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Abstract— Most large-scale communication networks, such as the global routing decisions of overlay networks by chaggin
the Internet, consist of interconnected administrative domains  the engineering of traffic patterns (e.qg., [1]).

While source (or selfish) routing, where transmission follows the These considerations make it clear that the study of rout-
least cost path for each source, may be reasonable across do-

mains, within a subnetwork controlled by a single administrative Ing patterns apd performancg In Ia_rge-scalt_'-} Commqnlcatlon
domain, service providers often depart from selfish routing to Networks requires an analysis pfrtially optimal routing
improve operating performance. This observation suggests that where end-to-end route selection is selfish (i.e., respoods
the study of large-scale communication networks requires an aggregate route latency), but network providers rediradfic

analysis ofpartially optimal routing, where optimal routing within — \yithin their own networks to achieve minimum intradomain
subnetworks is overlaid with selfish routing across domains. total latency

Such partially-optimal routing leads to a number of paradoxes, - )
however. First, optimal routing within a subnetwork does not In this and a companion paper [2], we develop a model
necessarily improve the performance of the overall network. In of partially optimal routing and investigate its implicatis
particular, we show that when partially optimal routing leads for routing patterns and network performance. While recent
to worse overall ne_twork performance, it |s_because Braess’ \asearch (e.g., [3], [4], [5]) has studied the interactiafs
paradox can occur in the network. Second, in the absence of | ti d traffi . . ith ither imlod
prices per unit of transmission, lower-layer traffic engineering overlay routing _an ra _'C englngerlng, it has neither e
within an administrative domain may prefer selfish routing to @ model of partially optimal routing nor addressed the @ntr
optimal routing because optimal routing typically increases the question of whether partially optimal routing improves @le
amount of flow into the subnetwork, thus increasing the delay network performance.
costs. We investigate these questions using a stylized model of
traffic routing. All links in the network are characterized &
|. INTRODUCTION latency functiondescribing the congestion level (e.g., delay)
Over the last decade, the Internet has undergone a dram ﬂcthe link as a function of the t.Otal. flow passing through the
ink (e.g., [6]). Each source-destination pair in the netwoas

transformation. Since the passage of the Telecommunitsati fixed tof f d the standard i tured
Act in 1996, ownership of the Internet has become incread- <cd amount of Tlow, and the standard assumption, capture
the notion ofWardrop equilibriumis that each user chooses

ingly decentralized. Today, thousands of network prous'de‘n

cooperate and compete to provide end-to-end network saerv}ge minimum delay route among all the available routes. As

to billions of users worldwide. There is an obvious tensiot well known, becau;e of the §elf|sh routing behavior of
that arises as a result; while individual network provid users and the congestion externality thus created, therdyard
’ ﬁquilibrium falls short of the optimal average latency oé th

led to optimize their own objectives, end users care abaut t . . : .
performance observed across the entire network. The durrEﬁtwork (e.9., [7], [8], [9]). We enrich this basic routinguel

Internet’s architecture provides no guarantees that geovi yllncludmg Zerlwce k[))rO\t/lderfs.th links in th work
incentives will be aligned with end user objectives. N our MOdel, Subsets of the links in the network are

The emergence abverlay routingover the past five years independently owned and operated by providers. To reflect th

has further highlighted the potentially conflicting objees practice of wraffic engineering by Intermet service provide

of the service provider and the end user. In overlay routin ,e assume that each provider routes raffic within its sub-

end user software (such as peer-to-peer file-sharing s@fw. etwork to minimize the average latency of that subnetwork.

makes route selection decisions on the basis of the b &urce-destination pairs sending traffic across subnkswor

end-to-end performance available at any given time, but, %qrgeive_only thgeffective.Iatencyesulting from the_ traffic
the same time, administrative domains control the routihg gnaineering .('opymal ro.utlng) of the service prowde'r. The
traffic within their own networks. They will typically wishot resulting equilibrium, which we call partially optimal routing

optimize performance in their network and may also react E OR_) eqUIllbrlgm, Is a Wardrop equmb_num_ aCCOTd'”g teth
effective latencies seen by source-destination pairs.
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we investigate subnetwork performance under partially- opsolution of the following optimization problem:
mal routing, and determine conditions for a single network

provider to prefer traffic engineering over selfish routing minimize Y " ;l;(z;)

from the viewpoint of minimizing the total latency in its jea

subnetwork. We show that, in the absence of prices per unit subject to Z Yp = x5, JjEA;
of transmission, providers may strategically choose $elfis pEP:jep

routing in order to reduce total flow into their subnetworkr F Z yp = X;

clarity of exposition, we focus on a network with single szair el

and destination nodes, and subnetworks with unique entty an yp >0, peP.

exit points. Our companion paper [2] extends our results to

networks W|th mu|t|p|e entry and exit points_ It a|so prwaj Under our assumption that eaCh |atency funCtion iS StriCtly
bounds on the potential performance costs of partiallynpiti increasing, it is possible to show that the objective fuoreti
routing relative to optimal routing for the overall netwaakd ~@bove is strictly convex, so that®”(R) is uniquely defined.

relative to pure selfish routing. The total latency cost at the social optimum is given by:
_The remainder of the paper is (_)rganized_as foIIow_s. Section C(XSO(R)) = Z xfO(R)lj(xfO(R)).
Il introduces the three basic routing paradigms: sociafiti-o jeA

mal routing, where total latency is minimized across thérent
network; selfish routing, where end-to-end route selectson B, Selfish Routing

made based on minimum route latency; and partially optimal When traffic routes “selfishly,” all paths with nonzero flow

routing, where end-to-end route selection is still dependemust have the same total delay. A flow configuration with

on aggregate route latency, but providers also rediretftctrathiS property is called avardrop equilibrium The Wardrop
within their own networks to achieve minimum imradomairéquilibrium flow for a given routing instance, denoted

total latency. The latter model is an important contribotaf _w e
our paper: it is the first extension of the classical traffigtimngy probl
models to capture the phenomenon of traffic engineering.

2
Section Il analyzes the performance of partially optimal minimize Z/ li(z) d= Q)

routing. We show that there may exist situations where opti- jea”0

mization within a subnetwork can actue_llly I_ead_to Iqwer glob subject to Z yp =5, EA

network performance. We prove that if this situation occurs

(R), is the unique solution to the following optimization
em:

then Braess’ paradox must occur in the network. Section IV perer
considers the choice of routing policy by a single service Zyp =X;
provider. We show that a provider may prefest to optimize pel

within its domain because this reduces total flow and thegefo Yp 20, peP.

delay in its subnetwork, and we provide conditions undefhe total latency cost at the Wardrop equilibrium is given by
which traffic engineering (optimal routing) is optimal for a

provider in parallel link topologies. Cx"VE(R) =Dl F(R);(z) F(R)). (2
jEA
It is well-known (e.g. Dafermos and Sparrow [10], Smith [{11]
that a feasible solutiox"' ¥ of Problem (1) is a Wardrop
Il. PRELIMINARIES: DIFFERENTROUTING PARADIGMS equilibrium if and only if it satisfies

DL ) ) <o, (3)
We consider a networlG = (V, A), with distinguished JeA

source and destination nodest € V, respectively. LetP for all feasible solutionsc of Problem (1).
denote the set of paths available frenmo ¢ using the edges
in A; we view each patlp € P as a subset ofi, p C A. . Partially Optimal Routing
Each linkj € A has a strictly increasing, nonnegative latency
function’;(z;) as a function of the flow on link. We assume
that X units of flow are to be routed fromto ¢. We call the
tuple R = (V, A, P, s,t, X,1) arouting instance

Next, we consider partially optimal routing in a subnetwork

with unique entry and exit points. We assume there is a

distinguished network inside aff, denotedG, = (Vj, 4y),

within which a network operator optimally routes all incamgi

traffic. Let s € V) denote the unique entry point t@,, and

let to € Vy denote the unique exit point fror&y. Let Py

denote the available paths frogg to ¢y using the edges in

A. Socially Optimal Routing Ao. We make the assumption that every pathAnpassing

through any node irl; must contain a path P, from sq

Given a routing instanc® = (V, A, P, s,t, X, 1), we define to ¢,; this is consistent with our assumption th@p is an

the social optimum, denoted by°?(R), as the optimal independent autonomous system, with a unique entry and exit



point. We call Ry = (Vo, Ao, Po, S0, to) @ subnetworkof G, We define the overall network performance under par-

and by abusing the notation, we say tligt C R. tially optimal routing as follows. Given a routing in-
Given an incoming amount of floi,, the network operator stance R = (V, A, P,s,t, X,1), and a subnetworkR,

chooses a routing of flow to solve the following optimizatioriVy, Ao, Py, so, to) defined as above, we define a new routing

problem: instanceRr’ = (V' A’ P’ s,t, X,1') as follows:

minimize Z zili(z5) (4) Vi=(V\ W) U{Soﬂfo};

jcA
| e = (A Ao) | H(s0,t0)};

subject to > =15, jE Ay . .

pE PP P’ corresponds to all paths iR, where any subpath i,
_ X is replaced by the link(so,%p); and 1" consists of latency

ZP Yp = 205 functions ; for all edges inA \ Ao, and latencyl, for the
pElo

edge (sp,to). Thus R’ is the routing instancek with the
subgraphG, replaced by a single link with latencly; we

Let L(X,) denote the optimal value of the preceding optimizaall R’ the equivalent POR instander 12 with respect tafy.
tion problem; we definé,(X,) = L(X,)/X, as theeffective The overall network flow in® with partially optimal routing
latencyof partially optimal routing in the subnetworky, with N Ro, X7 ©(R, Ry), is defined to be the Wardrop equilibrium
flow X, > 0. If traffic in the entire networkG routes selfishly, flow in the routing instance?’:
while traffip is optima]ly routed WithinGo, then replacing xPOR(R Ry) = xVE(R)).
Gy by a single link with latencyl, will leave the Wardrop
equilibrium flow unchanged elsewhere @ (Note that this leaves undefined the exact flow in the subnet-
We have the following simple lemma. work Ry; this is to be expected, since problem (4) may not
have a unique solution.) This corresponds to a model where
Lemma 1 traffic is routed selfishly, given the effective latenigyof the
subnetworkR.
The total latency cost of the equivalent POR instanceffor
with respect toR is given by

yp207 pePO

(a) The effective latenciy(Xy) is a strictly increasing func-
tion of Xo > 0.

(b) The total costL(X,) is a convex function ofX. C(x"OR(R, Ro)) = > af “"(R, Ro)l; (2] °" (R, Ry)).

JeA’

Proof.

(a) Fix X, and X, < X, with X, > 0. Let (x,y) be an _ _ ) _ o
optimal solution to problem (4) with total flow,. Define We first consider the effect of optimal routing within sub-
0y = pro/Xo, for all p € P,. Then this is a feasible Networks on the performance of the network. Intuitively one
solution to problem (4) with total flowX,. Furthermore, Would expect that doing optimal routing within some or all
the total |atency at this solution is eas"y seen to be: of the subnetworks would impl’ove the overall performance.

The following example shows that this need not always be the

X X X case.
Z ypzlj Z Z 37;(00 J <x;(00> .

Ill. PERFORMANCE OFPARTIALLY OPTIMAL ROUTING

pePo jep  \9e€v:ijeq j€A0 Example 1 Consider the networkG = (V, A) with source
Now we observe that: and destination nodes ¢t € V illustrated in Figure 1(a). Let
R=(V, A, P, st 1,1) be the corresponding routing instance,
Z Lj l %XO i.e., one unit of flow is to be routed over this network. The
subnetwork’, consists of the two parallel links in the middle,
]GAO . . .
links 5 and 6, with latency functions
< = X l‘ lo(Xo),
Jgﬁ;o 7 j l5(l‘5) = 0.31, lﬁ($6) =04 ZTg-
where the last inequality follows becausgis strictly The latency functions for the remaining links in the network
increasing and\, < Xj. are given by
(b) Note thatZ(X,) is the primal (or perturbation) function li(z1) = 21, ly(z2) = 3.25,
of optimization problem (4). Since the objective function
is convex and the constraints are linear, the result follows I3(w3) = 1.25, ly(z4) = 324

using standard arguments from convex analysis (see [12]) aossume first that the flow through the subnetwaik is
B routed selfishly, i.e., according to Wardrop equilibriunives
a total flow X, through the subnetworkz,, the effective
In light of the preceding lemma, we can extend the definitiofardrop latency can be defined as
of [y so thatly(0) = limg, |0 lo(x0); the preceding limit is well - WE
defined becausk is strictly increasing. lo(Xo) = fo C(z" " (Ro)), (5)



the link latency functions actually degrades overall nekwo
performance, as measured by the total latency. We have the
following definition.

I1x) =325

Definition 1 (Braess’ paradox) Consider a routing instance
R = (V,A,P,s,t,X,1). We say thatBraess’ paradoxoc-
curs in R if there exists another routing instande,, =
@) (V, A, P, s,t, X, m), with a vector of strictly increasing, non-
negative latency functionsm = (m;,j € A), such that
mj(xj) < lj(lj) for all T >0 and

Cx"E(Rpn)) > C(x"F(R)).

The routing instancé?’ differs from R only by a reduction
of the latency functions on some (or all) links. Neverthsjes
in a network topology where Braess’ paradox occurs, this can
yield a higher total latency.

We also have the following alternative definition of a
Braess’ paradox.

Fig. 1. A network for which POR leads to a worse performancatire to

selfish routing. Figures (b) and (c) illustrate representhe subnetwork with L )

a single link with Wardrop effective latency(Xo) and optimal effective Defm!tlon 2 (Bra,ess_ paradox centered at a subnetwork)

latencylo(Xo), respectively. Consider a routing instanc& = (V, A, P,s,t, X,1) and a
subnetwork Ry = (Vg, Ao, Po, S0,to) C R. We say that
Braess’ paradoxoccurs in R centered atR, if there exists

[cf. Eq. (2)], whereRy is the routing instance corresponding toanother fouting instancé,,, = (V, 4, P, s,t, X, m), with a

X . vector of strictly increasing, nonnegative latency fuoi,
the subnetwolrIGO with tot_al f!ow Xo. The effective Wardrop m = (m;, j € A), such that for allz; > 0,
latency for this example is given by

mj(z;) <lj(z;), Vje€ Ay, my(z;)=1(x;), Vj¢ A,
d

Io(Xo) = min{0.31,0.4X,}.

- . . : . an
Substituting the subnetwork with a single link with latency WE WE
function [, yields the network in Figure 1(b). It can be seen Cx™"(Bm)) > C(x"7(R)).

that selfish routing over the ”et""v?/%( of Figure 1(b) leads t0 tpg foliowing definition captures the counterintuitive phe
the link flows 21" * = 0.94 and X" * = 0.92, with a total  omenon that traffic engineering within some subnetwoek, i.

cost of C'(x"VF(R)) = 4.19. _ partially optimal routing, leads to a degradation in theraile
Assume next that the flow through the subnetw6ik is performance compared to pure selfish routing.

routed optimally, i.e., as the optimal solution of proble#) (

for the routing instance corresponding @@. Qven a total Definition 3 (POR paradox) Consider a routing instance
flow X, through the subnetworks, the effective latency of — (V,A,Ps,t X,1), and a subnetworkR, =

optimal routing within the subnetwork, can be defined as (Vo Ao, Po, 50, to). We say that thePOR paradox(partially
_ Lo(Xo) optimal routing paradox) occurs iR with respect toR, if

lo(Xo) X
. . 0 C(x"OR”(R, Ry)) > C(x"F(R)).
where Ly(Xy) is the optimal value of problem (4). The
effective optimal routing latency for this example is giviey Intuitively, the POR paradox appears to be a form of
04X i 0< X < 0.3875: “generalized Braess’ paradox”, in the following sense._dEiv
lo(Xo) = { 0.31 o061 i X 263575 ' a total flow X, routed through the subnetwot,, we define
: 1.6Xo° 0 =" ) the effective Wardrop latencly, as follows:

Substituting the subnetwork with a single link with latency 1 C(xWE(R')
function, yields the network in Figure 1(c). Note that selfishlo(Xo) = e Z VPR« F(R)) = —
routing over this network leads to the partially optimalting 0 jea, 0
(POR) equilibrium. It can be seen that at the POR equilibrium ) o (6)
the link flows are given by:POF = 1 and XIOF = 1, with where R’ = Vo, Ao, Po, so, to, Xo,1) is a routing instance
a total cost ofC(x"OF(R)) = 4.25, which is strictly greater correspondlng. to the subnetvyofko W'th. total flow X [cf.
than C(x" F (R)). Eq. §5)1. As.m L'emma.l, it is strmghtforyvgrd to show
that [y is strictly increasing. Furthermore, it is clear that
We next investigate the relationship between the perfdg(X,) > Io(Xo) for all X, > 0, sincexVZ(R') is a feasible
mance of partially optimal routing and Braess’ paradox. Irsolution to problem (4). Thus when we contrast®”*(R) and
formally, Braess’ paradox occurs in a network if reducing"”(R), it is as if we are lowering the effective latency of



the subnetworkR,. If this increases the total latency, then we Let ' = (V, A, P, s,t, X, m). Define a feasible flonk =
are observing a form of Braess’ paradox. [z;]; € A as follows:

In fact, it is possible to show a stronger result: whenever 2POR(R Ro), if j & Ao;
the POR paradox occurs iR with respect to som&, C R, xj = { A J 0
then Braess’ paradox occurs id centered atRy. (Ro), it j € Ao.

We claim thatx"V#(T') = x. This claim follows easily since

Proposition 1 Consider a routing instanceR = we have already established that ©(T,) = x"W¥(R}), and
(V,A,P,s,t,X,1) and a subnetwork R, = (7) holds. In the flowx for the routing instancé, the effective
(Vb, Ao, Po, s0,to) C R. Assume that the POR paradoXatency perceived by any flow crossing the subnetwek
occurs inR with respect taR,. Then Braess’ paradox occursis exactly equal to the partially optimal routing effective
in R centered atR,. latency Io(Xo) (by (7)). But then since all routing outside

the subnetworkR, is performed according ta”“%(R, Ry),
Proof. Our approach will be to uniformly lower the latencywe conclude that in fact"V' ¥ (T) = x, as required.
functions in the subnetworl,, such that we exactly ensure Combining the preceding, we obtain
at a Wardrop equilibrium the effective latency Bf is given
by Iy, the effective latency of optimal routing withiR,. This Z QC}/VE(T)mJ'(%V'VE(T))
will allow selfish routing to “replicate” the partially optial /<4

routing of flow, and imply Braess’ paradox. =Y 2lO%(R, Ro)l;(x} °" (R, Ry))
Let xV¥(R) be the Wardrop equilibrium flow for the j¢Ao
- ) . WE
routing instanceR, with corresponding path flowg" = (R). + Z z}/VE(Ré)mj(m}/VE(Ré))

Similarly, letx”©E(R, Ry) be the flow with partially optimal
routing in Ry, with corresponding path flowg”“%(R, Ry).
Let X, = 2P9%(R, Ry) represent the flow routed through

Soto

JEAg
Z xPOR R, Ry)l;(z POR(R Ry)) + Xolo(Xo)

the subnetworkR, under partially optimal routing. Note that g4

X, > 0 since by assumption POR paradox occursRinwith = Z aPO”(R, Ro)l;(xPOR(R, Ry))
respect toR,. Let [y denote the effective latency @, under JEA

partially optimal routing, and, denote the effective latency = C(xP°R(R, Ry)).

of Ry under selfish routing [cf. Eq. (6)]. ) o
Define a routing instanc&, = (Vo, Ao, Py, 50, to, Xo, 1) Since we assumed that the POR paradox occurg® iwith

and letx"VF(R,) be the Wardrop equilibrium flow for the "€SP&Ct t0ft, we obtain from the preceding that

routing instanceR;,. CxVE(T)) = C(xPOR(R, Ry)) > C(xVE(R)),
We define a new collection of latency functions as follows.

For all j € Ay, definem; = I;. For j € Ay, we choose a implying that Braess’ paradox occurs ixcentered aR?,.
new strictly increasing, nonnegative latency functian with

mj(z;) < lj(z;) for all z; > 0, such that An immediate corollary of the preceding proposition is the
lo(X ) following: Given a routing instancg, if Braess’ paradox does
mj(;v}”E(Rg)) 7 (XO) ( E(Rp)). not occur inR, then partially optimal routing with respect to
0

any subnetwork always improves the network performance.

Observe that such a choice is possible, sié&) < Zo(Xo) Milchtaich has shown that Braess’ _parad0>.< does not occur in

implies thatm, (z WE(RO)) < lj(x]WE(Rg)). dlrgcted graphs where the und_erl_ylng_ undirected graph has a
Let T}, = (%,Ao,Po,So,to,Xo,m); i.e., T, is the routing serles-parallelstructgre [13]. This |mpl|_es that as long as the

instance R), with latencies replaced byn. We claim that network under consideration ha_saserles.-parallel_ sureut_tur
x"E(Ty) = x"E(RY). This follows from the definition ofn: examplt_a, a network of parallel links), partially optimaltimg

all valuesm; (z WE(R/)) are proportional tdj(:cyVE(Rg)), always improves the overall network performance.

with common constant of proportionality(X,) /lo(X,). Thus

if x'VE(R}) is the Wardrop equilibrium flow with latencids IV. SUBNETWORK PERFORMANCE
it must remain so with latencias. Furthermore, observe that [n this section, we consider a model where a subnetwork
for any pathp with positive flow, we have can choose a routing policy to achieve the minimum (total)
lo(Xo) latency within its subnetwork (implicitly assuming thereea
ij(x}"’E( = Zl WE(RL)) = lo(Xo), no prices per unit of transmission and the subnetwork ignore
Jj€p lo (Xo) j€p revenues from transmission). While optimal routing seems

like the natural means to achieve this goal, end-to-enderout
selection may counteract any expected performance gaims fr
this type of intradomain traffic engineering. As a resule th
Cx"VE(Ty)) Z z! () WE(Ty)) = Xolo(X,). Provider may prefer to allow trz_affi_c to route selfishly in ordie_
jen, reduce flow to and total delay in its subnetwork. The follogvin
(7) example illustrates this scenario.

because the second summation above is equa(14,). Thus
we conclude



=1 purely selfish routing within his network (correspondingato

Wardrop equilibrium), the effective latency ig. To simplify
Lx)=x the discussion here, let us also assume fhaand [, are

lunit —= e ® —

both continuous and strictly increasing (this will be theea
W for example, when all latency functions of the links in the
$9° subnetwork are continuous and strictly increasing). Asieef
Fig. 2. A parallel link network. Links 1 and 2 form a subnetWwdhat is reca”. t.hat lo(z) > lo() fo~r all z > O Moreover, for
controlled by an independent administrator. simplicity, let us assume thd§(z) > lo(z) if z > 0 (though

the arguments can be generalized to the case without this
assumption).

We assume that the subnetwork owner can randomize
between the two policies, so any convex combination of
optimal and selfish routing can be achieved. In other words,

Example 2 Consider the parallel-link network illustrated in
Figure 2. The latency functions are given by

Li(z) =1, lo(zg) = 22, Is(z3) = c, the subnetwork owner choosesias [0, 1] corresponding to
an effective latency given by:
for some constant > 0. Assume that links 1 and 2 form -
a subnetwork, denoted by, which is controlled by an mo (x,0) = (1 —0)lo (z) + dlo (x) ,

independent administrator. Assume that one unit of flow is : . .
to be routed over this network. whered = 0 corresponds .to optimal routing, while¢ = 1
Assume first that the flow through the subnetwdark is corresponc_is to selflshproogtlng. L
routed selfishly, i.e., according to Wardrop equilibriumcan .We continue to use to denpte a Wardrop equilibrium
be seen in this case thafc units of traffic is routed through w1|3trO1Rresp<.acft 0 the latency functionso, s, ..., Ly, so that,
the subnetwork, leading to a total cost @fx"V?) = ¢, and * satisfies:
a subnetwork cost of'g, (x"V¥) = c\/c.
Assume next that the flow through the subnetwaik is L ( POR)
routed optimally, i.e., the flow is routed through the ovieral™ \**
network according to POR equilibrium. Assume that the con N POR d:
stantc € 1—3—\2/5, 1]. It can be seen in this case that the entireZ i '

traffic is routed through the subnetwork, leading to a total a sFPOR 0fori=0,.. N;
33" A = min {mo ($50R> 7l1 (.%‘{DOR) R ,ZN(mjli,OR)} .

A;
Afori=1,....N;

3

(=)

8

o
ALY,

Y

subnetwork cost of (xP9F) = Cg, (xP9F) = 1—- 2. Note !

2
that forey/c < 1 — 35 we have

Cen (XPOR) > oy (xWE). First consider the routing of flow through the links .., N.

If a total flow = is routed through linkgl, ..., N, then the
As the preceding example demonstrates, lower-layer traffeSulting flow allocation must satisfy:

engineering may prefer selfish to optimal routing. It is diyua N e .

easy to construct examples where optimal routing will be ljv(xl) = mindly(@1), v (zn)}Hif @ > 0 ®)

preferred. The simplest example is a situation in which the Zx o ©)

total traffic entering the subnetwork is constant, regasief — ! ’

whether selfish or optimal routing is used. This will be the >0 i1 N (10)

case in the example above when- 1, and a similar analysis t= [

immediately implies that optimal routing will be preferredn view of the assumption thds. . .., [y are strictly increas-

within the subnetwork in this case. ing, the preceding equations have a unique solution. Weelefin
To gain more insights, let us next consider a “partial,(;) as the latency at this solution, i.e.,

equilibrium” analysis of routing within a subnetwork, tagi

the strategies of all other subnetworks as given. To ilaistr lp(x) = min{ly (z1),...,In(zN)},

the main issues, we consider a network consisting of paralle . ) . .

links between a single origin-destination pair withunits of Wheré(z1,...,zx) is the unique solution to (8)-(10). Since

total traffic. Suppose that there ale+ 1 providers and each eachl; is strictly increasing and continuous, the functign

network provider owns a subset of the links in the networli<s. also strictly increasing gnd cor.1tinuc-)us.
We represent network providérfori = 1,..., N, by a single Next consider the traffic engineering problem faced by

link with effective latency; (corresponding to the intradomainSUPnetwork). The network provider will choose a value &f
routing policy chosen by provider whether optimal routing that minimizes the total latency inside the subnetworkegiv

or not). We assume all these latency functirare continuous that traffic will follow the Wardrop equilibrium pattern for
and strictly increasing. the resulting effective latencies. Formally, the optiniiaa

As in the preceding discussion, we assume that if provigBfoPlem of subnetwork is the following:

0 pursues an optimal intradomain routing policy, then the . =
effective latency is given by, and if provider0 allows 0<0<d,0€[0,1] ((1 =9l (w0) + 0l (IO)) 7o (11)



subject to

(1=0)10(0)+6lo (0) > ln(d), if zo=0;
(1=0)lo(d)+6lo(d) < 1r(0), if xo=d;
(1 —5) lo (xo) +5i0 (130) = g (d—xo), if 0<xp<d.

network is straightforward to characterize. We leave ssdver
issues for future work: the analysis of networks with more
general topologies; general equilibrium structures whedte
subnetworks optimize; situations in which latency funasio
of other providers are unknown; and scenarios in which the
objective of subnetworks may be profit maximization rather

Since Zo(xo) > lg(xg) for all zp > 0, andlp is strictly
increasing, ag increases frond = 0 (purely optimal routing)
to § = 1 (purely selfish routing), the flow routed through
subnetwork) at the POR equilibrium must be nonincreasing.

Next note that wheriy(0) > Iz(d), the subnetwork can
achieve the minimum total latency of zero by choosing:

1 (since the POR equilibrium will route no traffic across
subnetwork0). Similarly, if iy(d) < [g(0), then regardless
of provider 0’s policy, all the flow will be routed across
subnetwork). As a result, in this scenario the optimal strategyl4]
is 6 = 0 (optimal routing), as this minimizes the total latency.

(1]
(2]
(3]

For the remainder of this section, we assume ) < 5]

Ir(d) andly(d) > Ir(0). Sincely > Iy, this also implies "
1r(0) <lo(d) <lo(d);  1o(0) <Io(0) < Igr(d). (12)

The preceding conditions, together with the fact thatl,, [/]

e . . 8
and!lp are strictly increasing and continuous, ensure that th[e]
following two equations have unique solutiong}’’™ and  [9]
oAX:

(10]

fo(x{)‘“N) = Ip(d—zg""™); lo(zy™) = lp(d—z" ).

Moreover, given our assumptions)’ '™ is the minimum flow
that can go through subnetwobk(achieved exactly wheé =

1, i.e., at purely selfish routing), and)’4¥ is the maximum [12]
flow for subnetwork0 (achieved exactly when = 0, i.e., at 15
optimal routing). Furthermore, any flowy € [x)/1V | x}AX]

is achievable, by choosing such that:

5— led —20) — lo(z0)
lo(x0) — lo(z0)

where0 < § < 1 since conditions (12) hold ank(z) >
lo(zo) for all zp > 0. Finally, observe that for alky €
[N pMAX] if 2 results as the partially optimal rout-
ing flow through subnetwork, we must have the relation
mo(xo) = lr(d — x0) (Sincel < zg < d).

As a result, the optimization problem for the owner of
subnetwork) becomes:

xoe[m{fgl}’r,lzglAX] xOlR(d - ‘TO)a (13)

the solution of which determines the delay-minimizing gt
policy of the subnetwork. Since the game between service
providers is one of complete information, all the latencydu
tions are common knowledge and the owner of subnetwork can
computex) TN, MAX “andlr, and hence the optimal flow
through the subnetwork. Clearly, ifolr(d — z¢) increases
as z, increases in the neighborhood of//%, the provider
will (locally) prefer selfish routing. Similarly, ifcolz(d — x0)
decreases as, decreases in the neighborhoodagf 4%, the
provider prefers selfish routing.

This analysis shows that with complete information and
a parallel-link network, the delay-minimizing policy oféh

than delay minimization.
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