as äq� satisfiesthe above condition,
PIAD pricing schemewill guaranteestability. An alternatemannerof
guaranteeinga similar effect is to provision for very long edgequeue
suchthatchancesof it beingfully usedarerare.

In thenext sectionwedevelopausermodelfor analysisof thePIAD
adaptive pricing schemeandexplore somepropertiesof the tunables
andwhatparametersof thesystemthey helpcontrol.

VI I . A SIMPLE USER MODEL AND EVALUATION OF PIAD

In general,theusermodelof adaptationto pricescanbedepictedas
in Figure5. In thefigure, ��
 L N is theuserdemandfor network services
whenpricefor themis 5 perunit. This is determinedby theuseradap-
tationmodelwhich takesthe demandwhenprice is zero, � 
 L N @ëð and
thecurrentpricefor network services51
 asinputs.Thelatterof course
is determinedby thePIAD pricingschemedefinedin theprevioussec-
tion basedon the systemstatevariablesat the beginning of period � .
Thestateof thesystemat thebeginningof a contractingperiodcanbe
completelydefinedby thequeuecarriedover from thelastperiod 	 
���
andcapacityin period � , ��
 (Figure1). The pricing schemecan be
looked at asa feedbackmechanismthat givesinput to the useradap-
tationblock in thefigure basedon thenetwork state( � 
 , 	 
7�C� ) at the
beginningof theperiod.

Notice that the usermodel that we proposeherewill be usedfor
evaluatingthe performanceof the PIAD pricing schemeproposedin
this paperandthe impactthatPIAD tunableshave on thesystemper-
formanceonly. The adaptive pricing schemeis not dependenton the
specificform of useradaptationcurves.
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Fig. 4. Responseof pricingschemesto a stepincreasein demand.

Fig. 5. Generalmodelof useradaptationto price

Let,
Z5 be the price at which the userbecomesindifferent to using

theserviceor keepingthemoney, alsocalledthereservationprice.We
know thatat thereservationpricetheuserdemandfor network service
is zero. Using this fact, we usethe following simple,but reasonable,
useradaptationfunctionfor performanceevaluationof thePIAD pric-
ing scheme: �T
 L N @ N ) = � N @ëð Z5X�\5  Z5 (11)

For performanceevaluationof PIAD pricing scheme(seeFigure6-
a),we usethefollowing systemparameters:/ä � = ÇVU ä�Ì = ;0¿ � U 	 Ê =Á ï U 	 É = ��ï U Z5 = Á 2 . Unlessotherwisespecified,� N @ëð = � Èt; . Price
in all thefiguresis in unitsof ($/Unit Capacity).

Notice that, eachset of algorithm tunables( äq� U ä Ì U 	 ÉvU 	 Ê ) corre-
spondto different positionson three trade-offs (dependenton ISP-
Customerperformancemetrics).Thethreetrade-offs are:E high utilization versussmalleredgequeues(betterservice)E pricevariability versussystemresponsivenessE pricevariability versusqualityof servicevariation

Now, wepresenttheresultsobtainedfrom asetof controlledsimula-
tionsto observe theimpactthatthepricing algorithmtunableshave on
theoverall systemperformance.

A. Effectof äq�
By increasingä � theresponseto congestion( 	 
q9 	 Ê ) canbemade

more aggressive. This also implies that on averagethe edgequeue
lengthwill besmallerandutilization will belower for high äq� . Com-
paringFigure6-a with 6-b we seethat an increasein ä � from 3 to 4
resultsin fastervariationin price. This is becausethesystemhasbeen
mademore responsive to queuelength increases.High ä � is a good
idea if load on systemcanrampup rapidly as the systemis very re-
sponsive,but thiscomesat thecostof increasedvariationin priceanda
possiblelowerutilization. Thus,keepingä � aslow aspossiblesatisfy-
ing theservicelevel agreementsandkeepingin mindtheexpectedvari-
ability in theload is recommended( äq� shouldbehigh enoughto give
the usersenoughincentive to restraintheir demandwhenedgequeue
startsbuilding up). ä � of courseshouldsatisfythestability condition
of Equation10.

B. Effectof ä Ì
By decreasingä.Ì , the rangein which price variesbetweenqueue

drain (demandcontrol)andqueuebuild up (demandprobe)cyclescan

be decreased.This of coursecomesat the costof compromisingthe
capabilityto slashpricesquickly if demandbecomesvery less.This is
seenin Figure6-c from period4 to 37 whenutilization dropssignif-
icantly andpricesareslashedat a rateslower thanthat in Figure6-a.
By increasingä�Ì , we seethat thesystembecomesmoreresponsive to
demandchanges.Thisalsocausesa increasedfluctuationin theprices.
(Figure6-d)

It is importantto realizethat,demandvariationandqualityof service
requirementsare typical characteristicsof the userpreferences.The
pricing schemeproposedhereprovides the ISP with the tunablesto
balanceuserrequirementsandtheir goals,like high utilization. These
userpreferencesaregoingto differ from ISPto ISP(dependingontheir
client base)andthus therewill be needfor selectingdifferentvalues
of the tunables.A way of looking at this is that each valuesetof the
tunablesrepresentssometrade-offs. Theprecisetrade-offs madewould
dependon theISPanduserrequirements(theweightgivento different
userandISPperformancemetrics).

C. Effectof 	�É
Having a higher 	 É would increasethe utilization of network re-

sourcesin the face of demandvariability. This will happen,at the
costof maintaininghigherqueuelengthsat theedge.Thus,the trade-
off hereis between,very goodservice(low 	�É ) andhigherutilization
(higher 	 É ). Theprecisevaluechosenfor 	 É would dependon thepref-
erencesof theparticipants(usersandISPs). For systemparametersof
Figure6-e ( 	 É = Á3; in 6-eand 	 É = ��ï in 6-a), theaveragelengthof
thequeueon theedgeis 19.22asopposedto 17.52for Figure6-a.

D. Effectof 	 Ê
Increasing	 Ê (seeFigure6-f) resultsin increasein theaveragequeue

length at the edgeas the queuedrain or demandcontrol part of the
cyclenow startslaterthanasettingwith lower 	�Ê . Thereis anincrease
in utilization at the costof thequality of serviceprovided.For system
parametersof Figure6-f, theaveragelengthof thequeueon theedge
is 19.08asopposedto 17.52for Figure6-a. Notice that this actionis
equivalentto resettingthedefinitionof congestioni.e. actionstakento
controlcongestionarenow triggeredat a differentindicatorlevel.

E. Effectof DistanceBetween	 É and 	 Ê
In Figure6-g, we set 	 É and 	 Ê equalto eachother. As is evident

thiscausesvery frequentvariationsin priceandtheaveragemagnitude
of thesevariationsis higherthanthat of Figure6-h. 	 É cannotbe too
low to avoid underflow andthustheresultinglowerutilizationlevels.	 Ê
cannotbe too high asservicelevel agreementsneedto be met. Thus,
therearelimitationsto how muchwecangainonthispricesmoothing.
Moreover, this price smoothingcomesfrom acceptinglarge variabil-
ities in queuelength which would imply large variability in service
quality. Thus, the needto choosea distancebetween	 É and 	 Ê that
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representstheneedsof usersandobjectivesof theISP(atrade- off that
meetsthedemandsof participantsthebest).

F. RobustnessUnderDifferentLoads

In Figure7-a,we subjectthesystemto anextra userloadequivalent
to incrementof demandat price zero, � 
 L N @ëð by 50 units in period
numbers[50,200].Theextra loadcanbespecifiedas:ñ � N @ëð = ï ; í R /sï ; 2 (12)

whereí R /sï ; 2 is definedas:í R /sï ; 2 = S � U Þ�9 ï ;í R /sï ; 2 = ;VUÝÜ'ÞQß"à�á3â �µã à
In Figure7-awe seethat increasingthedemandsuddenlyin period

50 for premiumserviceis respondedto by increasingthepriceso that
usershave thecorrectincentivesfor regulatingtheir demands.Theav-
erageutilization in Figure7-ais 0.980ascomparedto 0.994for Figure
6-a. Theschemereactsin a desirablemanner, keepingutilization high
while allocatingresourcesefficiently.

In Figure7-b,we increasethedemandat pricezerofrom 140to 190
in period � � , ï ;0U � ;t; 8 . We seethattheprices,go up duringtheperiod
of higher demandandcomedown when the extra demandsubsides.
High levelsof utilization aremaintainedthroughoutexceptfor during
transitionbecauseof theunanticipatedchangein demandinvolved.Be-
ing ableto maintainhigh levelsof utilization while satisfyingtheQoS
requirementsis animportantcharacteristicof a goodpricingscheme.

In Figure7-c, thesystemis subjectedto anincreasein demandsim-
ilar in form to thatof Figure7-a. Theonly differenceis that this time
thedemanddisturbanceis higherin magnitude(double).As thesystem
wasnot ready(tuned)for sucha spike in demand,we seethat thereis
a shortperiodof very low utilization whenthe extra demandis intro-
duced.

In Figure7-d, we look at the samedemandspike asin Figure7-c.
Theonly differenceis, this time,oneof thetunableparameters,ä Ì has
beentunedto permitfor moreaggressive demandprobing.This results
in muchlower penaltiesin termsof lower utilization duringtransition.
Theaverageutilizationover200periodsfor Figure7-cis 0.941andthat
for Figure7-d is 0.965.

In summary, we seethatthereis a rangein which thetunableswork
fine(this is therangefor which they areset).For instance,thetunables
in thesesimulationscould handledemandspike of 50 unitswithout a
lot of deteriorationof performancein the transitionphase. Demand
spikessignificantlymorethanthis level resultedin lowerutilizationsin
thetransientphase.Nevertheless,in thesteadystate,satisfactorylevels
of utilization wereachieved irrespective of the magnitudeof demand
spike. Further, tunablesä � and ä�Ì shouldbechosenkeepingin mind
notonly thetrade-offs outlinedearlier, but alsothevariationsin demand
expected.

G. Users with DifferentDemandandReservationPrices

In this sub-section,we will simulatedifferentuserscenariosandsee
how PIAD pricing schemeimpactsresourceallocationbetweenuser
classeshaving differentdemandsandutility functions.

In Figure8-a,we seethatUser1, who hashigherreservationprice
anddemandis allocateda higher fraction of network resources.The
averageof resourcesallocatedto User1 is 58.07ascomparedto 38.06
for User2. Theratio of theseallocationsis 1.78,which is higherthan
the ratio of the reservation pricesof the two users Ì��� � = � ¿ ÇtÇ . This
is becauseUser1 hasa greaterbasedemand(demandwhenprice is
zero)thanUser2. Allocating resourcesaccordingto thebasedemand
andthereservationprice,not justoneof themis animportantdesirable
characteristicof a goodpricingscheme.

In Figure8-b, we examinethe effect of decreasingthe reservation
priceof User2 on theallocationto two users.Theaverageallocations
arefound to be62.88and34.32respectively. The ratio of allocations
for thiscaseis 1.83which is higherthanthatof 8-a,which is expected.

In Figure8-c,weexaminetheeffectof changein basedemandto the
scenarioof Figure8-a. The averageallocationsover the 100contract
periodsobserved is 74.31for User1 and19.70for User2. This indi-
catesthat the basedemand(demandwhen 5 = ; ) playsa significant
role in capacityallocationwhich is desirable.

In Figure8-d,we examinethescenarioof Figure8-c whenreserva-
tion pricesof thetwo usersarechanged.Theaverageallocationto the
usersnow becomes80.77for User1 and14.10for User2.

Thus,weseethattheschemecanallocateresourcesto awidevariety
of usersbasedon their reservationpriceandbasedemand.Noticethat
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User2 is ableto increaseits resourceshareby increasingits reservation
pricefrom 1 (Figure8-d) to 1.5(Figure8-c).

VI I I . SUMMARY AND DISCUSSIONS

In thispaper, weidentifiedaparameterfor congestion-sensitive pric-
ing in a contractingframework for edge-to-edgepremium services.
Basedon this parameter, we developedPrice Discovery framework,
whichcanbeimplementedin diff-servnetworks.Within thePriceDis-
covery framework, we formulatedfour adaptive pricing schemes(i.e.
PIPD,PIAD, AIPD, AIAD) to determinepricesat network edges.We
thendemonstratedthatPIAD is thebestschemein performance.

PIAD pricing schemeis easily deployable in edge-to-edgeframe-
work asit only needs	 
��� (the lengthof queueat the edgein period��� � ) and � 
 (estimatededge-to-edgecapacityfor period � ) to cal-
culatethe price in period � . By coordinatingthe edgerouters,both
theseparametersareavailable in diff-serv environment. We alsode-
rived the stability conditionfor PIAD parameters.The PIAD pricing
schemedoesnot assumeanything abouttheuserbehavior. It is adap-
tive in its natureandhastunableparametersthatcanbesetto providea
rangeof betterthanbesteffort servicescorrespondingto suitabletrade-
offs. Thethreeimportanttrade-offs are:high utilization versussmaller
edgequeues;pricevariability versussystemresponsiveness;andprice
variability versusquality-of-servicevariation.Weexaminedtheimpact
eachPIAD tunablehason thesetrade-offs. For a given ISP-customer
setting,thePIAD tunablesshouldbesetaccordingto theuserQoSre-
quirements(e.g. low delay)andISPmetrics(e.g.high utilization). We
alsoexaminedPIAD behavior underdifferentcongestionconditionsof
varying severity. In general,PIAD cancontrol congestionandensure
high utilization. During transientphasestheutilization drops,but even
thatcanberectifiedby properselectionof theparameters.Wealsoob-
servedthatresourceallocationsamongusers,madeunderdifferentuser
utility andbasedemandscenarios,arewell-behaved.

Futurework would involve exploringalgorithmsfor changingPIAD
parametersby capturingthe information about changesin basede-
mands. An interestingparameterthat can be usedfor changingthe
tunablesis the rate of change of edge queue, sinceit is a goodmea-
sureof changein loadon thenetwork. Also, in this paper, we focused

on theproblemof pricing a singletype(i.e. class)of premiumservice
by controlling theedgequeuecorrespondingto thatservicetype. The
framework canbe readily extendedto managepricing multiple types
of premiumserviceswhich would be pricedby PIAD pricing scheme
with differentvaluesof tunables.This is left for futurework.
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