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Abstract—Oneof thebiggestobstaclesfor 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-scales,i.e. on the order of round-trip-times (RTTs).
However, pricing naturally operateson very large time-scalesbe-
causeof human involvement. So, in order to put tight control on
congestionthr ough pricing, new implementation methodsand ar-
chitecturesareneededfor congestionpricing. In order to solvethis
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 enough to incorporate human involve-
ment. We investigatethe problemsraised within suchan overlay
architecture and provide solutionsto them. We particularly focus
on diff-serv and useedge-to-edgecongestioncontrol and edge-to-
edgepricing techniquesto illustrate POCC ideasin simulation.

Index Terms— Network Pricing, CongestionPricing, Quality-
of-Service, Fairness,CongestionControl, Differ entiated-Services

I . INTRODUCTION

Implementationof congestionpricing still remainsa chal-
lenge,althoughseveralproposalshavebeenmade,e.g.[1], [2],
[3]. Among many others,onemajor implementationobstacle
canbe definedasthe needfor frequentprice updates. This is
relatively very hardto achieve in a wide areanetwork suchas
theInternet,sinceusersneedto be informedaboutevery price
update.In [4], theauthorsshowedthatusersdo needfeedback
aboutchargingof thenetwork service(suchascurrentpriceand
predictionof servicequality in nearfuture). However, in our
recentwork [5], we illustratedthatcongestioncontrol through
pricing cannotbeachievedif pricechangesareperformedat a
time-scalelargerthanroughly40round-trip-times(RTTs). This
meansthatin orderto achievecongestioncontrol throughpric-
ing, servicepricesmust be updatedvery frequently(i.e. 2-3
secondssinceRTT is expressedin termsof millisecondsfor
mostcasesin theInternet).

We proposea novel solution,Pricingover CongestionCon-
trol (POCC).POCCoverlayspricing on top of an underlying
congestioncontrolmechanismto make surecongestionis con-
trolled at low time-scales.This way thepricing mechanismon
top canoperateat larger time-scales,which makeshumanin-
volvementpossible.

This work is sponsoredby NSF undercontractnumberANI9819112,and
co-sponsoredby Intel Corporation.

Weparticularlyfocusondiff-serv[6] architecture.Weusean
available edge-to-edgepricing mechamism(Distributed-DCC
[7], [8]) andedge-to-edgecongestioncontrolmechanism(Riv-
iera[9]) in orderto presenttheideaof pricingoverlayovercon-
gestioncontrol. We presentsimulationresultsfor Distributed-
DCC over Riviera,andillustratebenefitsof overlaypricing on
top of congestioncontrol.

The paper is organizedas follows: In the next section,
we briefly survey the literature in the areaof Internet pric-
ing. In SectionIII, we presentPOCCideasin detail andde-
scribesolutionsto potentialproblems.Next in SectionsIII-B
andIII-C, we briefly describean edge-to-edgepricing frame-
work (Distributed-DCC)andan edge-to-edgecongestioncon-
trol mechanism(Riviera),whichwewill uselaterin simulation
experiments.In SectionIV, wepresentsimulationexperiments
of Distributed-DCCoverRivieraandillustratePOCCideas.We
finalizewith summaryanddiscussions.

I I . L ITERATURE SURVEY

Therehasbeenseveralpricing proposals,which canbeclas-
sifiedin many ways:staticvs. dynamic, per-packetchargingvs.
per-contract charging,andcharging prior to servicevs. poste-
rior to service.

Althoughthereareopponentsto dynamicpricing in thearea
(e.g. [10], [11], [12]), most of the proposalshave beenfor
dynamicpricing (specificallycongestionpricing) of networks.
Examplesof dynamicpricingproposalsareMacKie-Masonand
Varian’s SmartMarket [1], Guptaet al.’s Priority Pricing [13],
Kelly et al.’s ProportionalFair Pricing (PFP)[14], Semretet
al.’s Market Pricing[15], [3], andWangandSchulzrinne’sRe-
sourceNegotiationandPricing (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 staticanddynamicpricing.
In termsof charging granularity, SmartMarket, Priority Pric-
ing, PFPandEdgePricingemploy per-packet charging,whilst
RNAP andExpectedCapacitydonotemploy per-packetcharg-
ing.

SmartMarketisbasedprimarilyonimposingper-packetcon-
gestionprices. SinceSmartMarket performspricing on per-
packetbasis,it operateson thefinestpossiblepricinggranular-
ity. This makesSmartMarket capableof makingidealconges-
tion pricing. However, SmartMarket is notdeployablebecause
of its per-packet granularity(i.e. excessive overhead)and its
many requirementsfrom routers(e.g. requiresall routersto be



updated).In [20], we studiedSmartMarket anddifficultiesof
its implementationin moredetail.

While SmartMarket holdsoneextremein termsof granu-
larity, ExpectedCapacityholds the other extreme. Expected
Capacityproposesto uselong-termcontracts,which cangive
moreclearperformanceexpectation,for statisticalcapacityal-
location and pricing. Pricesare updatedat the beginning of
eachlong-termcontract,which incorporateslittle dynamismto
prices.

An importantrecentwork mainly focusingon implementa-
tion issuesis RNAP. AlthoughRNAP providesa completepic-
turefor incorporationof admissioncontrolandcongestionpric-
ing, it hasexcessive implementationoverheadsinceit requires
all network routersto participatein determinationof congestion
prices.This requiresupgradesto all routerssimilar to thecase
of SmartMarket. We believe thatpricing schemesthat require
upgradesto all routerswill eventually fail in implementation
phase.This is becauseof the fact that the Internetroutersare
ownedby differententitieswho may or maynot be willing to
cooperatein theprocessof routerupgrades.

I I I . PRICING OVER CONGESTION CONTROL (POCC)

Theessenceof POCCis to overlaypricingon top of conges-
tion control, which is a novel approach.Assumingthat there
is an underlyingedge-to-edgecongestioncontrol scheme,we
canset the parametersof that underlyingschemesuchthat it
leadsto fairnessandbettercontrolof congestion.Thepricing
schemeontopcandetermineuserincentivesandsettheparam-
etersof theunderlyingedge-to-edgecongestioncontrolscheme
accordingly. This way, it will be possibleto favor sometraf-
fic flows with higherwillingness-to-pay(i.e. budget)thanthe
others.Furthermore,the pricing schemewill alsobring bene-
fits suchasanindirectcontrolon userdemandby price,which
will in turnhelptheunderlyingedge-to-edgecongestioncontrol
schemeto operatemoresmoothly. However theoverall system
performance(e.g. fairness,utilization, throughput)will bede-
pendenton theflexibility of theunderlyingcongestioncontrol
mechanism.

Figure 1 illustratesthe differencebetweena POCCarchi-
tectureand a regular pricing architecturewithout underlying
congestioncontrol. We now first describetheproblemsraised
by POCCarchitecturein diff-serv environment,thendescribe
Distributed-DCC (i.e. an edge-to-edgepricing mechanism)
and Riviera (i.e. an edge-to-edgecongestioncontrol mecha-
nism),andthenprovide solutionsto theproblemsfor overlay-
ing Distributed-DCCoverRiviera.

A. POCC:Problems

In diff-serv environment,overlayingpricing on top of con-
gestioncontrolraisestwo majorproblems:

1) Parametermapping: Sincethe pricing schemewantsto
allocatenetwork capacityaccordingto the user incen-
tives(i.e. the userswith greaterbudgetshouldgetmore
capacity)that changesdynamicallyover time, it is a re-
quiredability setcorrespondingparametersof theunder-
lying edge-to-edgecongestioncontrol mechanismsuch
thatit allocatesthecapacityto theuserflowsaccordingto

Fig. 2. Distributed-DCCframework ondiff-servarchitecture.

their incentives.So,thisraisesneedfor amethodof map-
ping parametersof thepricing schemeto theparameters
of theunderlyingcongestioncontrolmechanism.Notice
that this typeof mappingrequiresthecongestioncontrol
mechanismto be able to provide parametersthat tunes
theratebeinggivento theedge-to-edgeflows.

2) Edgequeues:Theunderlyingcongestioncontrolscheme
will not alwaysallow all thetraffic admittedby thepric-
ing scheme,which will causequeuesto build up at the
network edges. So, managementof theseedgequeues
is necessaryin POCCarchitecture.Figures1-a and1-b
comparethesituationof theedgequeuesin thetwo cases
when thereis an underlyingcongestioncontrol scheme
andwhenthereis not.

B. Distributed-DynamicCapacity Contracting (Distributed-
DCC)

Distributed-DCCmodelsa short-termcontractfor a given
traffic classasa function of price per unit traffic volume

���
,

maximumvolume �����	� (maximumnumberof bytesthatcanbe
sentduringthecontract)andthetermof thecontract
 (length
of thecontract):

������������	������� ����� ��� �!� � 
#" (1)

Figure2 illustratesthebigpictureof Distributed-DCCframe-
work. Customerscanonly accessnetwork coreby makingcon-
tractswith theproviderstationsplacedat theedgerouters.Ac-
cessto availablecontractscanbedonein differentways,what
we call edge strategy. Two basicedgestrategiesare“bidding”
(many usersbids for an available contract)or “contracting”
(usersnegotiatewith the provider for an available contract).
So, edgestrategy is the decision-makingmechanismto iden-
tify which customergetsan availablecontractat the provider
station.

Stationscanadvertisecongestion-basedpricesif they have
actual information about the congestionlevel in the network
core. This congestioninformation can come from the inte-
rior routersor from the egressedgeroutersdependingon the
congestion-detectionmechanismbeing used. DCC assumes
that the congestiondetectionmechanismis able to give con-
gestioninformation in time scales(i.e. observation intervals)
smallerthancontracts.Thereadercanfind moredetailsabout
Distributed-DCCin [8].



(a) (b)
Fig. 1. (a) Pricingwith nounderlyingedge-to-edgecongestioncontrol. (b) Pricingoveredge-to-edgecongestioncontrol.

C. Edge-to-EdgeCongestionControl: Riviera

Rivieratakesadvantageof two-waycommunicationbetween
ingressandegressedgeroutersin a diff-servnetwork. Ingress
sendsa forward feedbackto egressin responseto feedback
from egress,andegresssendsbackward feedbackto ingressin
responseto feedbackfrom ingress.So,ingressandegressof a
traffic flow keepbouncingfeedbackto eachother. Ignoringloss
of datapackets,theegressof a traffic flow measurestheaccu-
mulation,

�
, causedby theflow by usingthebouncedfeedbacks

andRTT estimations.

The egressnodekeepstwo thresholdparametersto detect
congestion:$ ��% �'&(�*)*+�& and $-, � �'&(�*)*+�& . For eachflow, the
egresskeepsa variablethatsayswhethertheflow is congested
or not. When

�
for a particularflow exceeds$ �.% �'&(�*)*+�& ,

the egressupdatesthe variableto congested. Similarly, when�
is less than $-, � �'&(�*)*+�& , it updatesthe variable to not-

congested. It doesnot updatethe variableif
�

is in between
$ ��% �'&���)*+�& and$-, � �'&(�*)*+�& . Theingressnodegetsinformed
aboutthecongestiondetectionby backwardfeedbacksandem-
ploys AIMD-ER (i.e. a variantof regularAIMD) to adjustthe
sendingrate.

In a single-bottlenecknetwork, Riviera can be tunedsuch
that eachflow getsweightedshareof the bottleneckcapacity.
The ingressnodesmaintainan additive increaseparameter, / ,
anda multiplicative decreaseparameter, 0 , for eachedge-to-
edgeflow. Theseparametersare usedin AIMD-ER. Among
the edge-to-edgeflows, by settingthe increaseparameters( / )
at theingressesandthethresholdparameters( $ ��% �'&��*)*+1& and
$-, � �'&��*)*+1& ) at theegressesin ratio of desiredrateallocation,
it is possibleto make surethat the flows get the desiredrate
allocation. For example,assumethereare two flows 1 and2
competingfor a bottleneck(similar to Figure 3). If we want
flow 1 to geta capacityof 2 timesmorethanflow 2, thenthe
following conditionsmustbehold:

1) /43 � 25/�6
2) $ ��% �'&��*)*+1& 3 � 27$ ��% �'&��*)*+1& 6
3) $8, � �'&(�*)*+�& 3 � 27$-, � �'&��*)*+1& 6

D. POCC:Solutionsfor Distributed-DCCoverRiviera

1) Parameter mapping: For each edge-to-edgeflow,
Distributed-DCCcancalculatethecapacityshareof that
flow out of the total network capacity. Let 9;:=< �>� :?<�@ �
bethefractionof network capacitythatmustbegivento
the flow , to A . Distributed-DCCcanconvey 9 :?< s to the
ingressstations,and they canmultiply the increasepa-
rameter/ :?< with 9 :?< . Also, Distributed-DCCcancom-
municate 9 :=< s to the egresses,and they can multiply
$ �.% �'&(�*)*+�& :?< and $-, � �'&(�*)*+�& :?< with 9�:?< . This solves
theparametermappingproblemdefinedin SectionIII-A.

2) Edge queues: We now proposesolutions to the sec-
ond problem, i.e. managementof edge queues. In
Distributed-DCC,ingressstationsmaintainanestimation
of available capacity for eachedge-to-edgeflow. So,
one intuitive way of makingsurethat the userwill not
contractfor more thanthe amountthat the network can
handleis to subtractnecessarycapacityto drain the al-
readybuilt edgequeuefrom the estimatededge-to-edge
capacity

� :?< , and then make contractsaccordingly. In
otherwords,theingressstationupdatestheestimatedca-
pacity for flow , to A by the following formula

�!B:?< �� :?<�CEDF:=< @*
 , anduses
� B:=< for pricecalculation.Notethat

D is theactualedgequeuelength,and 
 is thelengthof
thecontract.

IV. SIMULATION EXPERIMENTS AND RESULTS

We now present ns [21] simulation experiments of
Distributed-DCCoverRivieraonsingle-bottlenecktopology, in
orderto illustratePOCCideas.

Thesingle-bottlenecktopologyhasa bottlenecklink, which
is connectedto

�
edgenodesateachsidewhere

�
is thenumber

of users. The bottlenecklink hasa capacityof 10Mb/s and
all otherlinks have 15Mb/s. Propagationdelayon eachlink is
5ms,anduserssendUDP traffic with an averagepacket size
of 1000B.To easeunderstandingthe experiments,eachuser
sendsits traffic to a separateegress.Figure3 shows a single-
bottlenecktopology with

�G�IH
. The white nodesare edge

nodesand the gray nodesare interior nodes. The figure also



Fig. 3. Experimentalsingle-bottlenecknetwork.

shows the traffic flow of userson the topology. Buffer sizeis
assumedto beinfinite, sono packetdropis allowed.

Eachuserflow triesto maximizeits totalsurplus(i.e. J �K% " C%.L
) by contractingfor MN@ L amountof capacity, where M is its

budgetand
L

is price. Theflows’s budgetsarerandomizedac-
cordingto Normaldistribution with a givenmeanvalue. This
meanvalue is what we will refer to as flows’s budgetin our
simulationexperiments.

We run simulation experimentsfor POCC on the single-
bottlenecktopology, which is representedin Figure3. We also
run experimentfor Distributed-DCCwith exactly thesamepa-
rametersin orderto seetheeffect of usinganunderlyingcon-
gestioncontrol mechanism.In theseexperiments,thereare3
userswith budgetsof 10, 20, 30 respectively for users1, 2, 3.
Total simulationtime is 15000s,andat thebeginningonly the
user1 is active in thesystem.After 5000s,theuser2 getsac-
tive. Againafter5000satsimulationtime10000,theuser3 gets
active.

In termsof results,thevolumegivento eachflow is very im-
portant.Figures4-aand5-ashow theflow ratesaveragedover
200 contractperiodsin Distriuted-DCConly andDistributed-
DCC over Riviera respectively. We seethe flows aresharing
thebottleneckcapacityalmostin proportionto theirbudgets.In
comparisonto Distributed-DCCoverRiviera,Distributed-DCC
only allocatestheratemoresmoothlybut with almostthesame
proportionality to the flows. The noisy volume allocationin
Distributed-DCCover Riverais causedby coordinationissues
(i.e. parametermapping,edgequeues)investigatedin Section
III-A.

Figure 5-b shows the price being advertised to flows in
Distributed-DCCover Riviera. As the new usersjoin in, the
pricing schemeincreasesthe price in order to balancesupply
anddemand.

Figures 4-c and 5-c shows the bottleneckqueuesize in
Distributed-DCConly and Distributed-DCCover Riviera re-
spectively. Notice that queuesizesmake peakstransientlyat
the times when new usersgetsactive. Otherwise,the queue
sizeis controlledreasonablyandthesystemis stable.In com-
parisonto Distributed-DCConly, Distributed-DCCover Riv-
ieramanagesthebottleneckqueuemuchbetterbecauseof the
tight controlenforcedby the underlyingedge-to-edgeconges-
tion controlalgorithmRiviera.Theresultsfollowswith thebig
picturepresentedin Figure1.

Figuresfrom 6-a to 6-c show the sizesof edgequeuesin
Distributed-DCCover Riviera. We canobserve that usersget
active at 5000sof intervals. We observe stablebehavior but
with oscillationslarger thanthebottleneckqueueillustratedin
Figure5-c. Thisis becauseof thetight edge-to-edgecongestion

control,which pushesbacklogto theedges.

V. SUMMARY

In this paper, we presenteda new architectureto implement
congestionpricingin largenetworks.WeproposedPricingover
CongestionControl (POCC)as a novel approachin order to
solve thetime-scaleproblemof pricing. By comparativeevalu-
ation,weshowedthatPOCCperformsbetterin termsof manag-
ing congestionin network corebecauseof thetight (low time-
scale)controlenforcedby theunderlyingedge-to-edgeconges-
tion controlmechanism.

Futurework shouldincludeinvestigationof issuesrelatedto
extendingPOCCideason multiple diff-serv domains. Also,
POCCideasmustbetestedwith edge-to-edgepricingandcon-
gestioncontrol schemesotherthanDistributed-DCCandRiv-
iera.
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