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Abstract—One of the biggestobstacledor implementing conges-
tion pricing is the pricing time-scale.The Inter net traffic is highly
variant and hard to control without a mechanismthat operateson
very low time-scalesj.e. on the order of round-trip-times (RTTS).
However, pricing naturally operateson very largetime-scalesbe-
causeof human involvement. So,in order to put tight control on
congestionthr ough pricing, newimplementation methodsand ar-
chitecturesare neededfor congestionpricing. In order to solve this
problem, we proposea novel approach Pricing over Congestion
Control (POCC). The essenceof POCC is to overlay congestion
pricing on top of an underlying congestioncontrol schemewhich
enforcesa much tighter control than pricing. This way congestion
in the interior network is controlled very tightly, while pricing is
done at time-scaleslarge enoughto incorporate human involve-
ment. We investigatethe problemsraised within suchan overlay
architecture and provide solutionsto them. We particularly focus
on diff-serv and use edge-to-edgecongestioncontrol and edge-to-
edgepricing techniquesto illustrate POCC ideasin simulation.

Index Terms— Network Pricing, CongestionPricing, Quality-
of-Sewice, Fairness,CongestionControl, Differ entiated-Sewvices

|. INTRODUCTION

Implementationof congestionpricing still remainsa chal-
lenge althoughseveralproposalhave beenmadee.g.[1], [2],
[3]. Among mary others,one majorimplementatiorobstacle
canbe definedasthe needfor frequentprice updates This is
relatively very hardto achiese in a wide areanetwork suchas
the Internet,sinceusersneedto be informedaboutevery price
update.In [4], theauthorsshavedthatusersdo needfeedback
aboutchagingof thenetwork service(suchascurrentpriceand
predictionof servicequality in nearfuture). However, in our
recentwork [5], we illustratedthat congestiorcontrol through
pricing cannotbe achievedif price changesareperformedata
time-scaldargerthanroughly40round-trip-timegRTTs). This
meanghatin orderto achieve congestiorcontrolthroughpric-
ing, servicepricesmustbe updatedvery frequently(i.e. 2-3
secondssince RTT is expressedn termsof millisecondsfor
mostcasesn the Internet).

We proposea novel solution, Pricing over CongestionCon-
trol (POCC).POCCoverlayspricing on top of an underlying
congestiorcontrolmechanisno make surecongestioris con-
trolled at low time-scalesThis way the pricing mechanisnon
top canoperateat larger time-scaleswhich makes humanin-
volvementpossible.
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We particularlyfocusondiff-serv[6] architecture\We usean
available edge-to-edgepricing mechamism(Distributed-DCC
[7], [8]) andedge-to-edgeongestiorcontrolmechanisn{Riv-
iera[9]) in orderto presentheideaof pricing overlayovercon-
gestioncontrol. We presentssimulationresultsfor Distributed-
DCC over Riviera, andillustratebenefitsof overlay pricing on
top of congestiorcontrol.

The paperis organizedas follows: In the next section,
we briefly suney the literaturein the areaof Internet pric-
ing. In Sectionlll, we presentPOCCideasin detail andde-
scribesolutionsto potentialproblems. Next in SectionsllI-B
andlll-C, we briefly describean edge-to-edgericing frame-
work (Distributed-DCC)andan edge-to-edgeongestiorcon-
trol mechanisn{Riviera),whichwe will uselaterin simulation
experimentsln SectionlV, we presensimulationexperiments
of Distributed-DCCoverRivieraandillustratePOCCideas.We
finalizewith summaryanddiscussions.

Il. LITERATURE SURVEY

Therehasbeensereralpricing proposalsyhich canbeclas-
sifiedin mary ways: staticvs. dynamic per-padketchagingvs.
per-contract chaging, andchanging prior to servicevs. poste-
rior to service.

Althoughthereareopponentgo dynamicpricingin thearea
(e.g. [10], [11], [12]), mostof the proposalshave beenfor
dynamicpricing (specificallycongestiorpricing) of networks.
Examplef dynamicpricing proposalareMacKie-Masormand
Varian's SmartMarket[1], Guptaetal’s Priority Pricing [13],
Kelly et al.s ProportionalFair Pricing (PFP)[14], Semretet
al!s Market Pricing[15], [3], andWangand Schulzrinnes Re-
sourceNegotiation and Pricing (RNAP) [16], [2]. Odlyzko’s
Paris Metro Pricing (PMP) [17] is an exampleof static pric-
ing proposal. Clark’'s ExpectedCapacity[18] and Cocchi et
al!s EdgePricing [19] allow both staticand dynamicpricing.
In termsof chaging granularity SmartMarket, Priority Pric-
ing, PFPandEdgePricing emplgy perpacket chaging, whilst
RNAP andExpectedCapacitydo notemploy perpaclketchag-
ing.

SmartMarketis basedprimarily onimposingperpacketcon-
gestionprices. Since SmartMarket performspricing on per
pacletbasis,it operateonthefinestpossiblepricing granular
ity. This makesSmartMarket capableof makingideal conges-
tion pricing. However, SmartMarketis notdeployablebecause
of its perpacket granularity(i.e. excessve overhead)andits
mary requirementgrom routers(e.g. requiresall routersto be



updated).In [20], we studiedSmartMarket anddifficulties of
its implementatiorin moredetail.

While SmartMarket holds one extremein termsof granu-
larity, ExpectedCapacityholds the other extreme. Expected
Capacityproposedo uselong-termcontractswhich cangive
moreclearperformancexpectation for statisticalcapacityal-
location and pricing. Pricesare updatedat the beginning of
eachlong-termcontractwhich incorporatedittle dynamisnto
prices.

An importantrecentwork mainly focusingon implementa-
tion issuess RNAP. AlthoughRNAP providesa completepic-
turefor incorporatiorof admissiorcontrolandcongestiorpric-
ing, it hasexcessie implementatioroverheadsinceit requires
all network routersto participatein determinatiorof congestion
prices. This requiresupgradego all routerssimilar to the case
of SmartMarket. We believe that pricing schemeshatrequire
upgradego all routerswill eventuallyfail in implementation
phase.This is becausef the factthatthe Internetroutersare
ownedby differententitieswho may or may not be willing to
cooperaten the procesf routerupgrades.

[11. PRICING OVER CONGESTION CONTROL (POCC)

Theessencef POCCis to overlaypricing ontop of conges-
tion control, which is a novel approach.Assumingthat there
is an underlyingedge-to-edgeongestioncontrol schemewe
can setthe parameter®f that underlyingschemesuchthat it
leadsto fairnessandbettercontrol of congestion.The pricing
schementop candeterminauserincentvesandsetthe param-
etersof theunderlyingedge-to-edgeongestiorcontrolscheme
accordingly This way, it will be possibleto favor sometraf-
fic flows with higherwillingness-to-pay(i.e. budget)thanthe
others. Furthermorethe pricing schemewill alsobring bene-
fits suchasanindirectcontrolon userdemandby price,which
will in turnhelptheunderlyingedge-to-edgeongestiorcontrol
schemdo operatemoresmoothly However the overall system
performancéde.g. fairnessutilization, throughput)will be de-
pendentbn the flexibility of the underlyingcongestiorcontrol
mechanism.

Figure 1 illustratesthe differencebetweena POCC archi-
tectureand a regular pricing architecturewithout underlying
congestiorcontrol. We now first describethe problemsraised
by POCCarchitecturein diff-serv ervironment,thendescribe
Distributed-DCC (i.e. an edge-to-edgepricing mechanism)
and Riviera (i.e. an edge-to-edge&ongestioncontrol mecha-
nism), andthenprovide solutionsto the problemsfor overlay-
ing Distributed-DCCover Riviera.

A. POCC:Problems

In diff-serv ervironment,overlaying pricing on top of con-

gestioncontrolraisestwo majorproblems:

1) Parametermapping: Sincethe pricing schemewantsto
allocate network capacityaccordingto the userincen-
tives(i.e. the userswith greaterbudgetshouldgetmore
capacity)that changegdynamicallyover time, it is are-
quiredability setcorrespondingparametersf the under
lying edge-to-edgeongestioncontrol mechanisnmsuch
thatit allocateghe capacityto theuserflowsaccordingo
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Fig. 2. Distributed-DCCframeavork on diff-servarchitecture.

theirincentives.So,thisraisesneedfor amethodof map-
ping parametersf the pricing schemeo the parameters
of the underlyingcongestiorcontrolmechanismNotice
thatthis type of mappingrequiresthe congestiorcontrol
mechanismmo be able to provide parameterghat tunes
theratebeinggivento theedge-to-edgéows.

Edge queues:Theunderlyingcongestiorcontrolscheme
will notalwaysallow all thetraffic admittedby the pric-
ing schemewhich will causequeuego build up at the
network edges. So, managemenbf theseedgequeues
is necessaryn POCCarchitecture.Figuresl-aand1-b
comparehesituationof theedgequeuesn thetwo cases
whenthereis an underlyingcongestioncontrol scheme
andwhenthereis not.

2)

B. Distributed-DynamicCapacity Contracting (Distributed-
DCC)

Distributed-DCCmodelsa short-termcontractfor a given
traffic classasa function of price per unit traffic volume P,,
maximumvolumeV,, ... (maximumnumberof bytesthatcanbe
sentduringthe contract)andtheterm of the contractT (length
of thecontract):

Contract = f(Py, Vimaz, T) Q)

Figure2illustratesthebig pictureof Distributed-DCCframe-
work. Customerganonly accessietwork coreby makingcon-
tractswith the provider stationsplacedat the edgerouters.Ac-
cessto availablecontractscanbe donein differentways,what
we call edce strategy. Two basicedgestratgjiesare“bidding”
(mary usersbids for an available contract)or “contracting”
(usersngyotiate with the provider for an available contract).
So, edgestratgy is the decision-makingnechanisnto iden-
tify which customergetsan available contractat the provider
station.

Stationscan adwertise congestion-basegricesif they have
actual information aboutthe congestionlevel in the network
core. This congestioninformation can come from the inte-
rior routersor from the egressedgeroutersdependingon the
congestion-detectiomechanismbeing used. DCC assumes
that the congestiondetectionmechanisms able to give con-
gestioninformationin time scales(i.e. obsenation intervals)
smallerthancontracts.The readercanfind moredetailsabout
Distributed-DCCin [8].
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C. Edge-to-Edg CongestionContiol: Riviera

Rivieratakesadwantageof two-way communicatiorbetween
ingressandegressedgeroutersin a diff-servnetwork. Ingress
sendsa forward feedbackto egressin responseo feedback
from egress andegresssendshadckward feedbacko ingressin
responseo feedbackirom ingress.So, ingressandegressof a
traffic flow keepbouncingfeedbacko eachother Ignoringloss
of datapaclets,the egressof atraffic flow measureshe accu-
mulation,a, causedy theflow by usingthebouncedeedbacks
andRTT estimations.

The egressnode keepstwo thresholdparametergo detect
congestion'maz_thresh andmin_thresh. For eachflow, the
egresskeepsa variablethatsayswhetherthe flow is congested
or not. Whena for a particularflow exceedsmax_thresh,
the egressupdateshe variableto congested Similarly, when
a is lessthan min_thresh, it updatesthe variable to not-
congested It doesnot updatethe variableif a is in between
max-thresh andmin_thresh. Theingressnodegetsinformed
aboutthe congestiordetectionby backwardfeedbackandem-
ploys AIMD-ER (i.e. a variantof regular AIMD) to adjustthe
sendingrate.

In a single-bottlenecknetwork, Riviera can be tuned such
thateachflow getsweightedshareof the bottleneckcapacity
The ingressnodesmaintainan additive increaseparametera,
and a multiplicative decreasgparameterg, for eachedge-to-
edgeflow. Theseparametersare usedin AIMD-ER. Among
the edge-to-edgdlows, by settingthe increasgparameterga)
attheingresseandthethresholdparameter¢max _thresh and
min_thresh) atthe egressesn ratio of desiredrateallocation,
it is possibleto make surethat the flows get the desiredrate
allocation. For example,assumeherearetwo flows 1 and 2
competingfor a bottleneck(similar to Figure 3). If we want
flow 1 to geta capacityof w timesmorethanflow 2, thenthe
following conditionsmustbe hold:

1) oo =way
2) max_threshs = w max_thresh,
3) min_threshy = w min_thresh,
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D. POCC:Solutionsfor Distributed-DCCover Riviera

1) Parameter mapping: For each edge-to-edgeflow,
Distributed-DCCcancalculatethe capacityshareof that
flow out of the total network capacity Lety;; = ¢;;/C
bethe fraction of network capacitythatmustbe givento
theflow ¢ to j. Distributed-DCCcancorvey v;;s to the
ingressstations,and they can multiply the increasepa-
rametera;; with ;5. Also, Distributed-DCCcancom-
municatey;;s to the egresses,and they can multiply
max_thresh;; andmin_thresh;; with ~;;. This solves
theparametemappingproblemdefinedin Sectionlll-A.
Edge queues: We now proposesolutionsto the sec-
ond problem, i.e. managemenbf edge queues. In
Distributed-DCC jngressstationsmaintainanestimation
of available capacityfor eachedge-to-edgdlow. So,
oneintuitive way of making surethat the userwill not
contractfor morethanthe amountthat the network can
handleis to subtractnecessarygapacityto drain the al-
readybuilt edgequeuefrom the estimatededge-to-edge
capacityc;;, and then make contractsaccordingly In
otherwords,theingressstationupdateghe estimatecta-
pacity for flow i to j by the following formula c;j =
cij — Qi /T, andusesc;; for pricecalculation.Notethat
@ is theactualedgequeuelength,andT is thelengthof
thecontract.

2)

IV. SIMULATION EXPERIMENTS AND RESULTS

We now present ns [21] simulation experiments of
Distributed-DCCover Rivieraon single-bottleneckopologyin
orderto illustratePOCCideas.

The single-bottleneckopologyhasa bottlenecklink, which
is connectedo n edgenodesateachsidewheren isthenumber
of users. The bottlenecklink hasa capacityof 10Mb/s and
all otherlinks have 15Mb/s. Propagatiordelayon eachlink is
5ms, and userssendUDP traffic with an averagepaclet size
of 1000B. To easeunderstandinghe experiments,eachuser
sendsits traffic to a separateegress. Figure 3 shavs a single-
bottlenecktopologywith n = 3. The white nodesare edge
nodesand the gray nodesare interior nodes. The figure also
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shaws the traffic flow of userson the topology Buffer sizeis
assumedo beinfinite, sono pacletdropis allowed.

Eachuserflow triesto maximizeits total surplus(i.e. u(z) —
zp) by contractingfor b/p amountof capacity whereb is its
budgetandp is price. Theflows’s budgetsarerandomizedac-
cordingto Normal distribution with a given meanvalue. This
meanvalue is what we will refer to asflows’s budgetin our
simulationexperiments.

We run simulation experimentsfor POCC on the single-
bottleneckiopology whichis representeth Figure3. We also
run experimentfor Distributed-DCCwith exactly the samepa-
rametersn orderto seethe effect of usingan underlyingcon-
gestioncontrol mechanism.In theseexperimentsthereare 3
userswith budgetsof 10, 20, 30 respectiely for usersl, 2, 3.
Total simulationtime is 15000s,andat the beginningonly the
userl is active in the system.After 5000s,the user2 getsac-
tive. Againafter5000satsimulationtime 10000 theuser3 gets
actie.

In termsof results the volumegivento eachflow is veryim-
portant. Figures4-aand5-ashow theflow ratesaveragecover
200 contractperiodsin Distriuted-DCConly and Distributed-
DCC over Riviera respectiely. We seethe flows are sharing
thebottleneckcapacityalmostin proportionto theirbudgets.n
comparisorio Distributed-DCCover Riviera, Distributed-DCC
only allocategheratemoresmoothlybut with almostthe same
proportionalityto the flows. The noisy volume allocationin
Distributed-DCCover Riverais causediy coordinationissues
(i.e. parametemapping,edgequeuesjnvestigatedn Section
II-A.

Figure 5-b shaws the price being adwertisedto flows in
Distributed-DCCover Riviera. As the nev usersjoin in, the
pricing schemeincreaseghe price in orderto balancesupply
anddemand.

Figures 4-c and 5-c shaws the bottleneck queuesize in
Distributed-DCConly and Distributed-DCCover Riviera re-
spectvely. Notice that queuesizesmake peakstransientlyat
the timeswhen new usersgetsactive. Otherwise,the queue
sizeis controlledreasonablyandthe systemis stable.In com-
parisonto Distributed-DCConly, Distributed-DCCover Riv-
ieramanageshe bottleneckqueuemuchbetterbecausef the
tight control enforcedby the underlyingedge-to-edgeonges-
tion controlalgorithmRiviera. Theresultsfollows with the big
picturepresentedn Figurel.

Figuresfrom 6-ato 6-c showv the sizesof edgequeuesin
Distributed-DCCover Riviera. We canobsene that usersget
active at 5000sof intervals. We obsene stablebehavior but
with oscillationslargerthanthe bottleneckqueueillustratedin
Figure5-c. Thisis becausef thetight edge-to-edgeongestion

control,which pushedacklogto theedges.

V. SUMMARY

In this paper we presented new architecturego implement
congestiorpricingin largenetworks. We proposedPricingover
CongestionControl (POCC)as a hovel approachin orderto
solve thetime-scaleproblemof pricing. By comparatie evalu-
ation,we shovedthatPOCCperformsbetterin termsof manag-
ing congestionn network corebecausef thetight (low time-
scale)controlenforcedby theunderlyingedge-to-edgeonges-
tion controlmechanism.

Futurework shouldincludeinvestigatiorof issuegelatedto
extending POCCideason multiple diff-serv domains. Also,
POCCideasmustbetestedwith edge-to-edgericing andcon-
gestioncontrol scheme®therthan Distributed-DCCand Riv-
iera.
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