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Abstract— Congestion-sensitie pricing for providing better than best effort ser-
vice hasreceied significant attention in the last decade. In this paper we identify a
robust parameter for capturing congestionconditions in an edge-to-edgdramework
and proposea family of adaptive pricing schemedor 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-edgdramework. Thus, the pricing schemesleployable. Basedon
the identified parameter, we proposea new adaptive 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 schemesand se-
lect the bestonein performance. We identify stability conditions for the bestscheme.
This is followed by evaluation of the bestpricing schemewith extensie simulations of
various scenarios.

|. INTRODUCTION

The playersthat engagein transactionsnvolving bandwidthcan
be groupedin the following three cateyories: Capacity providers,
re-sellers (Internet service providers and other bandwidth service
providers)andend-consumersThe transactiondetweerthe capacity
providersandre-sellersare besthandledin an exchangekind of envi-
ronmentThis is becauséhe ervironmentoffersthe capacityproviders
andre-sellersavarietyof optionsby providing accesso alargenumber
of capacityprovidersandre-sellers Anotheradvantageof exchangess
transparenpricing, which encouragesealthycompetition. This kind
of pricing wheretypical transactiongbetweercapacityproviders and
re-selles) arefor alarge amountof bandwidthis, whatwe call, band-
width pricing.

Re-sellerscreatevalue by cateringto the variety of needsof end-
users(their diverseapplicationswvhich vary in termsof their delayand
jitter sensitvities). Bandwidth,amongits otherusesis usedfor Inter
netservicesaswell. The domainof pricing bandwidthfor providing
Internetservicesto endusers(transactionbetweerre-selles and end-
user)is known aslInternetpricing. Several proposalshave beenmade
for Internetpricing. We can classify thoseproposalsinto two major
groups: congestion-sensité pricing proposalde.g. [1], [2], [3], [4],
[5], [6], [7], [8]), static pricing proposals(e.g. [9], [10], [11]). In
congestion-sensi pricing, asthenamesuggestspriceperunit traffic

volumevariesby time dependinguponthe actualnetwork congestion.

In staticpricing, price perunit service(astraffic volumeor servicedu-
ration)is fixed.

Congestion-sensité pricing is becomingpopularas a methodfor
network resourceallocationand congestioncontrol. The main moti-
vation behindthis is that network performancecannotbe solely de-
rived from congestioncontrol protocols[12]. During periodsof re-
sourcecontentionor congestiorepochsthereis a needto distinguish
one paclet from the otherbasedon their importanceas indicatedby
a utility function (utility functionsaretypically a combinationof user
preferenceandapplicationrequirements)Thusduringcongestionin-
creasingoricesof network servicegnalesanallocationcloserto Pareto
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efficient[13] (i.e. allocategesourceso userssuchthattheoverall user
surplusis closeto the highestpossible)andgivesusersright incentves
to adjusttheir demandso alleviate congestiorj2].

We canalsoclassifythepricing proposaldasedipontheir granulas
ity. Someof the congestion-sensité pricing proposaldhave usedper
padket charging, while othershave usedper-contract charging which
providesprice informationto the userprior to chaging. MacKie Ma-
sonandVarians SmartMarket [3] proposedo useperpaclet chages
baseduponthe total mamginal congestioncostthe paclet imposeson
otherusers.For pricedeterminationGibbensandKelly’s Packet Mark-
ing schemdgalsoknown asProportionalFair Pricing)[2] alsousesper
paclet chaging by usingthe numberof pacletsmarked ata congested
network router

Wang Schulzrinnes ResourceNegotiationand Pricing (RNAP) [7]
is anexampleof congestion-sensité pricing schemewith percontract
chaging. RNAP combinesadmissioncontrol with congestiorpricing
by usingthe servicelevel agreementlexibility of diff-serv[14] archi-
tecture. RNAP leave the job of price determinatiorto local network
routersandusesprobingtechniquego determineedge-to-edgerices.
Also, Dynamic CapacityContracting(DCC) framework [8] usesper
contractchagesby makingpricedeterminatioronanedge-to-edgba-
sisatthe edgeroutersratherthanleaving it to local network routers(a
majordifferencefrom RNAP).

In this paper we proposea new pricing framevork, Price Discov-
ery, to solve the problemof allocatingpremium(betterthanbesteffort)
Internetserviceswithout making ary assumptionsaboutuserbeha-
ior. Pricediscovery is deplg/ablein a generalcontractingframenork
in which endusersandISPsenterinto servicelevel agreementsat the
beginningof acontractingperiodfor service.ThelSPsvary pricefrom
one period to anotherin orderto meetthe servicelevel agreements.
Price for premiumservicesdoesnot changeduring a periodin con-
tractingframework.

Price Discovery attemptsto employ congestion-sensité pricing at
network edgesandusesan adaptve event-basedlgorithmto increase
or decreasgrice. It operatesn cyclesof queuedrainandqueuebuild
while discovering the price in an adaptve manner In orderto deter
minethe pricein periodsi, it usestwo parametersqueuelengthat the
edge(edgequeue)y;—1 andestimatedcapacityC;. With a simpleco-
ordinationbetweeningressand egressedgerouters,bothg;—1 andC;
are availablein an edge-to-edgdéramework. By using edge-to-edge
congestiordetectiontechniquege.qg. [15]), C; canbe variedto alle-
viate congestionjt typically decreasesluring congestionepochs(so
that a part of available capacitycan be usedfor draining the queues
thatbuild up during congestion)andincreasegto increaseutilization
of the edge-to-edgeapacity)whenthereis no congestion.So, Price
Discovery takes adwantageof the availableinformationin an edge-to-
edgeframevork and emplg/s congestion-sensité pricing to control
the queuelengthsat the network edges. Price Discovery is a general
frameawork that canbe appliedto ary scenariovhereg;_, andC; or
their logical equivalentsare available for price determination. DCC,
for instanceprovidesbhoththe parameters.



Price Discovery is closeto Shenler et al’s EdgePricing [11] pro-
posalin termsof operatingpoints,i.e. network edges. However, the
major differenceis that EdgePricing proposestaticusage-basegric-
ing, while Price Discovery supportsthe idea of congestion-sensite
pricing usinganadaptve algorithm.

Thepaperis organizedasfollows: In Sectionll, weinvestigatebasic
issuesand conceptsn an edge-to-edgdéramenork basedon diff-serv
architecture. In Sectionlll, we take a look at the problemof Pareto
efficient network resourceallocationin the faceof congestionwhile
maintaininghigh utilizations. In SectionlV, we presenthe PriceDis-
covery framewvork, and shaw that the edgequeuecan be usedas an
effective parametefor pricing network servicesasit representshe cu-
mulative differencebetweerdemandandcapacityfrom thelasttime the
queuewasempty Next in SectionV, we formulatefour possibldinear
pricing schemegPIPD,PIAD, AIPD, AIAD) within the PriceDiscov-
ery framavork andshaov by comparatre evaluationthat Proportional
IncreaseAdditive Decreas€PIAD) performsbest. Thenin SectionVI,
we evaluatestability conditionsfor PIAD pricing scheme.In Section
VII, we develop asimpleusermodelanduseit to evaluatePIAD. We
presentexperimentalresultsto shav how the PIAD schemereactsto
congestion®f differentmagnitudeandhow the PIAD parametergan
be tunedto get desiredqueuelengthsand other operatingconditions
(SectionVII-F). We alsoevaluatepremiumserviceallocationdonebe-
tweentwo usersfor differentbasedemand(demandat price=0) and
resenation price (SectionVII-G). Summaryanddirectionsfor further
work arepresentedn SectionVIII.

I1. BAsIC EDGE-TO-EDGE CONCEPTS

Giventherecenttrendtoward diff-servarchitectureo provide better
thanbesteffort servicesit is desirablego performcomple operationst
network edgesandsimpleforwardingoperationstnetwork interior. In
suchanedge-to-edgecenariojt is possibleto coordinateedgerouters
in orderto achieve variousobjectives[15], suchascongestiorcontrol,
capacityestimationflow control.

By emplogying edge-to-edgeongestiorcontrol, it is possibleto push
congestiorbackfrom theinterior of a network anddistribute it across
network edgeswherethe smallercongestiorproblemscanbe handled
with flexible and cheapemethods[15]. This methodwill createan
ervironmentwheretraffic backlogsoccurat network edgesj.e. edge
gueues. In suchan environment,one methodof managingthe edge
queuess to emplg/ congestion-sensite pricing at the edges. Price
Discovery hasbeendesignedto take adwantageof this scenario,by
leveragingthe availableinformationeffectively in an adaptve pricing
schemethat operatesn cyclesof queuebuild andqueuedrain (queue
varyingin rangegermittedby the servicelevel agreementsh thepro-
cessof discoveringthe optimumprice. However, noticethatPriceDis-
covery doesnot necessarilyequireanedge-to-edgeongestiorcontrol
mechanismlt only requiressomeform of coordinationbetweeredge
routersso that premiumcapacitiesavailablefor next periodcanbe es-
timated.

Giventhepossiblecoordinatioramongedgerouters(or atight edge-
to-edgecongestiorcontrol), the problemof congestion-sensite pric-
ing canbereducedo a problemof usingadaptve pricingto controlthe
edgequeuesFigurel shavs thebig pictureof the scenaricalongwith
theparametersve will usein PriceDiscovery.

Theparameteusedto measurehesererity of congestiorin the pric-
ing schemds the edgequeueattheingress.q; 1 is thelengthof edge
queueat the endof period: — 1 andat the beginning of periodi. C;
is theestimatedtapacityin periods calculatecbasedn eitheredge-to-
edgecongestiorcontrol algorithmsor edge-to-edgeoordinationused.
E; istherateatwhich pacletsleave theegress.Thiswill belowerthan
C; duringcongestiorepochs X;; is thetotal demandduringperiods.

qmax q -1
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Fig. 1. Edgeto edgeframewvork atthebeginningof periodi.

I11. 1SSUES IN CONGESTION SENSITIVE PRICING

In this section,we first formulatethe utility maximizationproblem
for auserconsumingpremiumnetwork servicein a contractingframe-
work. At the beginning of a contractperiod, eachusercontractsfor
network resourcestapricethatis declaredy theserviceprovider. We
now formulatethe objective functionfor anindividual userwhowishes
to maximizehis benefitsfrom network servicesn contractperiods.

Supposehat thereare a total of M users. The utility function of
userj (wherel < j < M) in contractperiod: is givenby U;;. Letthe
numberof pacletssentby useryj in contractperiods bez;;. Thenthe
singleperiodutility maximizationproblemfor userj in contractperiod
1 canbestatedas:

max [Uj; (zi;) — pitij]

subjectto:
zi; >0 1
Thisleadsto thefirst ordercondition:
dUi; (zi;)
iz, p 2

Theexpressiorontheleft of Equation2 is alsocalledthereseration
price. Thus,we seethatin orderto maximizeits individual benefits
from the network, eachusercontinuesto usethe network resources
until the actualprice equalshis resenation price. In orderto make
the goalsof individual usersconcurwith the premiumservicelevel
agreementghe pricein contractperiod: shouldbe setsuchthat:

M

Zx{j = Cz'

j=1

®)

where,z}; is the solutionof the maximizationproblem(statedin (1))
thatsatisfiesEquation?2.

The solution obtainedfrom Equation3 is the ideal solutionto the
problemof allocatingnetwork resourcesasit not only ensureshat
userswith highestutilities get the premiumnetwork services(Pareto
efficiengy or economicefficiengy), but also ensureghat the network
resourcesarefully utilized (network efficiency). However, it is hard
to determinegheindividual userutility functionsandthey oftenchange
with time. Theproblemis thatif thepricead\ertised(determinedy an
alternatemeans)is higherthanthe optimum price that satisfiesEqua-
tion 3, the capacitycontractechy userswill belessthanthe available
capacity Thiswill decreas¢heresourcauitilizationandcauseanineffi-
cientallocationof resouces.If thepriceis lowerthantheoneobtained
from Equation3, total userdemandwill exceedcapacityandit will be
hardto maintainpremiumserviceconditions.

To operaten this scenariowhenthe informationrequiredfor ideal
solutionis not available, we take the approachof having a queueat
theedge(which actsasbuffer for demandanduseanadaptve pricing
schemeo controlthe lengthof the queue.Clearly, thelongerthe per
missiblequeuethe higherthe averageutilization, but greatetthe delay
eachpaclet encounters.Thus, thereis a trade-of. SomelSPswould
like to offer betterserviceevenif thatmeandower utilizations, while
otherswouldlik e to maintainhigherutilizations(biggercustomebase)
evenif thisimpliesincreasen delayspacletsencounter
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Fig. 2. Modelof useradaptatiorandallocationfor eachof the k cases.

IV. A SYSTEM PARAMETER FOR PRICE DISCOVERY

The stateof the network systemat the beginning of contractingpe-
riod ¢ is completelyspecifiedby the queuelength carried over from
previous period,¢; 1 andestimateccapacity C;. q;—1 representshe
cumulatve differencein demandand capacityfor premiumservices
sincethe last periodin which queuelengthwas equalto zero. Thus,
it is naturalto expectthe parameteg;_; to be choserfor congestion-
sensitve pricing. By coordinatingedgerouters,the edge-to-edgea-
pacity C; canbe estimated.So, the two parameterg;—, andC; are
known at the beginning of a contractperiodin anedge-to-edgé&ame-
work andthuscanbe usedin a pragmaticschemefor pricing. Their
ratiois particularlyinterestingasit indicateshe severity of congestion.
Thus, the ratio of queuelengthto capacityis intuitively an attractve
parametefor usein congestion-baselhternetpricing.

To furtherinvestigatethe behaior of the systemandto confirmthe
validity of this intuitive parameterwe set-upa single periodoptimiza-
tion problemandsolved it using optimizerfunctionsbuilt in Matlah
We theninvestigatedcthe relationshipbetweenthe optimal pricesob-
tainedfor a period¢ andthe stateat the end of periodi — 1 (which
is known when price for period: is to be determined).In particular
we investigatedhe relationshipof the ratio of edgequeuelengthand
capacitywith optimalprices.

Thisoptimizationandhypothesigxperimentcanlogically beviewed
asthefollowing two steps.

« In stepl, we assumehatwe know every bit of informationrequired
to find the optimumprice (in the typical scenaridormulated).

« In step2, we examinetherelationshipbetweertheoptimumpricesof

stepl andour intuitive parametefor capturingcongestiorconditions,
gi—1/C;. Theparameters known atthetime of pricingin anedge-to-
edgeframework.

Theideais to find optimum price assumingwve knew everything,and
thenseehow goodwe coulddo knowing whatwe actuallyknow.

The objective in the formulatedproblemis to maximizethe utiliza-
tion of network resource aperiodi, giventhedistribution of thetotal
budgetof all users!, distribution of availablenetwork resourcesvail-
able for contractingin period z, maximum permissiblequeuelength
(expectedto be determinedby servicelevel agreemenspecifications)
andqueudengthatthe endof periodi — 1.

In theoptimizationmodel,we take k=1000samplesizefor eachran-
domcomponenti.e. obsenations)in a singleperiodproblem.Further
to checkthesensitvity of theregressiomresultsobtainedo theassumed
distributions, we do the hypothesigestingfor two differentdistribu-
tions of userbudgets(one with large varying loads). The processof
budgetadaptatiorandeventualutilization is explainedin Figure2.

Useradaptatiorto varyingdemands capturedoy changingthe bud-
getaccordingio thefollowing simplelinearrule:

Bi.spent = max {0, Bs (1 - %) }

1ror tractability reasonsall usersareassumedo be in the sameclassin the sensethatthey have the
sameresenationprice. Thetotal budgetof all usersvasusedin theformulationasit canbeestimatedvith
betterconfidenceascomparedo individual userbudgets.

(4)

Objective Function

Fig. 3. Combiningthe k caseso male anobjective functionto beminimized.

whereBy, spent 1S thepartof budgetactuallyspentp is thereseration
pricefor theindividual user p; is thepricein period: and By, is users
budgetfor the obseration k (periods).

We defineobjective function as simply the sum of fraction of net-
work resourcesot utilized in eachof the & sampledor period:. The
constraintsimply statesthat the servicelevel agreementsequirethe
queudengthnotto exceedg,q, . As thef m ncon (optimizerin Mat-
lab for multi-dimensionalconstrainecdptimization)optimizertakes a
functionto find its minima, the individual utilizationsarecombinedto
createan objective functionasshawn in Figure3. Given price p;, the
customercontractsfor By, spent /p; @mountof capacity So,thesingle
periodoptimizationproblemsolvedusingf mi ncon canbeformulated
asto minimize aggreateidle capacityover anumberof periods:

I

By,
qi = qi—1 + M —Cy < Gmaz

2

_ Bk,spent
piCk

subjectto:

Vk € [1,1000] (5)
wherek is the numberof obserations, Cy, is the estimatedcapacity
at obserationk, ¢maz is the maximumpermissiblequeuelength,and
By, is theusers budgetin obsenation k. For Cy, we useNormal dis-
tribution with parameterg, = 98 ando = 2 truncatedin the range
[96, 100], i.e. Cy, ~ N(98, 2) truncatedn therange[96, 100]. For By,
we useUniform distribution. In orderto examinethe sensitvity to the
total budgetdistribution, we examinetwo cases:B;, ~ U(20,50) and
By, ~ U(30,150). Samplesizefor the budgetandcapacityis takento
bek = 1000. We setg,q. t0 50.

The primary motivation of the abose numericaloptimizationexer-
ciseis to obsere the behaior of optimalpriceif all the needednfor-
mation (like budgetand useradaptatiormodel) was available. Thus,
ary reasonablenodelfor useradaptatioris goodfor thetaskat hand.
After optimization,we try to seehow well we have doneat predicting
the optimal price from the informationthatwe know at the beginning
of a contractingperiod (like ¢;—; and C;) without usingthe assumed
parameterin problemformulation.

A. RaressionAnalysisfor Budget

In this section,we presentegressioranalysiswhenthe Budgetdis-
tribution is U[20,50]. We presentthe resultsof optimizationfor dif-
ferentvaluesof ¢;—1 in Tablel. In table, C; mean iS the averageof
k (=1000,in this case)randominstance®f capacity(dravn from the
choserdistribution) for periods.

Regressionresultsof bestfit linear model betweeng;—1/Ci mean
(independenvariable)and p; are presentedn Tablell andlll. The
regressiorequationis:

p! =0.281 +0.223 L1

Ci,mean

(6)



TABLE Ill

ANALYSIS OF VARIANCE: p} VERSUS &-

9i—1

i,mean

| Source | Degreesof Freedom| Sumof Squares| MeanSumof Squares] F | P |
Regression 1 0.0143 0.014296 905.92 | 0.00
ResiduaError 9 0.0001 0.000016
Total 10 0.0144
TABLE |

OPTIMIZATION RESULTS : p; FOR VARIOUS @q; 1.

qi—1 qi,mean p: qi—l/Ci,mean
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

2i—1
i,mean

REGRESSION ANALYSIS : p; VERSUS &

| Predictor| Coeficient | SECoeficient [ T [P |
Constant 0.281 0.0022 12554 0
C,q’; 0.223 0.0074 30.10 | O

Similarly, we performedhe sameregressioranalysisvhenbudgetdis-
tributionis U[30,150]andgotthefollowing regressiorequation:

Pl =0.822 +0.634 L1

i,mean

@)

So we obsenre that thereis a strong assomatlorbetweenq’—1

,mean

andp;, andthe associatiordoesnot wealen c0n5|deranyW|th large
variationsin budget. This impliesthatwe could usethe predictorvari-
able ‘“—1 to determinep; in adaptve pricing. Further thereis no

needfor explorlng morecomplicatedmodelsastheratio of theregres-
sion sumof squaredo the total sumof squareds pretty high for the
linear model (99%). Notice that, the predlctorvarlableq’—1 does

not requireary knowledgeof total userbudgetswhich Wére assumed
to be known during the simulation. Further the predictorvariablefor
a contractperiod can be estimatedat the beginning of the period, as
gueuelengthat the endof previous periodis knawn andthe estimated
capacityavailablein a periodis known atthe beginning of the period.

V. SOME ADAPTIVE PRICING SCHEMES WITHIN PRICE
DiscovERY FRAMEWORK

In this section,we usethe parameteidentifiedin the previous sec-
tion, to definefour adaptve pricing schemesndevaluatethem. In or-
derto evaluatetheir performanceywe usethe responsef the schemes
toasuddenncreasen load. It is arequiremenfrom thepricingscheme
thatit beableto controlthequeudengthin desirabldimits (determined
by servicelevel agreementsyhile maintaininghigh utilization.

Typically an ISP providing premiumserviceswould like to control
the edgequeuein arange[q;, g»]. The preciseselectionof this range
would be determinedby the trade-of that the ISP and the usersare
readyto malke betweerdelaysandutilization (servicelevel agreement
specifications).For instance higherlevels of network utilization and

lower pricesare possibleif higheredgequeuesare maintained. This
comesatthecostof higherdelaysbecaus®f thelargeredgequeue.
Themainideais to increasehe price if the network is gettingcon-
gested,andto decreasehe price whenthe congestioralleviates. We
now definefour possiblepricing schemesomeof which usethe pa-
rameteiidentifiedin the previous section.
1. Proportional Increaseand Proportional Decrease(PIPD): In this
scheme the price is increasedor decreasegroportionalto the dif-
ferencebetweencurrentqueuelength and the lower or higher queue
threshold.Let 8, and 32 betwo positive constantsthenwe canwrite
functionfor calculatingpricefor contractperiod: + 1 asfollows:

pz+ﬁ1 {y—an) flh), %> an
Pit1 = — B2 (‘ii f; y Gi<aq
pi, otherwise

2. Proportional Increase and Additive Decrease (PIAD): In this
schemethe price is increasedroportionalto the differencebetween
currentqueuelengthandthe higherqueuethreshold anddecreasety
a constantwhenthe queuelengthfalls below lower threshold.Let a;
andas betwo positive constantsthenwe canwrite functionfor calcu-

lating pricefor contractperiodi + 1 asfollows:
(9i—an)

pit+a Cit1 ’ Q% > qn
Pi+1 = pi—oa2, ¢G<q
pi, otherwise

3. Additive Increaseand Additive Decrease(AIAD): In this scheme,
the price is increasedr decreasedby a constant(y; and-~y» respec-
tively) whenthe queuelengthexceedshigherthresholdor goesbelav
lower threshold.Let v; and+y: betwo positive constantsthenwe can
write functionfor calculatingpricefor contractperiod: + 1 asfollows:

pi+v, GG >qn
Pit1 = -7, @ <q
pi, otherwise

4. Additive Increase and Proportional Decrease (AIPD): In this
schemethepriceis increasedby aconstantvhentheedgequeudength
goeshigherthan higher queuethreshold,and decreasegroportional
to the differencebetweencurrentqueuelength and the lower queue
threshold.Let ¢; and(» betwo positive constantsthenwe canwrite
functionfor calculatingpricefor contractperiod: + 1 asfollows:

pi + Cl, qi > qn
Pit+1 = — (2 (“C’ +q1’ y 4 <q
pi, otherwise

The schemesPIPD, PIAD, and AIPD use the parameter(i.e.
qi/Ci+1) we identifiedin the previous section. We will now evalu-
atetheabove four pricing schemesndshav thatPIAD performsbest.
Next, we outline theusermodelandpricing scenariausedfor compar
isonof schemes.

TABLE IV
PARAMETERS USED FOR COMPARING THE FOUR SCHEMES

| Scheme] Parameters | 7 | @ [ p |
PIPD Bi=3;8=3 19.77 | 98.92% 0.612
PIAD a1 =3;a2 =03 20.65 | 99.56% | 0.602
AIAD 1 =0.15;792 = 0.1 | 19.36 | 99.01% | 0.609
AIPD | (G =01;(=1 | 20.61| 99.12% | 0.604




TABLE V
COMPARISON OF THE PERFORMANCE OF FOUR SCHEMES

| SchemgParameters) | g | & [ P | gmax |
PIPD@; = 3; 3 = 3) 19.45| 91.39%] 0.99 | 159
PIAD(a: = 3;a> = 0.3) | 19.57 | 88.97% | 1.03 | 158
AIAD(7: = 0.15;7> = 0.1) | 34.72 | 94.68% 0.86 | 456
AIPD(Ci =01;¢2 =1) | 47.79| 96.82% | 0.84 | 506

Let, p betheresenationprice. We know thatattheresenation price
theuserdemandor network serviceis zero.Usingthis fact,we usethe
following simplebut reasonableseradaptatiorfunctionfor evaluation
of pricing schemes:

Xip=p; = Xp=0p _ﬁpj

8)

In theabove equation X,—o is thedemandvhenpriceis equalto zero
andX; ,—p, is thedemandwvhenpriceis p;.

For performancevaluationof pricing schemeswe usethefollowing
systemparametewvalues: (¢ = 25,q; = 15,p = 2, X,—0 = 140)
for all schemes.Otheralgorithm specificparametersre specifiedin
TablelV. Noticethatthe parametersre selectedsuchthat utilization
is almostthe samefor eachalgorithm as the starting point for later
comparisons.

For comparingthe pricing schemeglescribedabove, we first nor
malize the differentpricing schemesyy choosinga setof parameters
(tunables) suchthat the averagequeuelength (a measureof the aver-
agequality-of-service)and averageutilization over a numberof con-
tractingperiodsis approximatelyequal. TablelV givesthe parameter
valuesfor thefour schemesindthe valuesof the averagequeudength
g, averageutilization w andaverageprice p over 200 contractingperi-
ods. Afterwords,we subjectall the schemego a stepincreasen load
andobsere how well the schemesan control the edgequeuewhile
maintaininghigh levels of utilization. Theloadis:

AXp—o = 200[ut(50) — u4(100)] 9)

whereA X, is thechangen basedemandandu;(z) is definedas:

u(z) = {

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

Theresultof subjectingPIPDto the steploadis shavn in Figure4-
a. We seethatthe pricing schemeaespondsjuickly by jackingup the
price andcontrolsthe maxqueudengthat 159. Moreover, theaverage
utilization over the 200 periodintenal is 91.4%, which is goodfor a
steploadof 200 (morethan120%of basedemandbeforeloading).

Theresultof subjecting?lAD to thesteploadis in Figure4-b We see
thatthe pricing schemeespondgjuickly to control the demand.One
differencefrom the PIPD caseis that price variationsare less. This
decreaseén price variation is achiezed by observingthat the pricing
schemecandecreas¢he priceadditively ratherthanproportionally By
doing so, we gainlesseariationsin price at the costof someutiliza-
tion (seeTableV).

Theresultof subjectingAIPD andAIAD to thesteploadis in Figure
4-cand4-d. Theseschemesack theresponsienessequiredto control
congestionsik e theonesimulated.Thisis indicatedby thefactthatthe
maximumqueuegrowns to ashigh as456 and506 respectiely.

It is importantthatthe pricing function doesnot allow the queuego
grow farbeyondthehigherthresholdg, . Forthisreasorandto beable
to controlrising demandsn the periodsof congestiorby providing the

1,
0,

t>cx
otherwise

right pricing feedbackwe shouldincreaseprice multiplicatively pro-
portionalto thedifferencebetweercurrentqueudengthandthe higher
gqueuethreshold g, (like PIAD andPIPD). Especiallyin PIAD, when
thequeudengthfallsbelav thelowerthresholde startdecreasinghe
price but this time we achieve lessprice variationat the costof slight
decreasén utilization. Additionally, additive decreasavaschosenin
orderto avoid the possibility of systemoscillatingbetweenhigh edge
gqueudengthsandedgequeueunderflav. Thus,PIAD helpsachieving
abalancebetweerfastercongestiorcontrolandprice stability.

Adaptive schemesare attractize in the sensethatthey do not male
ary assumptiongboutthe userbehaior. But, they tendto have sta-
bility problemsandthe ideabehindincluding additive price increase
is to alleviate someof theseinstability issues.In the next section,we
describethe PIAD algorithmin greaterdetail andderive the condition
for which the schemeensurestability.

V1. PIAD wITH TUNABLES

In this section,we find the conditionfor PIAD tunableshatensure
thesystenremainsstablei.e. edgequeuesio notgrow unboundedly

Let us assumehat the highestresenration price that a userhasis
Pmaz. Let z;; bethe capacitycontractedby userj in periodi. By
definitionof p, it follows that:

M
Di =ﬁmam 32371']' =0

1

The abore statemenimplies that the entire capacityis beingusedto
drainthe edgequeue Also, thefollowing statemenholds:

VPmaz > 0,31 suchthatpre. < al[qmam — qh]

where gn.q. IS theedgebuffer size(capacityof theedgequeueijts total
size,notgy ). Theabove statementgivesusthefollowing conditionfor
ensuringstability:
ﬁmaa} S a1

—4an
Thus, we concludethat aslong as a; satisfiesthe above condition,
PIAD pricing schemewill guaranteestability. An alternatemannerof
guaranteeing similar effect is to provision for very long edgequeue
suchthatchance®f it beingfully usedarerare.

In thenext sectionwe developausermodelfor analysisof the PIAD
adaptve pricing schemeand explore somepropertiesof the tunables
andwhatparametersf the systemthey helpcontrol.

(10)

dmaz

VII. A SIMPLE USER MODEL AND EVALUATION OF PIAD

In generalthe usermodelof adaptatiorto pricescanbe depictedas
in Figure5. In thefigure, X; , is theuserdemandor network services
whenpricefor themis p perunit. Thisis determinedy theuseradap-
tation modelwhich takesthe demandwhenpriceis zero, X; ,—0 and
thecurrentpricefor network services; asinputs. Thelatterof course
is determinedby the PIAD pricing schemedefinedin the previous sec-
tion basedon the systemstatevariablesat the beginning of periods.
The stateof the systemat the beginning of a contractingperiodcanbe
completelydefinedby the queuecarriedover from the lastperiodg; 1
and capacityin periodi, C; (Figurel). The pricing schemecanbe
looked at asa feedbackmechanisnthat givesinput to the useradap-
tationblock in the figure basedon the network state(C;, ¢;—1) atthe
beginning of the period.

Notice that the usermodel that we proposeherewill be usedfor
evaluatingthe performanceof the PIAD pricing schemeproposedn
this paperandthe impactthat PIAD tunableshave on the systemper
formanceonly. The adaptve pricing schemeis not dependenbn the
specificform of useradaptatiorcurves.
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Let, p be the price at which the userbecomesndifferentto using
the serviceor keepingthe mongy, alsocalledtheresenationprice. We
know thatatthe resenation pricethe userdemandor network service
is zero. Using this fact, we usethe following simple, but reasonable,
useradaptatiorfunctionfor performancevaluationof the PIAD pric-
ing scheme:

Xip=p; = Xp=0 p_ApJ (11)
p

For performancesvaluationof PIAD pricing schemegseeFigure 6-
a), we usethefollowing systemparameters{a; = 3, a2 = 0.1, g, =
25,q; = 15,p = 2). Unlessotherwisespecified, X,—o = 140. Price
in all thefiguresis in unitsof ($/Unit Capacity).

Notice that, eachset of algorithm tunables(a:, a2, i, qn) corre-
spondto different positionson three trade-ofs (dependenion ISP-
Customerperformancanetrics). Thethreetrade-ofs are:

« high utilization versussmalleredgequeuegbetterservice)
« pricevariability versussystenresponsieness
« pricevariability versusquality of servicevariation

Now, we presentheresultsobtainedrom a setof controlledsimula-
tionsto obsere theimpactthatthe pricing algorithmtunableshave on
theoverall systemperformance.

A. Effectof a1

By increasingx; theresponséo congestior(q; > gr) canbemade
more aggressie. This alsoimplies that on averagethe edgequeue
lengthwill be smallerandutilization will belower for high a1. Com-
paring Figure 6-awith 6-b we seethatanincreasen «; from 3 to 4
resultsin fastervariationin price. This is becausehe systemhasbheen
mademore responsie to queuelengthincreases.High «; is a good
ideaif load on systemcanramp up rapidly asthe systemis very re-
sponsie, but this comesatthe costof increasedariationin priceanda
possibldower utilization. Thus,keepinga; aslow aspossiblesatisfy-
ing theservicelevel agreementandkeepingin mind the expectedvari-
ability in theloadis recommendeda: shouldbe high enoughto give
the usersenoughincentie to restraintheir demandwhenedgequeue
startsbuilding up). a1 of courseshouldsatisfythe stability condition
of Equationl0.

B. Effectof as

By decreasingx., the rangein which price variesbetweenqueue
drain (demanccontrol) andqueuebuild up (demandprobe)cyclescan

be decreasedThis of coursecomesat the costof compromisingthe
capabilityto slashpricesquickly if demandoecomewery less.Thisis
seenin Figure 6-c from period4 to 37 when utilization dropssignif-
icantly andpricesareslashedat a rate slower thanthatin Figure 6-a.
By increasingx, we seethatthe systembecomesnoreresponsie to
demandchangesThis alsocausesincreasedluctuationin theprices.
(Figure6-d)

It isimportantto realizethat,demandvariationandquality of service
requirementsare typical characteristicof the userpreferences.The
pricing schemeproposedhere provides the ISP with the tunablesto
balanceuserrequirementandtheir goals,like high utilization. These
userpreferencearegoingto differ from ISPto ISP (dependingntheir
client base)andthustherewill be needfor selectingdifferentvalues
of the tunables. A way of looking at this is that eac value setof the
tunablegeprsentsomdrade-ofs. Thepreciserade-ofs madewould
dependon thelSP anduserrequirementgthe weightgivento different
userandISP performancemetrics).

C. Effectof ¢;

Having a higher ¢; would increasethe utilization of network re-
sourcesin the face of demandvariability. This will happen,at the
costof maintaininghigherqueuelengthsat the edge. Thus, the trade-
off hereis betweenyery goodservice(low ¢;) andhigherutilization
(higherq;). The precisevaluechoserfor ¢; would dependon the pref-
erencesf the participants(userandISPs). For systemparametersf
Figure6-e(g; = 20 in 6-eandq; = 15 in 6-a), the averagelengthof
thequeueontheedgeis 19.22asopposedo 17.52for Figure6-a.

D. Effectof gy,

Increasingy;, (seeFigure6-f) resultsin increasen theaveragegueue
length at the edgeas the queuedrain or demandcontrol part of the
cycle now startslaterthana settingwith lower g5,. Thereis anincrease
in utilization at the costof the quality of serviceprovided.For system
parameter®f Figure 6-f, the averagelengthof the queueon the edge
is 19.08asopposedo 17.52for Figure6-a. Notice that this actionis
equivalentto resettingthe definition of congestioni.e. actionstakento
controlcongestiorarenow triggeredat a differentindicatorlevel.

E. Effectof DistanceBetweery; andgp,

In Figure 6-g, we setq; andgq; equalto eachother As is evident
this causewery frequentvariationsin price andthe averagemagnitude
of thesevariationsis higherthanthat of Figure6-h. ¢; cannotbetoo
low to avoid underflav andthustheresultinglower utilization levels gy,
cannotbe too high asservicelevel agreementsieedto be met. Thus,
therearelimitationsto how muchwe cangainonthis price smoothing.
Moreover, this price smoothingcomesfrom acceptinglarge variabil-
ities in queuelength which would imply large variability in service
quality. Thus, the needto choosea distancebetweeng; andg; that
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representtheneedf usersandobjectivesof the ISP (atrade- off that
meetsthe demand®f participantghebest).

F. RolustnesdJnder DifferentLoads

In Figure 7-a,we subjectthe systemto anextra userloadequivalent
to incrementof demandat price zero, X; ,—¢ by 50 unitsin period
numberg50,200]. Theextraload canbe specifiedas:

AXp—o = 50u;(50) (12)

whereu, (50) is definedas:
1 t > 50

ui(50) = { u¢(50) =0, otherwise

In Figure7-awe seethatincreasinghe demandsuddenlyin period
50 for premiumserviceis respondedo by increasinghe price sothat
usershave the correctincentivesfor regulatingtheir demandsThe av-
erageutilizationin Figure7-ais 0.980ascomparedo 0.994for Figure
6-a. Theschemeaeactsin a desirablemannerkeepingutilization high
while allocatingresourceefficiently.

In Figure7-b, we increase¢he demandat price zerofrom 140to 190
in periodi € [50, 100]. We seethatthe prices,go up duringthe period

of higher demandand come down whenthe extra demandsubsides.

High levels of utilization aremaintainecthroughoutexceptfor during
transitionbecausef theunanticipateathangen demandnvolved. Be-
ing ableto maintainhigh levels of utilization while satisfyingthe QoS
requirementss animportantcharacteristiof agoodpricing scheme.

In Figure7-c, the systemis subjectedo anincreaseén demandsim-
ilar in form to thatof Figure 7-a. The only differenceis thatthis time
thedemandlisturbancés higherin magnitudgdouble).As thesystem
wasnot ready(tuned)for sucha spike in demandywe seethatthereis
a shortperiodof very low utilization whenthe extra demands intro-
duced.

In Figure 7-d, we look at the samedemandspike asin Figure 7-c.
Theonly differenceis, thistime, oneof thetunableparametersy» has
beentunedto permitfor moreaggressie demandorobing. Thisresults
in muchlower penaltiesn termsof lower utilization duringtransition.
Theaverageutilizationover 200periodsfor Figure7-cis 0.941andthat
for Figure7-dis 0.965.

In summarywe seethatthereis arangein which thetunablesvork
fine (thisis therangefor which they areset). For instancethetunables
in thesesimulationscould handledemandspike of 50 units without a
lot of deteriorationof performancen the transitionphase. Demand
spikessignificantlymorethanthislevel resultedn lower utilizationsin
thetransienphase Neverthelessin the steadystate satishictorylevels
of utilization were achieved irrespectve of the magnitudeof demand
spike. Further tunablesa; andas shouldbe choserkeepingin mind
notonly thetrade-ofs outlinedearlier but alsothevariationsin demand
expected.

G. Usersswith DifferentDemandand ReservatiorPrices

In this sub-sectionwe will simulatedifferentuserscenariosindsee
howv PIAD pricing schemeimpactsresourceallocationbetweenuser
classedaving differentdemandsndutility functions.

In Figure8-a, we seethat User 1, who hashigherreseration price
anddemandis allocateda higherfraction of network resources.The
averageof resourcesllocatedio Userl is 58.07ascomparedo 38.06
for User2. Theratio of theseallocationsis 1.78,which is higherthan
the ratio of the reseration pricesof the two users% =1.33. This
is becausdJser 1 hasa greaterbasedemand(demandwhen price is
zero)thanUser2. Allocating resourcesccordingto the basedemand
andtheresenationprice,notjustoneof themis animportantdesirable
characteristiof agoodpricing scheme.

In Figure 8-b, we examinethe effect of decreasinghe resenation
price of User2 on the allocationto two users.The averageallocations
arefoundto be 62.88and34.32respectiely. Theratio of allocations
for this caseis 1.83whichis higherthanthatof 8-a,whichis expected.

In Figure8-c, we examinetheeffect of changan basedemando the
scenarioof Figure8-a. The averageallocationsover the 100 contract
periodsobsenedis 74.31for Userl and19.70for User2. This indi-
catesthatthe basedemand(demandwhenp = 0) playsa significant
rolein capacityallocationwhichis desirable.

In Figure8-d, we examinethe scenarioof Figure8-c whenresena-
tion pricesof thetwo usersarechanged.The averageallocationto the
usersnov becomes0.77for Userl and14.10for User2.

Thus,we seethatthe schemecanallocateresourceso awide variety
of usershasedon their reseration price andbasedemand.Notice that
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User2is ableto increasats resourceshareby increasingts reseration
pricefrom 1 (Figure8-d)to 1.5 (Figure8-c).

VIII. SUMMARY AND DISCUSSIONS

In this paperwe identifieda parametefor congestion-sensite pric-
ing in a contractingframevork for edge-to-edggremium services.
Basedon this parameterwe developedPrice Discovery framework,
which canbeimplementedn diff-servnetworks. Within the PriceDis-
covery framework, we formulatedfour adaptve pricing schemegi.e.
PIPD,PIAD, AIPD, AIAD) to determinepricesat network edges.We
thendemonstratethatPIAD is thebestschemean performance.

PIAD pricing schemeis easily deplo/able in edge-to-edgdrame-
work asit only needsg;—; (the lengthof queueat the edgein period
i — 1) and C; (estimatededge-to-edgeapacityfor periods) to cal-
culatethe price in periodz. By coordinatingthe edgerouters,both
theseparametersre availablein diff-serv environment. We also de-
rived the stability conditionfor PIAD parameters.The PIAD pricing
schemedoesnot assumearything aboutthe userbehaior. It is adap-
tivein its natureandhastunableparameterghatcanbesetto provide a
range of betterthanbesteffort servicexorrespondingo suitabletrade-
offs. Thethreeimportanttrade-ofs are: high utilization versussmaller
edgequeuesprice variability versussystemresponsienessandprice
variability versugguality-of-servicevariation. We examinedtheimpact
eachPIAD tunablehason thesetrade-ofs. For a given ISP-customer
setting,the PIAD tunablesshouldbe setaccordingto the userQoSre-
quirementge.qg.low delay)andISP metrics(e.g. high utilization). We
alsoexaminedPIAD behaior underdifferentcongestiorconditionsof
varying severity. In general PIAD cancontrol congestiorandensure
high utilization. During transientphasedhe utilization drops,but even
thatcanberectifiedby properselectionof the parametersWe alsoob-
senedthatresourcallocationsamongusersmadeunderdifferentuser
utility andbasedemandscenariosarewell-behaed.

Futurework would involve exploring algorithmsfor changingPIAD
parametersy capturingthe information aboutchangesin basede-
mands. An interestingparameteithat can be usedfor changingthe
tunablesis the rate of change of edge queue sinceit is a good mea-
sureof changen load onthe network. Also, in this paper we focused

on the problemof pricing a singletype (i.e. class)of premiumservice
by controllingthe edgequeuecorrespondingdo thatservicetype. The
frameawork can be readily extendedto managepricing multiple types
of premiumserviceswhich would be pricedby PIAD pricing scheme
with differentvaluesof tunablesThis is left for futurework.
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