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Abstract—We presentboth a gametheoretic and a distrib uted
algorithmic approach for the transit price negotiation problem
in the interdomain routing framework. We analyzethe behavior
of providers on a specic scenario mainly by considering the
simple but not simplistic caseof one source and one destination.
The analysisof the centralized transit price negotiation problem
shows that the only one non cooperative equilibrium is when
the lowest cost provider takes all the market. The perspectve
of the game being repeated make cooperation possible while
maintaining higher prices. We consider then the systemunder a
distrib uted framework. Indeed, in reality the nodeshave only a
local view of the gameincluding the topology and thus the nature
and the length of the possibleroutes.We simulate the behavior of
the distrib uted systemunder a simple price adjustment strategy
and analyze whether it matchesthe theoretical results.

I. INTRODUCTION

Today inter-domain market plays on two different time
scales:A long term time scale(in term of monthsor even
years)where economiccontractsare negotiatedand a short
term (at a timescaleof seconds)where routing decisionsare
made basedon the concludedbusinessrelationships.Some
recentworks [FPSS02, [AWO04], [Afe06], [LAO2] propose
to couple those two processesmore tightly by enabling a
more dynamic interaction betweentransit price propositions
androuting decisionsIn orderto capturethe dynamicaspect
of suchinteraction,authorsof thesepapergproposeto employ
a repeatedgame approach.Indeed,the autonomoussystems
who proposeto routethe traf c to a commondestinationare
modeledasplayersthatcompetéefor thetraf ¢ adoptingdiffer-
ent stratgiesof xing prices.The repeatedyameframenork
enablesto capturehow the threat of a future behaior can
impactthe currentactionsof players.In [Afe06], the repeated
routing gameis introducedand a price matchingstratey is
proposecandanalyzed Suchstrateyy givesthe ASs ( players)
an incentve to cooperateand thus maintain a high transit
price. The differencebetweenthe analysisin this work and
our proposalis that we considerthatthe traf c dedicatedo a
givendestinationcanbe routedonly througha singleprovider.
This assumptions madein orderto maintaina coherencavith
the Border Gatavay Protocolwhereonly one pathis chosen
to eachdestination.

In our proposalwe still consideraninteractionbetweertransit
price negotiation and routing decisionprocess.The bilateral
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economimatureof the Internetis still maintainedby acascade
like pricing where eachagentnegotiatelow pricesonly with
his immediate neighbor Indeed, the customer(accessISP
for instance)only negotiateswith his provider which in turn
negotiateswith a transitAS (becomeghena customerof that
transit AS provider) and so on until the destination.Under
our model, the objective of eachprovider is to maximizeits
own bene t by proposinginterestingtransitpricesbut alsoby
choosingitself the lowestproviders.This is differentfrom the
sourcebasedpricing approachtaken in [Afe06]. We propose
an adequatenodelto capturethe differentdimensionsof the
problemthenwe focuson the analysisof the relatedgameon
somespeci ¢ scenariomainly by consideringthe simple but
not simplistic caseof one sourceand one destinationIn nthe
gameanalysis,we assumea full knowledge of the different
parametersof the problem,which is note very realistic but
give an idea aboutthe natureof the game.Further we will
analysethe problemfrom a distributed point of view taking
into accountrealistic considerations.

Il. THE TRANSIT PRICE NEGOTIATION MODEL

We considerthe samemodel as the one we have adopted
in [BLLSO5] with someadditionalparameters:

A graphG(N; E; cap;cost) whereN representshe ASs,
capis afunction giving their capacitieqthatwe consider
in nite), cost is the unitary costrelatedto managingthe
transitover the AS intra-network and E arethe physical
inte-domainlinks. In scenarioghatwe will considerwe
consideran anonly onetrafc o w betweenthe nodeS
the sourceof the traf c which canbe an accesmetwork
andthe nodeD est the destinationof thetrafc. Therest
of the nodesare providers.

An inelastictraf c matrix T which canbe obtainedfrom
somestatisticalknowledgeand monitoring.

A randomvariableP thatrepresentshe periodon which
inputs (graph,trafc Matrix) are stable.We assumehat
P follows an exponentiallaw with meanD, that canbe
obtainedalsoby somestatisticalknowledgeor stochastic
analysis.

We considerthatthe sourcehasan upperboundon price
underwhich sheacceptgo sendthetrafc. Otherwisef



the proposedprices are higher than that limit, shedoes

not sendthe trafc. We will denoteit pmax -

We consider discret transit prices. Price discretization

dependson the encodingformatin paclets, for instance

herewe take a unit discretizationThatis provider transit

price cantake valuesasl;2;3;:::.
Hence during the period P, the inputs of the problem
are stable and a stationary ervironment game can model
interactionsbetweenASs during the transit price negotiation.
EachAS announcesdts transitprice to his neighborswith the
correspondingouteinto the destinationWhenan AS decides
to buy a route from its neighbor he can itself announce
this route to his own neighborswhile proposingan adequate
transit price. Thus, the negotiation follows a cascadelike
model from the destinationbackward to the source,where
eachAS in the pathplaysboth the customerandthe provider
role. The bene t of an AS is given by the differencebetween
paymentsgiven to his providers and thosereceved from his
customers.The net benet is obtained by subtractingthe
transitcostthroughthe AS network.

The objectve of each provider is clearly to maximize
its own bene t by proposinginterestingtransitpricesbut also
by choosingitself the lowest providers. In caseof identical
announcesan AS canchoosea provider following a pre-order
on his providersin orderto breakties. Our goal is to analyze
equilibrium situationswhere ASs do not have the incentive to
deviate from their proposedpricesandto checkwhethersuch
situationsare bene cial to the sender(the source).We will

introducesomegametheoreticframeavork which is necessary

to such analysisin the following section (interestedreader
cansee[Kre9(], [Osb03 for anintroductionto gametheory).

A. Gamemodel

The gameproceedsn seriesof stagesof identicalduration
d a constantof commonknowledge. Then d=D modelsthe
probability of the game coming to an end, that is when
the inputs of the problem change.We consider suchthat
d=D = 1 the probability that the gameis still taking
place. Hence,the game arrives to stagek with probability
K. At the startof eachstage: Eachplayeradwertisesits per
paclet price simultaneously. We supposethat each AS is
aware of the history of the game;that is after eachstageall
ASs are aware of proposedpricesand consequenbutcomes
on the previous stage3.
We have already introduce some componentof our game
namely the players (ASs) now we have to distinguish
between actions which are the price announcementsn
each stageand strategies which are the way the prices are
x ed over the whole repeatedgame. In the sameway, we
distinguish between pay-ofs which are the gains of ASs

lIn an asynchronousersioneachplayer hasthe possibility to respondto
a changein anotherplayer price, this correspondgo a sequentiagame

20therwise,we arein presenceof an incompleteinformation game.Such
extensionof the problemcanbe studiedwhenthe completeinformationgame
is well understood

after eachstageof the gamede ned by the routing choices,
and utilities which are the sum of gains (pay-ofs) over
the whole repeatedgame. The expectedutility of an AS is
given by the sum of pay-ofts over the gamediscountedby

K the probability thatthe gameis still taking placeat stagek.

Let us now dene some interesting equilibrium notions
in game theory First, a Nash equilibrium of a game is

a choice of stratgjies by the players where each player's
stratgy is a best responseto the others' stratgies. This

implies that no player can increaseits utility by unilaterally
deviating from the equilibrium. A more powerful notion is

the subgameperfect equilibrium where the played stratgies
represent Nashequilibriumin eachsubgamé. Thatis given
ary history of the game given by past plays, the adopted
stratgjies still representa Nash equilibrium trough the rest
of the game.A set of stratejies can be proved to induce a
subgameperfectequilibriumif they satisfythe one deviation

principle. This principle ensureghat no player canincrease
its utility by deviating from its original strategy at a single
stage.The intuition behind this principle is that improving

the utility of a player supposeshat at least at one stage
the pay-of obtainedby deviating is greaterthan the onein

the original strateyy. Thus, in orderto prove that the set of

stratgyies form a subgameperfectequilibrium, it is sufcient

to prove that they satisfy the one deviation principle.

Now, let us analyzeour gameundertheseconsiderationsn

a simple scenario.

B. A simplescenario

First, we considerthe simple casewherethereis a single
communicationin a network of 4 verticesdescribedby Fig.
1. We considerthat the providers have in nite capacities
and identical costs. Note that thereis only one hop to the
destinationthen the bene t of the provider is given directly
by the differencebetweenwhatthe sourcepaysif the provider
is chosemandits own transitcost.We supposéhatthe source
is willing to payamaximumpricepmax for eachunit of traf c.

pS
o

Fig. 1. A simplenetwork

There exists an analogywith the Bertrandgame[Ber83.
Bertrandgamemodelsinteractionsbetweerduopoly rms that
proposehomogeneouproductsand competeonly on price.
The consumersuy all productsfrom the cheaperrm or half

Sthat is the gamebeginning at a giving stage
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Fig. 2. Bertrandcompetition

ateachwhenthepriceis equal.ln theBertrandgame, rms are
supposedo have the samemaminal cost,whenthe customer
demandis supposedo be linear in the price. A monopoly
price p is given and representghe price that the rm will
chageif shehadthe monopoleon the market.

In our simple scenarioprovidershave identical costswhen
demandis constant.The monopoleprice is given by pmax
sinceit is the maximumprice that can be chaged.

Therearetwo possibleoutcomesn Bertrandcompetition:

Both rms decideto not cooperateand price the only
non-cooperatie Nashequilibrium which is to chage the
maurginal cost. Indeed,as illustratedby gure2 for each
price p; proposedby rml, the bestresponseof rm2
is given by f (p;), and consistsfor every p; > c in
lowering slightly the price to win the market. Note that
when mamginal costsare different, the rm with lower
maurginal costcanwin all the market.
Both rms decideto cooperateand chage the monopoly
price p andthus sharethe market. SinceBGP requiresa
single routing, splitting the trafc can be done on time
by alternatingannouncesissummarizedn the following
table (tablel).

player | odd stages even stages

player1 Pmax + 1 Pmax

player2 Pmax Pmax + 1
TABLE |

ALTERNATING ANNOUNCES UNDER COPERATION

Hence,player1 wins over even stagesand player2 over odd
ones.
In orderto malke this threatcrediblea punishmentshouldbe
addedto avoid deviations. Thus, a possiblestratgy canbe:
Play accordingto stratey illustratedby tablel
if player1 (resp.2) deviatesby playing p° = pmax = 1*
in stage2k (resp.2k + 1) thenplayer?2 (resp.1) plays
p® 1in stage2k + 1 (resp.2k).

4pC shouldbe lower thanpmax in orderto win the gamebut the maximum
possiblein orderto make the maximumbene®t.Given the unit discretisation,
that price is pmax 1

This strategyy satis es the one stage deviation principle for
sufciently patient players. Indeed, supposewithout loss of
generalitythatplayerl decideso deviate by playingpmax 1
in an odd stage2k thenplayer2 will play pmax 1 in the
stage2k + 1. Consideringan only one stagedeviation, the
gamewill continuewith the original stratgy. Then pay offs
will differ only in stage2k and 2k + 1. In stage2k player
1 wins with pricep 1 andin stage2k + 1 he will loose
which give him a total benet of pmax  1°. Whenin the
original stratgy he would get a total pay-of of pmax . The
expectedimprovementis given by discountingthe pay off by
the probability of the gametaking placeat the corresponding
stage.For instancefor stage2k the correspondingprobability
is 2k Hencethedeviationis pro table iff: (pmax 1) 2>

2k+1 thatis when (Pmax 1) > Pmax . Henceif
mel 6 the one deviation principle is satis ed andthe
glvenstrategy is thena subgameperfectequilibrium.Note,that
this strat@y is pro table to both providersbut is not pro table
to the sourcesinceit inducesa ip-op like routing. This
behaior caneasily be generalizedo the caseof n providers
with identical costs.

Pmax

C. Thecasewith n providers with different costs

Let us considerthe caseof one sourceand one destination
with n possibleintermediateproviders having different costs
as shawvn in gure 3. For the purposeof simplicity, let us

Fig. 3. Simplenetwork with n non-identicalcostsproviders

assumerst thatcost; < cost, < ::: < cost, wherecost
is the cost of provider i 7. The utility (net benet) of the

5of course multiplied by the amountof traf®c, but here our analysis
concernswithout loss of generalitya unit of traf®c

8 3 issufcientwhenpmax  2)
“Whencost;  costp costn, we obtain the sameresults,we

needjust to considerclassof providers having the samecost.



provider is the differencebetweenits price and its cost if
he wins and 0 otherwise.Again, similarly with the Bertrand
gamethe only one non cooperatie equilibrium is when the
lowestcostprovider (hereprovider 1) takesall the marlet by
proposingcost, 1. Again the perspectie of the gamebeing
repeatedmake cooperationpossible in order to maintain
higher pricesand stratgyies can be constructedvith the same
intuition to prevent deviations. However, given that costs
are different, mary cooperationsare possible.For example,
provider 1 can announcea price in [cost:costy 1] in
orderto invite provider 2 to join him and sharethe market.
Actually, they can cooperateby both setting the price at
costz 1 the maximum price suchthat they canget all the
market. In sucha situation,we will talk aboutcoalition and
denotethe set of providers joining it coalition , = f1;2g.
And soon, provider 1 canseta price in [cost j:cost 1]
in order to invite provideri 1 to join him and sharethe
market then coalition ; = f1:ig.

Obviously coalition ; coalition; iff i < j thatis if a
provider | can join a given coalition then every provider
i < j cando.Also, eachprovideri canonlyjoin acoalition j
wherej >= i. Note that if providersi = 1;:::; :;j decide
to cooperatethus forming coalition ; and g|ven that they
areall utility maximizersthey shouldannouncecostj+; 1.
Hence,we will talk about strateyy of joinging coalition j
whenthestratgy consiston settingpriceequalto costj+; 1.

Now, the question that arisesis which coalition will be
chosenand would all providers necessaryto form it have
actually incentive to join it. Let denotes! the stratgy of
player| that consistsin choosingto join coalltlon, where
i . This can be done by provider i setting a price
p = cosl; a L

The utility of a player i when choosing coalition ; is
given by:

) <0
Ui(sji;s )= pl cost;
if 19=s;0=s! o0

if 9i%j%< j s.tsjo= s{f,J
otherwise

That is, the utility of provider i is 0 if anotherprovider
proposesa lower price otherwisehe sharesthe market with
the otherprovidersthat have proposedhe sameprice ashim.
Hence the utility of playeri choosinga coalition; given
that all other provider i® j hasalso join that coalition is
(ol cost)=j. Eachplayeris expectedto choosethe coalition
that maximizessuchutility. We will denotethe corresponding
stratgy ( price announced s; .
For instancefor provider 1 s; = maxfcost, cost
1; cost 3 (z:ostl 1; S cost cost1 1 Pmax nCOStl g and we de-
note coalition ; the correspondlng:oalltlon Now, the ques-
tion is whetherprovidersf2;:::;j g will chooseto join the
samecoalition. Thatis coalition ; is the coalition that max-
imizestheir utility too. The answeris given by the following
theorem:

Theoem1: If coalition j

is the coalition that maximizes

the rst provider utility thenit maximizesproviders2;:::;j
utilities:
92 £2;::15) gsio = s

Proof: Let ussupposahatthereemstsaprowder| such
thats;o = s’0 W|th j96 j . Provideri®hasnoincentiveto join
a coalitionj > j sincethen his utility is 0. Then, suppose
thatj% < j , thatis provider i® prefersa lower coalition as
illustratedby Fig. 4. Let considerthe following quantities:

i 0
a denoteghe differencebetweenp'1 = costosy  1the
maximumprice to join coalition jo and costy

a® denotesthe dn‘ferencebetweenp’O = costos; 1

the maximum price to join coalition jo and costo. by
de nition a= a%+ c wherec= costo cost

bdenotesthedifferencebetweenp‘1 = cost +1 1lthe
maximumprice to join coalition ; andcost
kP denoteshe differencebetweerpl, = cost 1 1the

maximumprice to join coalition j andcosto.

By de nition b °+ c wherec = costo cost. s; = sjl

meansthat {5 However i% preferscoalition jo that is
Hencem > 12 & thatis Eo > EOIC which by expanding

inducesthata > bwh|ch is not coherentwith the assumption
%<

Providers

Fig. 4. Pricesat which providersenterthe market andpricesto join optimal
coalition

Discussion The intuition behind the theoremis that the
lowest cost provider chooseshis preferredcoalition and the
involved providersfollow him. Whendifferentbestcoalitions
arepossible(with the sameutility) a problemof coordination
canarise.A dominantstratey for the lowestcostprovider is
to choosethe lowest coalition and for the other membersto
follow him. We arenow readyto describethe trigger stratgy
underlyingthe chosencoalition. Givens, = s , eachplayer
i 2 f1:j g shouldannounceat staget:

1 whent%n=1i 1
otherwise.

G +1

pm ax



When a player k deviates players 1;::;;k 1 punish him
by playing accordingto coalition y ;. For sufcient patient
players,this is a subgameperfectequilibrium. The intuition,
is that the punishmentwill exclude the deviator from the
coalition for the restof the game.

D. Caseof Multiple disjoint routes

Let usconsidemow the casewhereinsteadof directconnec-
tion, providersare connectedvia disjoint routesto the source
asin gure 5. let usdenotei the direct provider connectedo
the destinationj° the correspondingprovider connectedo the
sourceandl; thelengthof the routebetween andi® Without
loss of generalitywe considerl; < |, < ::: < |,.

Fig.5. Caseof Multiple disjointroutesbetweerthe sourceandthedestination

Recall that the negotiation follows a cascadelike model
from the destinationbackwardsto the source whereeachAS
in the path plays both the customerand the provider role.
The bene t of a provider is the differencebetweenthe price
at which he hasboughtthe route (the price of his provider)
andthe price at which he proposeshe routeto his customer
The netbene t is obtainedby subtractingthe transitcost. For
simplicity assumerst that thereare no transit costs.That is
a customeiis interestedo buy a routeif at leasthe canmake
abenet of 1.

The game can be separatednto two different games:the
sequentialgamethat each provider i plays with his prede-
cessorson the route to s and the simultaneousgame that
playersi = 1:::n are playing in orderto x their price.
This separationis possibleand relevant only becausepaths
are disjoint. Indeed on each route, players betweeni and
i% including i° are completelydependenbn i the owner of
the route toward the destination.This gameis known as the
ultimatum game[Osb03 wheresomevalueis to be divided
betweensomeplayers.A given player(calledthe rst mover)
proposes division of thevalueandthe otherscanonly accept
the division or refuseit inducingutility of O to everyone.The
optimalstratgy for the playerproposingthedivisionis to take
the maximumportion andlet to the othersthe minimum such

they are still interested( in a continuoussetting andin a
discreteframe setting 1) which is an Nash equilibrium. The
playerwhois proposingthe division hasanadvantagebecause
he is the rst mover in the sequentialgame.In our case,if
thereis for exampleonly oneroute,the provider 1 is the rst
mover becausehe annoucesa route to the destination rst
and he shouldproposethe routeat pmax 11 letting eachof
the otherintermediateprovidersgeta bene t of 1 (therouteis
proposedhento the sourceat pmax ). The following providers
will thenacceptsincethey preferto geta bene t of 1 rather
thanto lose the market.

When there are several routesthe provider i hasto x his
price dependingon the simultaneougiamehe is playing with
the otherdirect providers. Providersdirectly connectedo the

provider on the correspondenpath should at least make a
benet of 1. Hence eachof the n possibleroutes can be
proposedo the sourceat leastat|; + 1 by eachcorresponding
i% The problemcanbe viewed thenasn providers proposing
to connectdirectly the sourceand the destinationas in the
former casewith eachprovider i having a costl; + 1. The
lowest cost provider who has the market power is the one
on the shortestpath. As we have argued above, he chooses
his optimal coalition and the other involved providers follow
him. Intermediateprovidershave to proposehe priceat which
they have boughtthe route +1 otherwisethe route will not
be chosenby the source.This is clear when all the direct
providers enter the coalition since they play as following:
provideri announcest staget :

whent%n =i 1
otherwise.

Pmax | i
Pmax

Hence if an intermediate provider males a benet more
than one the price of the route proposedto the sourcewill

be higher than pnax and the route will not be chosen.
The problemis different when a smaller coalition has been
chosen.One can argue that intermediateproviders can make
a dealwith a direct provider let sayj + 1 thathasnot been
chosenin the coalition. The intermediateproviders can make
morebene t andlet aroutej + 1 enterthe gamethatis to
take the market onceeachj + 1 stage.However, in thatcase
the direct provider that are in the chosencoalition needonly
to match the price of routej + 1. Which meansthat the
intermediateproviders will still get a bene t of 1 but once
eachj + 1rathertheneachj stagesintermediateproviders
have no incentvesthento deviate and shouldalways propose
the route at the price they have boughtit +1. A trigger
stratgly can be built asin the precedingcaseto enforcethe
coaliton.

Examplel: Considerthe network given by Fig 5 with
n = 3andpmax = 12, 13 = 0 thatis provider 1 is alsothe
provider 1% 1,=1 andl3 = 9. Provider 1 preferscoalition »
sincehegetscz; 1= I3 = 9 eachtwo stageswhile sharing
the market with provider 2. Indeedhe would get only 1 as
benet with coalition ; and pmax = 12 each tree stages



with coalition 3. Provider 2 will follow provider 1 and will
get a meanbenet of (9 1)=2 = 4 while provider 2°
should announce9 eachtwo stagesgetting a meanbene t
of 1=2. If provider 2' tries to make a deal with provider 3,
by announcingmore than9 andthusthe third route becomes
interesting. They can alternate their announcessuch that
they sharestageswhereroute 2 would have won the market.
Provider 2 will get less benet hencehe will respondby
matchingthe price of route 3 and proposewith provider 1
to entercoalition 3 which is moreinterestingfor provider 3.
Hence,with all the direct providersbelongingto the coalition,
provider 2' canonly make a bene t of 1 but eachtree stages.
He had beenbetterof with the rst coalition.

Note that when internal transit costs are not null then we

can obtain the sameresultsby consideringas metric the sum

of transit costs. The network can be abstractedas n direct

providers eachone having a cost equalto the sum of transit
costson the correspondingathplusthelengthof the path.As

we have statedbeforetheseresultsdependon the assumption
thatroutesaredisjoint. Thus,intermediateprovidersare com-

pletely dependenbf their direct provider (the last hop toward

thedestination) Note thatwhenthe optimal coalitionconcerns
all directproviders,thenthe analysisis still valid evenif paths
arenotdisjoint sincetheintermediaterovidershave no choice
than making a meanbene t of 1=n. Note that this situation
ariseswhenpmax >> ¢ 8i in which caseprovider 1 prefers
coalition ,,.

E. Genearl casewith multiple paths

Firstwe will givetwo examplesthathelpto understandhow
the situationcan be differentfrom the specialcases.

Example2: Let us considerthe network given by Fig. 6.
Supposethat the sourcehasa pmax suchthat provider 1 and
2 prefer coalition , let say pmax = 9 (indeed(7 1)=2 >
(9 1)=3). Provider 1 and 2 will proposethen a price of
6 alternatvely. Provider 1' and 2' have to proposethe route
at 7 otherwisethe third route becomesinteresting.We face
the samesituation as in the disjoint path case.This can be
explainedby the fact that providers1' and2' are completely
dependentf provider 1 and 2 which are alreadyin coalition
andhave x edtherepricein sucha way thatthe intermediate
providersgeta bene t of 1.

Let us considernow a secondexamplewherethe situationis
different.

Example3: Let us considerthe network given by Fig. 7.
Supposeéhatthe sourcehasa pmax = 8. Provider 1 prefersto
join coalition , since(6=2 > 8=3) andprovider 2 follows him.
They will proposep; = 6 andp, = 5. Provider 4 who has
a secondpossibleprovider (3) blocks the third route. he can
proposea coalitionto provider 1 wherethey canimprove their
bene t. The rst andthe secondroute still sharesthe market
but at a higher price (pmax ) asdepictedin Fig 7. Provider 2
consereshis bene t andhave nonincentiveto punishprovider
1 or 4. Provider 4 actsasa stopperof theroutefrom provider 3
andproposea seconctoalitionthatimprove his bene t without

O

Fig. 6. Caseof Multiple routesbetweenthe sourceandthe destination

decreasindene t of provider 2. This is the intuition we will
useto presentanalgorithmthatcomputeoptimal pricesin the
generalcase.lt consistsin computingsuccessie coalitionsto
improve intermediaryproviders bene t without recalling into
guestionprecedentoalitions.

[oe\ &
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Fig. 7. Secondcaseof Multiple routesbetweerthe sourceandthe destination

In the following, we describethe proposedwhile explaining
brie y theintuition behindeachinstruction:

1) Computethe rst coalition ( with direct providers) as
with the disjoint path case.We denoteit C

2) If all direct providersenterin the coalition then STOR
/*as we have explainedabove all intermediateproviders
have to make a bene t of 1*/

3) ConsiderGPthesubgraptof G composedy theshortest
pathfrom providersin C to the source./* subgraphof
potentialwinning routes*/

4) Considerthe set pathOut of pathsfrom the sourceto
thedestinatiorthatdoesnot usea provider from C. This
setcontaintwo differentsetof paths: pathOut; the set



of pathsthat rejoin G°, that is they containan element

saye, of G°8, andpathOut, its complementarythatis

the setof pathsthatconnecthe sourceto the destination
without using ary elementof G°.

Considerthe shortestpath Po in pathOut,. Its length

givesanupperboundof the price proposedo the source

respectingoalitionC. We canupdatepmax in orderthat

eventualimprovementin intermediateprovider bene t

doesnot recall into questioncoalition C. We consider

from pathOut; the setpathOutV alid of pathsshorter
thanPo.

If pathOutValid = then STOR All intermediary

providers have no secondalternatve provider asin the

rst exampleandthus cannot improve their bene t.
else,sort pathsin pathOutV alid in anincreasingorder
of theirlengthandconsiderthe setF of the rst shortest
pathsin pathOutV alid, and F° the set of the second
shortestpathsin pathOutV alid

The length of pathin F° say| de nes how much the

bene t of the intermediaryprovider correspondindo F

canbe improved. ®

ConsiderG®the subgraphof G composedby all paths

with length | thelengthof elementof F . We consider

asmetricto computelengthsp; fori 2 C and1l for other
nodes (which representsfor each node the minimum
price at which he canbuy a route).

All pathscomposingG®canbe proposedat a price |

and thus will be interestingif intermediary providers

improve their bene t such that the price of the route
matched.

We considerthe set Stopper of stoppers.That is the

rst (from the destinationto the source)nodeof F that
belongsto G°. in example3 provider 4 is sucha node*/.

This nodescan hopeto increasetheir bene t because

they block pathsfrom F while keepingthe price of the

route lessthanl.

We considerthe set Stoppernecessar y Of Stoppersthat

are not dominated by other stoppers.That is u 2

Stoppernecessar y if thereis a route from u to S in

G such that it does not contain anotherelementof

Stopper. The intuition is that a stopperthat is not in

Stopperiecessar y CannNotimprove his bene t otherwise

the stopperthat dominatest will preferthe route from

F.

11) We consider the set Providerecessar y the set of
providersfrom the precedentoalitionthatarenecessary
to the new coalition (in our exampleprovider 1). a node
U 2 Provider necessar y iff thereexistsaroutein G%that
is not blocked by an elementin Stoppernecessar y. That
is the route connectghe sourceto the destinationwith-
out beeingblocked by an elementin Stoppernecessar y-

12) Sinceall routesin G%can be proposedat a price less

5)

6)

7

8)

9)

10)

8this cangive an alternatve provider to e asin the precedentxampleand
e caneventuallyimprove his bene®t.

%pmax if FCis empty

than |, we need possibly other stoppersto insure the
coalition. We considerthe setStopperagdgitionar  Of such
stopperslt consistof the rst nodein a subroute(from
a stopperto the source)that reachesthe destination
without being blocked by someother stopper

13) The new potential coalition is formed by
Stoppernecessar y [ P rOVidernecessar y [
Stopperadditional

14) Eachelementhasa costwhichis givenby the minimum

price at which he buys the route (given by the rst
coalition) plusits distanceto the source.The new pmax
is de ned by I.

15) Computethe optimal coalition C asin the disjoint path
case.

16) Recomputehe additionalbene t while consideringthe
new coalition. (asin example3)

17) returnto the secondstep

This algorithm computessuccessie coalitions,suchthateach
new coalition insuresat leastthe samebenet as the one
insuredby the precedentoalitionsto all providers.The rst

moversin the gamechoose rst their optimal stratgies and
thenthefolowing moverschooseheir optimal stratggiesunder
the rst onedecisionsA trigger stratgy canbe built in order
to exclude deviatorsfrom the coalition.

I1l. THE DYNAMIC DISTRIBUTED GAME

In this sectionwe try to analyzehow the systembehaes
in a distributed framework. Indeed,in reality the nodeshave
only a local view of the gameincluding the topology and
thus the nature and the length of the possible routes. We
try to simulatethe distributed gameand investigateif some
speci ¢ local stratgjies canleadto a similar resultsthanthe
one expectedby the theoreticalanalysis.For this purposewe
needto settle rst the distributed algorithmic model.

A. Thedistributed algorithmic model

The systemis still modeledby a graphlinking the source
S and the destinationDest with m nodes labeledi 2
f1:::n:::mg wherethe directnodesaref1:::ng.
We denoteSuccessol(i) the setof possibleprovidersof node
i and Predecesso(i) the set of possiblecustomersof the
nodei.
A Nodei ( direct or intermediateprovider) is characterized
by the following variables:

Current price per unit of trafc denotedp; which
is announcedby the node i to his neighbors in

Predecessofi).

Curr ent Provider denotedprovider (i) which is one of

nodes neighborsthat canreachthe destination It is the
onewho proposeghebestpricetoi. Forj = provider (i)

we havep;  px 8k 2 Successol(i).

State denotedstate(i) that indicateswhetherthe node
is crosseddy thetransittrafc (0) or not (N). Thatmeans
thatthe nodebelongsto the choserroute.For the special
caseof the sourcethe stateindicateswhetherthe source



hasreceivedat leastanacceptableoute(its priceis lower
thanpmax ) Or not.

We de ne the setCustomer(j) = fk=provider (k) = jg. We
have pi > Pprovider (i) 81 thatis a nodeproposesa route at a
price higher than the price at which he hasboughtit. Every
nodechooseghe provider thatproposeghelowestrouteprice.
If a nodechoosesa providerj andthereafterit recevesfrom

a provider k a proposalof a routewith lower priceit switches
towardk. In a distributedsetting,eachnodeis informedof all

the variablesof his neighborsusing trafc control. However
all routesmay not be visible at every node:the set of routes
learnedat onenodedepend®n route selectionat his provider.

B. Communicatingstatevariables
Node's statedependson the route chosenby the source.
1) At thebeginningeachnodes stateis equalto N because
routesare not establishedyet.
2) Nodes stateis updatedwhenhe recevesa stateupdate
messagdrom his neighborsas following:

8
< 0 if 9 2 Customer(i)s:tstate(j) = O
State(i) = orif i = S and pprovider (S) Pmax
N otherwise

Hencewhen the sourcechoosesan acceptablaouteits state
changedo O andthensendsanupdatemessag¢o his provider

who in turnschangeshis stateand so on until the destination
troughthe selected-oute.Whenthe sourceswitcheson a new

receved route with a better price, the state of nodeson the

new routeis updatediteratively into O whenthe stateof the

nodeson the old route is updatediteratively into N .

C. A simpleprice adjustmenttrategy

Recallthat at the end of eachstageof the game(of length
d), eachnode can updateits price accordingto its chosen
stratgly. We proposeto test a simple stratgy that all the
nodescanuseto updatetheir price dependingon their state:

if rstate(i) = Oi then p;
else= state(i)= N =
if h(pi Ppr ovider (i)) > 1i then p

pi+1
pi 1

The intuition behind this stratgly is that providers with
no transittrafc decreaseheir pricesin orderto attractthe
traf c. Each provider acceptsto transit the trafc if he has
at leasta bene t of 1 and doesnot decreaséts price under
this limit. When a provider gets the transit trafc, he tries
to increasehis price in order reachthe maximum possible
bene t.

IV. SIMULATION ANALYSIS

Our objectie hereis to studythe stabilizingbehaior of the
distributed systemunderthe above price adjustmentstratey
and whetherit matchesthe theoreticalresults. Simulationis
doneusing OMNET [Var0] simulator We considerdifferent
topologies(Fig. 8). Links have the samepropagationdelay
equal to 0.31 ms. Neither queueingnor schedulingdelays

are consideredin the simulation. Node state messagesre
generatedautomaticallywhen the node stateis updatedand
are sentas trafc control messagesin our simulation, the
stagegamedurationis d = 50ms. We implementthe simple
price adjustmentstratey explained abose and considertree
differentscenarios:

- Topology (1) -

(32) )

i

- Topology (2) -

- Topology (3) -

A. Scenariol

We considertopology 1 and simulatethe price adjustment
stratgly where all transit prices starting from 1. Providers
bene t are depictedin Fig. 9. We note that the bene ts can
not take off. Both routessharethe market (alternatively) but
at low prices.

However, when transit prices starts from a high price
(chosen> pmax = 20 as depictedin Fig. 10, then prices



8 44

- Topology (4) -

Fig. 8. The differentsimulatedtopologies

Fig. 9. Providersbene®twhen startingwith 1

are adjusteduntil t= 150 ms (stage4) whereroutesproposed
to the sourcebecomeacceptableBoth routessharethe market
(alternatvely) but at high prices. Direct providers have an
adwantageover intermediateones, the rst one taking the
maximumbene t.

Fig. 10. Providersbene®twhenstartingwith pmax

When a direct provider choosesto start at a price lower
than pmax as in the scenariodepictedin Fig. 11 then he
takes the market during few steps.Then prices are adjusted
until a situation where both routes sharethe market. Note

that provider 41 and 44 would have better bene t with the
precedenscenariowherethey startedboth at pmax -

Fig. 11. Providersbene®twhen41l startswith pnax = 20 and44 at 1

In summary this simple stratgy gives similar resultsto
thoseexpectedby the theoreticalanalysisusing however only
local information. Indeed, when providers start from high
prices they can sharethe market while maintaining higher
pricesthanwhenthey do not cooperate.

B. Scenario2

We have obtainedthe sameresultswith topology 2 and 4.
Note that when routesare of differentlengths(Fig. 12) the
direct providers get a slightly differentbene t dependingon
their shortestroute length.

Fig. 12. Providersbene®twhenstartingwith pnax Wwith topology 4

C. Scenario3

We considernow topology 3, where tree different direct
providers competefor the market. We simulate the price
adjustmentstrategy where all transit prices starting from
pmax = 20. Direct providers bene ts are depictedin Fig
13 and intermediateproviders bene ts are depictedin Fig



14. As with topology 1, pricesare adjusteduntil step= 150

on stochasticlearning of optimal stratgjies. Finally we are

ms (stage4) where routes proposedto the sourcebecome investigatinghow to generalizethe proposedapproachto a

acceptable.However, direct providers does not succeedin
maintaining high prices. This can be explained by the way
prices are updated.Indeed,the tree routessharethe market
but each provider lowersit price at leasttwo times (when
the other routesare chosen)but increasesonly one time its
price. This leadsthe pricesto decreasealrasticly We needa
more elaboratedstratgyy in orderto obtaina behaior which
is similar to the theoreticalexpectedbehaior.

Fig. 13. Direct providers bene®tswhen startingwith pnax

Fig. 14. Direct providers bene®tswhen startingwith pnax

V. CONCLUSION

We presenta combined game theoretic and distributed
algorithmic approacho the transit price negotiation problem.
We highlight situationswherecooperations possiblein order
to maintainhigher prices. However suchsituationslead to a
ip op routing. An interestingissueis to investigatehow
the sourcecan avoid such behaior for example by adding
some penaltieswhen its provider changesits price. A more
elaboratedocal stratgies are currently testedmainly based

network wheretherearedifferentsourcesand destinationdor
thetraf c whereeachwhile consideringcoherentrouting.
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