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Abstract—Today's Internet is a loose federation of inde-
pendent network providers, each acting in their own self
interest. In this paper, we consider someimplications of this
economicreality. Speci cally, we consider how the incentives
of the providers might determine where they choose to
interconnect with each other; we show that for any given
provider, determining an optimal placementof interconnection
links is generally NP-complete. However, we present simple
solutions for somespecial casesof this placement problem.

We also consider the phenomenonof nearest-exit, or “hot-
potato,” routing, where outgoing trafc exits a provider's
network as quickly as possible.If eachlink in a network is
assessed linear costper unit o w through the link, we show
that the total cost of nearest exit routing is no worse than
three times the optimal cost.

I. INTRODUCTION

The moderninternetis a network owned by a loosely
connectedfederation of independentnetwork providers.
Fundamentally the objectves of each provider are not
necessarilyalignedwith ary global performanceobjectie;
rather eachnetwork provider will typically be interestedn
maximizing their own monetarypro ts. This prot maxi-
mizing, self interestedbehaior hasimportantrami cations
for the performanceof the network.

Our paperis concernedwith connectionsbetweennet-
work providers. Most economicrelationshipsbetweentwo
providers may be class ed into one of two types:transit,
and peer. Provider A provides transit serviceto provider
B if B pays A to carry trafc originating within B and
destinedelsavherein the Internet(eitherinside or outside
A's network). In this paper we will insteadbe primarily
interestedn peerrelationshipsin peeringagreementsyne
or more bidirectional links are establishedbetweentwo
providers A and B. In contrastto transit service, where
trafc is acceptedegardlessof the destinationjn a peering
relationshipprovider B will only accepttrafc from A that
is destinedfor pointswithin B, andvice versa.lmportantly
suchagreementaretypically negotiatedwithout any trans-
fer of monegy betweenthe two partiesinvolved, because
two providerswill only chooseto becomepeersif they are
roughly the samesize and have similar amountsof traf c
to sendto eachother Peeringagreementaretypically seen
amongthe “tier 1" or “backbone”providersat the top level
of the Internethierarcly, who provide nationaland global
connectvity to their customers(For further details,see[1],
(2], [3])

When two providers form a link connectingtheir net-
works (which we shallreferto asa peeringlink), thetrafc
owing acrossthat link incurs a cost on the network it

JohnN. Tsitsiklis
MIT
jnt@mit.edu

enters. Such a cost may be felt at the time of network
provisioning,or on afastertimescaleasnetwork congestion
rises. We will abstractaway from making ary specic
assumptionsaboutthe nature of the network costsin our
models,with the understandinghat thesetwo interpreta-
tions are possible.

Considera situation,then, whereproviders S andR are
peers.Each of these providers will typically hase some
amountof trafc to sendto eachother However, for the
purposesof this paper we will separatethe roles of the
two providers as senderand recever; this will allow usto
focus on the differentincentves that exist in eachrole. In
particular we supposethat provider S has some amount
of trafc to sendto destinationsin provider R's network.
If we assumethe only costsincurredare network routing
costs, then becausethe peering relationship includes no
transferof curreng, provider S hasan incentve to force
trafc into provider R as quickly and cheaplyas possible.
This phenomenois known as“nearestexit” or “hot potato”
routing (see[4]). In practice,for example,trafc travelling
from an AT&T subnetverk in Bostonto a computeron a
Sprint subnetvork in Chicagowill enter Sprint's network
at a peeringpoint in Boston,thentraverselinks owned by
Sprint until arriving at the destinationin Chicago.

We will considertwo problemsthat arise due to the
phenomenorof nearestexit routing. First, supposeagain
thata provider S hasagreedo peerwith provider R. Given
the distribution of trafc o wing from S to R (acrossall
originsin S and destinationsn R), both providers assume
attheoutsetthatSwill usenearesexit routing.We thenask:
wherewould R andSlik e to establishpeeringlinks? This is
aquestionthatmight be asled,for example whenproviders
rst establisha peeringagreementind needto physically
constructthe links connectingtheir networks. The decision
of where to place theselinks is, of course,intimately
connectedo the distribution of thetrafc o wing between
them. As we will seein Sectionll, determiningwhich
placementsare most preferredby the senderand recever
is, in general, computationally intractable. Nevertheless,
special caseswhere both providers have a linear or tree
topology can be analyzed,and the link placementsnost
preferredby the senderandrecever canbe determinedin
particular we are able to shav that when both providers
have a linear network, under some symmetry conditions
onthetrafc, thereexistsa uniquepeeringpoint placement
whichwill simultaneouslgatisfyboth providers.This leads
to theimportantconclusionthatat leastin this specialcase,
it is possibleto identify the expectedoutcomeof the peering



point placemenfprocessbetweenthe providers.

In Sectionlll, we addresghe secondkey problemwhich
arisesdue to nearestexit routing. We will assumethat
peering links have already been establishedbetweenthe
two providers S and R. Given that the senderS is using
nearestexit routing, we do not, in general, expect the
resulting routing of trafc from S to R to resemblean
“optimal” routing, accordingto somenetwork cost metric
chosera priori. Indeedwe will shav thatif network costis
measuredyy assessing costper unit o w traversingeach
link, andif we comparenearesexit routingto shortespath
routing, thenwhenboth senderandrecever sharethe same
topology we can expect the nearestexit routing cost to
be no worse than three times the optimal (shortestpath)
routing cost. This resultfollows the spirit of previous work
by Koutsoupiasand Papadimitriou [5] and Roughgrden
and Tardos[6] in boundingthe cost of anarchy. that is,
when sel sh agentsact in their own interests,what is the
resultingshortfll in ef ciency relative to somewell-de ned
optimum? In this language,the cost of anarcly in our
problemis a factor of three;seeTheorem3.

Our researchforms part of a growing body of work
on the implications of the currentinternetinterconnection
paradigm.Much of this work has been focusedon the
protocol level, particularly on the failings of the BGP
protocol usedfor interdomainrouting; see,e.g., [1], [3],
[7], [8]. Recently however, several efforts at understanding
the impact of provider economicsat network designhave
alsobegun, including resultsby [9], [10], [11].

The analysisof thesepaperssuggestghat our analytical
modelsmay no longerassumethat the Internetasa whole
actsto optimizesomenetwork-wide performancebjectie.
Rather the actionsof the individual network providerswill
typically leadto quite a differentoutcome;and quantifying
this differencein moregeneralnetworks remainsanimpor
tant challenge.

Il. THE PEERING POINT PLACEMENT PROBLEM

In this section,we will investicate the creationof inter-
connectiorinks betweemetwork providers,giventhatthey
have alreadychosento peerwith eachother As discussed
in the Introduction,we will assumewo network providers
S and R, andthat S is sendingtrafc to the recever R;
further we will assumehat S is using nearesixit routing.
Note that, in general,both S and R will be sendingand
receving traf c; however, to isolatethe effects of sending
and receving trafc, we will assumeonly unidirectional
trafc ow. We make the further assumptionthat S and
R sharethe exact samenetwork topology While this is a
strong assumption,t is perhapsfoundedon the fact that
we expect our model to apply to the tier 1, backbone
level of the Internet,wheremostproviders control national
andinternationalnetworks. Thesenetworks will have mary
common nodes (major cities, for example), and thus we
might reasonablyexpectsomesimilarity in their topologies.
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Fig. 1. Two overlappingnetworks. The vertical lines representinks at
peeringpoints betweenS and R; they are dravn as dashedines because
in this modelwe assumehattrafc experienceso costtravelling across
a peeringpoint.

In the rst subsectionwe assumethat both providers
sharethe topology of a linear network; andin the second
subsectionye assumeéboth providerssharea treetopology
Undercertainassumptionsye computeoptimal placements
for sendelandrecever. Neverthelessfor generatopologies,
computing the peering link locations most preferred by
the senderand the recever is NP-complete as we brie y
describein SectionlI-C.

A. Linear Networks

We considera modelconsistingof two network providers.
The sendingprovider, S, controlsa line sggmentof length
2l, while the receving provider, R, controls a line; we
identify S topologically with the interval [ 1;1] R, and
we identify R with R. The line sggmentS “overlays” the
line R, asdepictedin Figure 1.

We malke two assumptionson the nature of the trafc
beingsentfrom Sto R. First, we assumehatgivenanorigin
x 2 S trafc originating at x is destinedfor a randomly
chosendestinationy 2 R, chosenaccordingto a probability
density f (yjx). We make the assumptiorthat f(yjx) = g(y
X), whereg is a probability densityfunctionsuchthatg(z) =
o( 2. Intuitively, eachorigin x2 Sis sendingto its mirror
image in R, but with some random, symmetric “spread”
determinedby the densityg; noticethat every origin x2 S
seesa spreaddeterminedby exactly the samedensityg. We
emphasizéerethatthe only assumptiorwe are makingon
g is thatit besymmetricabouttheorigin. In fact,g mayeven
correspondo a distribution which is symmetric,but does
not possess density;all the resultsherewill continueto
hold. In this case]etting G bethedistribution corresponding
to g, we simply requirethatG( 2)=1 G(2) for all z2 R.

The secondassumptiorwe make is thateachorigin x2 S
hasexactly the sametotal amountof trafc to sendinto R.
Formally, we assumeéhat S containsa total amountof traf c
T to be sentto the recever R, and that the total amount
of trafc originating in an intenal [a;b] S is given by
(b a)T=2l; in otherwords,the origin of any particularunit
of traf ¢ is uniformly distributed acrossthe interval [ 1;1].
In the discussiorthatfollows, we will only be interestedn
the expectedcostincurredby trafc o wing from Sto R.

We considerthe problem of placing at most n peering
points betweenproviders S andR, i.e., pointswheretraf ¢



exits S andentersR. We assumehatn is given, sothatthe
maximumnumberof pointsto be placedhasbeenagreed
upon a priori. We allow the peeringpoints to be located
arywherein theregion [ |;I]. Eachpeeringpoint is really
two points:anexit point p2 S, andanentry point, its mirror
imagep 2 R. Notethatthisis animportantrestriction;traf c
may only enterthe provider R at exactly the samepoint at
which it exits provider S.

We will considertwo placemenproblems.First, we will
be interestedin determiningwhich placementof peering
points is most preferredby the sender;next, we consider
the sameproblemfor the recever. Note that entry and exit
at peeringpointsis assumedo be costless.SenderS will
thus attemptto exit trafc at the peeringpoint nearestto
an origin, andrecever R will usea shortestpathfrom the
peeringpoint to the destination.The sendemishesto place
peeringpointsto minimize the expecteddistancefrom ary
origin to a peeringpoint; the recever wishesto minimize
the expecteddistancefrom peering point to destination,
knowingthat the senderwill use neasest exit routing The
following theoremshaows that thereexists a single peering
point placementwvhich is optimal for both the recever and
the sender The proof is omitted; details may be found in
[12].

Theoeml: Let pj= |+ (2 1)l=n, for i= 1;:::;n;
i.e,. the n peeringpoints are placed symmetrically about
0, a distance2l=n apartfrom eachother Then,the peering

whichis simultaneoushpptimalfor boththe sendermndthe
recever.

The theoremdemonstrateshat, in this specialcase,the
interestsof both the recevver and senderare aligned. This
highlights the interestingpoint that if thesetwo providers
werein a baigaining procedureto determinethe placement
of peeringpoints betweenthem, thereis a predetermined,
easily computedoutcomewhich canbe shavn to be prov-
ably optimal for both providers.

B. Trees

We now considera model consistingof two network
providers,eachmanaginga tree: T, will representhe send-
ing provider, and T, will representhe receving provider.
Eachtree consistsof k levels (not including the root node,
which by corventionis atlevel 0), with afan-outof m—i.e.,
all nodesexceptthe leaveshave m children. Thuseachtree
consistsof N= (mf*1  1)=(m 1) nodes.We assumefor
the momentthat the edgesof the treeall have unit length;
this assumptiorwill be relaxed later

We rst outline our trafc model. We assumehat each
leaf nodein T; has1 unit of trafc to sendto a randomly
chosenleaf nodein tree T,. In randomlychoosingthe des-
tination,we x aparametep, 0 p 1, whichdetermines
how “far” the destinationis. Note thatthe distancetravelled
from origin to destinationis determinedoy the rst nodei
in the tree suchthat the subtreerootedat i hasboth origin
and destinationas a leaf; this is the commonsubtiee of

the origin and destination.When p is small (resp. large),
we will nd thatthis commonsubtreetypically occursat a
very low (resp.high) level in the tree.

This behaior is describedformally asfollows. Given a
leaf nodei in thetree,let P(i) denotethe parentof nodei,
andP'(i) denotethe (k 1)-level parentof nodei; i.e., P' (i)
is the nodeat level k | in the tree, suchthat the subtree
rootedat P'(i) containsi asa leaf. Denotethe origin node
by iy, and the destinationby iy. With probability 1 p,
ig = io. With probability p(1 p), the destinationis chosen
uniformly at randomfrom amongthem 1 siblings of the
origin, in the subtreerootedat P(i); andin generalfor 1
| < k, with probability p'(1 p), the destinationis chosen
uniformly at randomfrom amongthem' m' ! leaf nodes
for which P'(i) is the root of their commonsubtreewith
io. Finally, with probability p, the destinationis chosen
uniformly at randomfrom amongthem® m¢ 1 leaf nodes
for which the root node of the treeis alsothe root of the
commonsubtreewith i,.

Giventhetrafc distribution, we mayanalyzethe optimal
placementof peeringpoints for both senderand recever.
For this section,we will assumethat the providers may
place an arbitrary number of peering points. Given this
ability, the sending provider would prefer to place mK
peering points at the lowest level—level k—of the tree.
Under nearestexit routing, this leadsto zero routing cost
for the sendingprovider.

The situationfor the receving provider is moreinterest-
ing. It is possibleto shav that thereexists an optimal level
I (p), dependingon the parameterp, which minimizesthe
routing cost; that is, the receving provider would wish to
placem (P peeringpoints at level | (p) of the tree. We
omit the details of the derivation, which can be found in
[12]. The optimallevel | (p) is given by:

8
< k;

p2 [0;1=2];
l(p=. k i; p2[(1=2¥;@=20¥"*V; 1 i k 1
-0 p2 [(1=2)1%;1]

Note that at the boundarypoints, there are two possible
optimal levels the provider may choosefrom. Further the

expressionfor | (p) is independenof the fan-outm; and
theanalysismay be extendecdto the casewherenotall links

have unit length.Generallythetwo providerswill notagree
on whereto placepeeringpointsin this model: the sender
always prefersto placepeeringpointsat the lowestlevel of

the tree, whereasthe recever prefersl (p), which may or

may not be the lowestlevel.

C. In Geneal

Under someassumption®n the structureof trafc and
topology the previous sectionshave provided insight into
the placementanost preferredby senderand recever. In
general,computingtheseoptimal placementds computa-
tionally intractable,aswe now show.

We assumetwo providers, and identify eachwith the
samegraph:S= R= (N;A). We assumethat if (i;j) 2 A,



then (j;i) 2 A; thusary link from i to j is pairedwith a
returnlink from j to i. To distinguishthe two graphsS and
R notationally we denotesenderandrecever by subscripts
S and R respectiely: thus, Ns representghe set of nodes
in the sendingnetV\ork S etc The providersareto placea
5 Pn)-
Formally, this meansthe netvxork asa whole ill be a
graphG= (N AG)Sconsustlngof nodesNg = Ns Ng, and
arcsAg = As AR f(p1siPyR); 15 (Pris Pr) Q. Eachof
the last n arcslink from a peerlng point pi.s2 Ns to a
correspondingpi:r 2 Nr. Trafc may travel from S to R
only at thesepeeringpoints.

S the sendingprovider, has someamountof trafc to
sendto R. The amountof trafc originating at a source
s2 Ns andterminatingat destinatiord 2 Ng is givenby b =
bsg; we Write b= (bsd) for the vectorof source-destination
;Pn),
the setof routesavailableto a source- destlnatlopalr (s,d)
is given by PP(s;d); eachelementr 2 PP(s;d) is a pathin
G consistingof a pathfrom s2 Ns to somep;.s, followed
by thelink (pi:s; pi:r), followed in turn by a pathfrom p;.r
to d. We let y; denotethe o w sentalongrouter.

Becausethe sendingand receving networks divide the
responsibilityof carryingtrafc from sto d, we de ne two
new setsof paths.First, let Ps(s; p;) be the setof all paths
availableto the senderto routetrafc froms2 Stop;2 S
if r2 Ps(s;pi), and (i;j) 2 r, we requirethat (i; j) 2 As.
Similarly, we de ne Pr(pj;d) asthe setof pathsavailable
to the receiver to routetrafc from p; 2 Rto d 2 R; agin,
if r2 Pr(pi;d), and(i; j) 2 r, we requirethat (i; j) 2 Ar.

We will assumethat link (i;j) has a length ¢;j; the
cost of sending fi; units of ow on link (i;]) is cjjfj.
We assumethat distancesare symmetric,in the sensethat
(i;J) 2 As and(i; j) 2 Ar both have lengthc;j, andwe will
denotethe vector of link lengthsby ¢ = (cjj). Also, we
assumethat given the peeringpoint locationsp, all links
(pi:s; pi:r) have zero length. (Note that if the placement
problems are NP-completewith these assumptionsthey
remain so without the assumptions.We now de ne the
senders placementproblem:

SenderPlacemefitl; A; b; c; n; K):
Does there exist a peering point placement p=

tion problemis lessthanor equalto K?

minimize § ¢ fij (1)
(i;1)2As

subjecttod A& Vr= & bsa; 8S 2)
Pk r2Ps(s; pk) d2R
a A& vw=fis@2As @
(sipw) r2Ps(s;pi):(i;5)2r
e O (4)

The rst constraintensuresall trafc from a x ed source
s2 Sis routedto a peeringpoint. The secondconstraint
simply identi es thelink ow fj; asthe sumof o ws from
routes using that link. According to this formulation the
objective of the sendeiis to usenearesexit routingto send
all the ow given by b out of Sinto R.

We may similarly de ne the recever's placement
problem.Let bg be the trafc enteringat p; destinedfor
d seenby the recever R, given that the senderis using
nearestexit routing. We note here that the trafc matrix
b% may not be uniquely determined,as there may not
be a unique solution to the optimization problem (1)-(4).
This technical issue does not play a role in ary results
presentedhere, so we may simply assume for example,
that the recever randomly choosesan optimal solution
to the senders problem (1)-(4). The recever's placement
problemis then:

ReceiverPlacemefit; A; b; c; n; K):
Does there exist a peering point placement p=

tion problemis lessthanor equalto K?

minimize § i fij (5)
(i:)2A

subjectto &  yr = b .4; 8 (pi;d) (6)
r2PR(px;d)
a & v=fps8@N2A ()
(Piid) r2Pr(piid): i) 2r
yr O 8

The recever seesthe input trafc matrix determinedby
nearesixit routing at the senderthis traf ¢ is thenrouted
using shortestpath routing to the destination.

We prove the following result using a reduction from
\ertexCover, see[12] for detalils.

Theoem?2: The problems SenderPlacement and
ReceiverPlacemerare NP-complete.

We note here that the computationalcompleity result
of Theorem?2 supportsan informal claim made by Aw-
duche et al. [13]. In that paper the authors formulate
the optimal peeringpoint location as an integer program,
relatedto the formulationdiscussedhere,andsuggessome
traditional approximationtechniqueghat might be usedby
network providers. Our result shavs formally that solving
the optimal peeringpoint location problemis analytically
intractablein general Nonethelesspur discussiorof linear
networks and trees shavs that for networks with special
structure,it is indeedpossibleto evadethe negative conclu-
sion of this theorem.

I11. NEAREST EXIT ROUTING VS. OPTIMAL ROUTING

The previous section consideredthe problem of where
peeringpoints should be placed,given that two providers
have decidedto peerwith eachother In this section,we
considerthe effects of thesepeeringdecisionson routing:



namely given that two providers have establisheda set
of peeringpoints with each other how inefcient is the
resultingrouting of traf c?

We continueto usethe notationand modelof Sectionll-
C: two network providers S andR sharethe sametopology

be assumedxed. Giventhis setof peeringpoint locations,
we will try to investigate the nature of the optimization
problemssolved by the two providers, given by (1)-(4) for
the senderand (5)-(8) for the recever.

Traditionally whenone network managercontrolledthe
whole network G, routing would be performedaccording
to a global costminimization problem(see,e.qg.,[14]):

minimize § ¢ 9)
(i:1)2Ac
over & ¥ = b 8(sd) (10)
r2PP(s,d)
a a w=fip 8()2As (1)
(s,d) r2PP(s,d):(i;j)2r
yr O (12)

Recall that Ag is the global set of arcs, and PP(s;d)
representshe setof pathsavailable from anorigin s2 Sto
adestinationd 2 R, giventhe setof peeringpoint locations
identi ed by p.

The problemde ned by (9)-(12) correspondgo an op-
timization which minimizes the sum of the routing costs
experiencedby the senderand the recever. Of course,
when senderand recever act independently(accordingto
the optimization problems(1)-(4) and (5)-(8)), thereis no
reasonto expect them to arrive at the globally optimal
solution,andindeed thisis generallynotthe case However,
we may analytically comparethe routing cost of nearest
exit routing with globally optimal routing. To emphasize
the assumptionswe note here that we have assumedhe
two networks R and S are identical, and that the two
have identical cost functionsfor their links. We have also
assumeda x ed, but arbitrary placementof n peering
points. We then have the following theorem.

Theoem 3: Supposdahat S= R, andboth have identical
lengthsci; O for their links. Thengivenary placemenof
n peeringpoints,the costof nearesexit routingis no more
thanthreetimesthe costof optimalrouting. Further for all
sufciently smalle> 0, thereexist networks suchthat the
costof nearestexit routing is at least3 e timesthe cost
of optimal routing.

Proof. The proof usesa graphical agument; refer to
Figure2. Recallthat becauseostsarelinear, we may treat
the link cost coefcient ¢jj as the length of link (i; j).
Supposethat 1 unit of trafc must travel from s2 S to
d 2 R, andtheoptimal(shortespath)routeis the solid black
line which passeghroughpopr. Let thetotal distance(and
hencethetotal cost)travelled from s to d alongthis optimal
pathber.

PopT

Fig. 2. Proof of Theorem3: Nearestexit routing costis at mostthree
times optimal routing cost.

Fig. 3. Proof of Theorem3: Examplewherethe upperboundis tight.

Now considerthe route depicted by the dashedline,
passingthrough pne. The senderhas determinedthat the
nearespeeringpointto sis png; thetotal distancebetween
themis denotedx. Notethatx r, sinceby de nition popt
must be further from s than pne.

Oncetraf c destinedfor d entersR at pne, the recever
would routeit to d at minimum cost.However, considerthe
following route available to the recever: rst sendtrafc
from pne back to s, using the same (outgoing) route as
usedby S to sendtrafc from s to pne. This distanceis
X r. After trafc reaches?2 R, usea shortestpathwithin
R from s to d. This distancemustbe lessthanr, sincer is
the length of shortestpathfrom s to d with the additional
constraintthat the route mustinclude a peeringpoint. So
if the recever usesthis route,from pne to sto d, thenthe
total costincurredby thereceveris lessthanor equalto 2r.
Sincethe senderincurs a costno higherthanr in sending
trafc to pne, and peeringlinks have zero cost, the total
costincurredin sendingtrafc from sto d is lessthanor
equalto 3r. By linearity of the cost functions, this bound
may be extendedto ary arbitrarytrafc matrix (bsg), since
for eachsourcedestinationpair (s;d) this boundholds.

We nally shav that this boundis tight. Considerthe
network depictedin Figure 3. The senderhas one unit
of trafc to sendfrom s to d = p;. Sincethe distanceto
peeringpoint p2 is 1 e, the senderchooseghis exit; the
recever thenincursa costof 2 e in routingthetrafc to
d from py. The total cost,therefore,of nearesexit routing



is 3 2e; on the other hand, note that the optimal choice
is to sendtrafc from s to py, incurring a costof 1. Thus
the nearestexit cost may be made arbitrarily closeto 3
timesthe optimal costby a sufciently smallchoiceof e. 2

Notice that the cost experiencedon link (i;j) is linear
in the ow fjj, and given by cjjfi;. In general,we may
de ne a cost function Cj;(fi;), which we assumeto be
convex and increasing,but not necessarilylinear; such a
framework is discussedoy Bertsekasand Gallager [14].
However, note the essentialimportanceof linearity in the
currentsetting, allowing us to decoupleindividual source-
destinationpairs from each other; in a general network
where costsare nonlineay ary analysismust considerthe
interactionof o ws sharingthe samelink. In fact, relaxing
ary of theassumptiongn the theoremcausethe conclusion
to fail; counter&amplesexist not only for the constant
multiple 3, but for any constantmultiple of optimal cost.
One may easily constructsuch caseswhen the networks
are not symmetric(i.e., S6 R), when they do not share
commoncost functions,or whenlink costsare allowed to
be nonlinear

Notice that becausewe have assumedink coststo be
linearin ow, the analysiscontinuesto apply even if both
providers are sendingtrafc to eachother and receving
trafc from eachother In fact,the resultcontinuesto apply
even if there are multiple network providers, all peering
with eachother and sharingthe sametopology and link
costs. The analysisis done on a route-by-routebasis, so
theseextensionsdo not affect the nal result.

Oneway to re ne our modelis to assumefor example,
that the link costcR of link (i; j) in provider R's network
and the link costci'éj of link (i;]) in provider Ss network
satisfycﬁ bcﬁ, for someb > 0 which doesnot dependon
thelink (i; j). In this case,the proof of the theoremabove
would showv that neareskxit routing costis no worsethan
1+ 2b timesthe optimal routing cost;in the settingof our
theorem,b = 1. Thus, through a simple change,we may
take into accountsomedegreeof heterogeneityn the link
costsof the variousbackboneproviders, and relate this to
the ef ciency lossrelative to optimal routing.

IV. CONCLUSION

This paperhasdiscussedwo importantissuesvhich arise
in today's Internetbetweencompetingnetwork providers:
First, where to place interconnectionlinks; and second,
the performanceof the resulting trafc routing. For both
problems,we start from the assumptionthat the network
providersactin their own self interest.This sel sh behaior
impactsour analysisin two differentways. When placing
peeringpoints betweeneachother the key problemis that
providersmustagreesimultaneouslyn the placementThis
posesan important practical challenge:our computational
compleity result shavs that aligning the interestsof the
providers with each other will require tractable approxi-
mationswhich still capturetheir incentvesaccurately The

secondimpactof sel sh behaior is in alossof ef ciency,
or “cost of anarcly,” asdiscussedn the Introduction.We
examinethis costin the context of interdomainrouting.
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