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Abstract

We investigate the convergence of sequential best-response dynamics in a routing game over parallel
links. Each player controls a nonnegligible portion of the total traffic, and seeks to split its flow over the
links of the network so as to minimize its own cost. We prove that best-response operators are lipschitz
continuous, which implies that a sufficient condition for the convergence of the best-response dynamics is
that the joint spectral radius of Jacobian matrices of best-response operators be strictly less than unity.
We establish the specific structure of these Jacobian matrices for our game, and show that this condition
is met in two cases: (a) two-player game for an arbitrary number of links and for a wide class of cost
functions; and (b) for arbitrary numbers of players and links in the case of linear latency functions. For
latency functions satisfying reasonable convexity assumptions, we conjecture that the proposed sufficient
condition is met for arbitrary numbers of players and links.

1 Introduction

Game theory has emerged as a fundamental tool for the design and analysis of decentralized resource alloca-
tion mechanisms in networks. It has found applications in as diverse areas as load-balancing in server farms
[Bl, 14}, 12], 20], power control and spectrum allocation in wireless networks [I1], 26} 23], or congestion control
in the Internet [Il 18] 24 [33].

In recent years, substantial research effort has been devoted to the study of non-cooperative routing games
in which each origin/destination flow is controlled by an autonomous agent that decides how its own traffic is
routed through the network (cf. [3| 13 2] 28] and reference therein). Apart from the gain in scalability with
respect to a centralized routing, there are wide-ranging advantages to such a decentralized routing scheme,
including ease of deployment and robusteness to failures and environmental disturbances. However, several
questions arise when seeking to design and implement such a non-cooperative routing scheme.

One of the most studied one pertains to the inefficiency of non-cooperative routing mechanisms. Indeed,
in general, the Nash equilibrium resulting from the interactions of many self-interested agents does not
correspond to an optimal routing solution. Numerous works have therefore focused on obtaining performance
guarantees for non-cooperative routing schemes [32] [30} [3T], 35, 4, [10]. This is usually done by evaluating
the Price of Anarchy, a standard measure of the inefficiency of decentralized algorithms introduced by
Koutsoupias and Papadimitriou [22]. A small value of the Price of Anarchy indicates that, in the worst
case, the gap between a Nash Equilibrium and the optimal solution is not significant, and thus that good
performances can be achieved even without a centralized control.

In this work, we address a different question: do uncoordinated routing agents converge to a Nash
equilibrium? Thus, rather than the quality of the resulting routing strategy, we are concerned with the
convergence of autonomous routing agents to a Nash equilibrium under some ”natural” dynamics. More
precisely, we address this question assuming the well-known (myopic) best-response dynamics. Best-response
dynamics play a central role in game theory [§]. For instance, the Nash equilibrium concept is implicitly
based on the assumption that players follow best-response dynamics until they reach a state from which
no player can improve his utility. In a game, the best-response of player is defined as its optimal strategy



conditioned on the strategies of the other players. It is, as the name suggests, the best response that the
player can give for a given strategy of the others. Best-response dynamics then consists of players taking
turns in some order to adapt their strategy based on the most recent known strategy of the others (without
considering the effect on future play in the game). In this paper, we will restrict ourselves to the sequential
(or round robin) best-response dynamics, where players play in a cyclic manner according to a pre-defined
order.

The focus of this paper is the convergence of sequential best-response dynamics in a network of parallel
links, shared by a finite number of selfish users. Each user controls a nonnegligible portion of the total
traffic, and seeks to split his flow over the links of the network so as to minimize his own cost. This model
was introduced in the seminal paper of Orda et al. [29], where it shown that there exists a unique Nash
equilibrium under reasonable convexity assumptions on the edge latency functions. The users may have
different traffic demands. When all users control the same amount of traffic, the convergence to the Nash
equilibrium follows from the fact that the symmetric game is a potential game, that is, the Nash equilibrium
corresponds to the minimum of a convex optimization problem [I3]. For the asymmetric game, convergence
results are available only in some special cases. In [29], the convergence to the unique Nash equilibrium
of the two-player routing game was proved when there are only two parallel links. As pointed out by the
authors, the convergence proof is not readily extendible to more general cases. Altman et al. also study
the two-link case [2]. Assuming linear latency functions for the links, they prove the convergence of the
sequential best-response dynamics for any number of players. More recently, Mertzios has proven that, for
the large class of edge latency functions introduced in [29], the two-player routing game converges to the
unique Nash equilibrium in a logarithmic number of steps [27]. His proof of convergence relies on a potential-
based argument. Namely, he shows that the amount of flow that is reallocated in the network at each step is
strictly decreasing. Unfortunately, this argument does not seem to readily extend to more than two players.
We also refer to [19, [I7, [I6] for convergence results on related, but different, problems.

Contributions: We propose a different approach to study of the convergence of best-response dynamics.
The key idea to prove the convergence is to study the Jacobian matrices of best-response functions, and to
analyze how long products of such matrices grow as a function of the number of best-response updates.
One of the most prominent quantities characterizing the growth rate of matrix products is the so-called
joint or generalized spectral radius. We show that the best-response function is Lipschitz, and establish the
specific structure of their Jacobian matrices for our game. Then, a sufficient condition for the convergence
of the best-response dynamics is that their joint spectral radius be strictly less than unity. We thus obtain a
purely structural sufficient condition that allows to reduce the analysis of the convergence of the sequential
best-response dynamics to the analysis of the joint spectral radius of certain matrices. This condition is
used to prove the convergence of the two-player game for an arbitrary number of links. We also prove the
convergence to the Nash equilibrium for arbitrary numbers of players and links in the case of linear latency
functions. Furthermore, although we were not able to prove it, we conjecture that the proposed sufficient
condition is valid for any numbers of players and links.

The paper is organized as follows. In Section 2 we describe the non-cooperative routing game under
investigation and introduce best-response dynamics as well as some notations. In Section Bl we outline
the non-linear spectral radius approach to convergence, and present several properties of the best-response
function, and compute the structure of its Jacobian matrix. In Section Ml we state our main result, and
prove the convergence of the best-response function for the two-player game with general cost functions and
of the K-player game with linear cost functions.

2 Problem statement

2.1 Notations

In the following, IR, denotes the set of non-negative real numbers. Recall that the 1-norm of a vector
x € R is ||x|; = Zle |z;|. For x € X, B,(x,r) will denote the open ball of radius r centered at point x,
ie., By(x,7) = {z € X : |x —z|/; <7}. Let 1 denote the column vector (1,1,...,1)T.

We let I and 0 denote the identity and the zero matrices, respectively (their sizes will be clear from the
context). A matrix A is positive, and we write A > 0, if and only if a; ; > 0, Vi, j, and that it is negative



if —A is positive. We recall that the 1-norm of a matrix A is ||A||; = max}_, |a;;|. denote by o(A) the
J
spectrum of the matrix A, i.e., 0(A) = {A € R:3x # 0, Ax = Ax}, by p(A) = )\ma(;;l) |A] its spectral radius,
€o
and we recall that p(A) < ||A,. If A;,..., A, is a collection of matrices, we denote by [];_; A; the product
AL A, 1. A
For any function f that is differentiable at point x, we denote by D f(x) its Jacobian matrix at x.

2.2 Non-cooperative routing game

We investigate a non-cooperative routing game with K routing agents and S links in which each routing
agent can control how its own traffic is routed over the parallel links. This routing game is depicted on
Figure [l

A 1,1

s, Cs

Figure 1: Traffic classes route their packets over parallel links.

Denote by S = {1,...,5} the set of links. Link j € S has capacity r; and a holding cost ¢; per unit time
is incurred for each packet sent on this link. We let m; = ¢;/r; denote the cost per unit capacity for link j.

We let C = {1,..., K} be the set of routing agent and )\; be the traffic intensity of routing agent i. We
shall also refer to routing agent i as traffic class i, or user i. Each class can control how its own traffic is
splitted over the parallel links and seeks to minimize its own cost. Let x; = (z; ;) es denote the routing
strategy of class ¢, with z; ; being the amount of traffic it sends over link j. We let X; denote the set of
routing strategies for class i, i.e., the set of vectors x; € IR such that 0 < z;; <rjforall j €8, and
Zjes Tij = i

A strategy profile is a choice of a routing strategy for each user such that the stability condition
> icc iy < 7 is satisfied for all links j € S. It is thus a vector x = (X;);ec belonging to the product
strategy space @, A such that ), o x;; < rj, for all j € S. Tt will be assumed throughout the paper
that 37,0 \i < X jcs7j, 80 that X' # 0.

The optimization problem solved by class 7, which depends on the routing decisions of the other classes,
can be formulated as follows:

minimize T;(x,x_;) = Z i i 5 O(p5) (BR-4)
j€S

subject to
X € Xi, (1)
yj:Ii,jJrZIk,j, VjEeS, (2)

k#i

p; =yj/ri, Vi€ES, (3)
pj < L, V] € Sa (4)

()

In the above formulation, y; represents the total traffic offered to link j, p; is the utilization rate of this
link, and ¢ is the cost associated to the link when there is a traffic of y; flowing through it. In transportation
or communication networks, ¢ models the delay on the road or the link. The total cost incurred by user
7 is then the sum of the cost of individual links weighted by the amount of traffic the user sends on each



of the links. Thus, given the strategies of the others, user i seeks to minimize its total cost subject to flow
conservation and stability constraints.

Assumption 1 We shall make the following assumptions on the cost function ¢:

(A1) ¢:10,1) = [0,00),

(A2) lim, ;- ¢(p) = +o0,

(A3) continuous, strictly increasing, convex function, and is twice continuously differentiable.

Remark 1 At first glance, it appears that the assumptions are not loose enough to include polynomial cost
functions, which are widely used in transportation networks. However, it will be shown in Appendiz [H that
any function satisfying

(Bl) ¢ : [0,00) - [0700)7
(Bz) lim, o0 ¢(p) = 400, and
(B3) (A3);

has an equivalent function which satisfies assumptions (A1)—(As). Two functions are said to be equivalent if
the solution of (BR=d) with one function is also the solution of (BR=d) with the other. Thus, results obtained
for functions satisfying (A1)—(As) will be applicable to functions that satisfy (B1)—(Bs).

We note that Problem (BR-i) is well-defined for all points x € X since >, _; xx,; < r; for all links j.

2.3 Nash equilibrium

A Nash equilibrium of the routing game is a strategy profile from which no class finds it beneficial to deviate
unilaterally. Hence, x* € X is a Nash Equilibrium Point (NEP) if x} is an optimal solution of problem
(BR=2) for all classes i € C, that is, if

* . * .
x; = arg min, .y, Ti(z,x";), VieC,

where x* ; is the vector of strategies of all players other than player i at the NEP.

It follows from our assumptions on the function ¢, that the link cost functions are a special case of type-B
functions, as defined in reference [29]. As proved in Theorem 2.1 of this reference, this implies the existence
of a unique NEP for our routing game. In the following, we shall denote by x* this Nash equilibrium point.

2.4 Best response dynamics

The best-response of player is defined as its optimal strategy conditioned on the strategies of the other
players. It is, as the name suggests, the best response that the player can give for a given strategy of the
others. Let (") : X — X, defined as

(W (x) = (arg min T, (z,X_,), x_u> , (6)

zeX,

be the best-response of user u to the strategy x_,, of the other players. From the definition of T}, it can
be shown that for each x € X, there is a unique z(* (x). Given a point x € X, the strategy profile z(w (x)
describes the strategies of all the players after the best response of user wu.

Best-response dynamics then consists of players taking turns in some order to adapt their strategy based
on the most recent known strategy of the others (without considering the effect on future play in the game).

Define a round to be a sequence of best-responses in which each player plays exactly once. Once an order
is fixed in the first round, it is assumed to be the same in each subsequent round. The order in which the
players best-respond in the first-round can be arbitrary. Let us fix this order to be 1, 2, ..., K.

Define 2V : X — X as

tW(x) =25 0BV o oz (x), (7



be the point reached from x after one round of play. One can recursively define
@(n)(x) AC j("—l)(x)’ (8)

which is the point reached after n rounds.

The best-response dynamics can then be defined as the sequence {(™)(x¢)},>1 cooresponding to the
strategy of players after each round of best-response when xq is the initial strategy. A NEP has the property
that each player’s strategy is a best-response to strategies of the other players. Therefore if xy is a NEP
then sequence will remain at xg.

The main question we seek to answer is: do the best-response dynamics for the routing game converge
from any starting point? If they converge, then the converge to the Nash equilibrium point.

3 The Non-linear Spectral Radius Approach

A usual method to prove the convergence of iterates of an operator &) : X — X is to show that this
operator is a contraction. For this, one needs to find a suitable norm, say ||-||, for which there exists a
constant ¢ € [0, 1) such that

12 (x) =2 (y)] < elx —yl,

for every pair of points x and y in the set X'. The contraction condition says that the distance between
iterates of the function starting from two different points decreases with each iteration. The constant c
depends on the norm, and for a continuously differentiable operator, it can be computed as sup, || D#™* (x)]],
which is the supremum of the Jacobian over all points in the domain of the operator. It is then sufficient to
find a norm in which the above condition is satisfied.

For the best-response function, it turns out that it is non-trivial to find such a norm, independently of
the starting point, in which the distance decreases with every iteration. Instead, as will be seen later it will
be sufficient to find a norm in which the distance decreases asymptotically and not with every iteration.
This weaker condition can be formalized using the notion of the non-linear spectral radius described below.

For a function f: X — X, define the set

J(f) ={Df(x): f is differentiable at x} . (9)
which is the set of Jacobian matrices of the function f evaluated at all points at which f is differentiable.
Definition 1 The non-linear spectral radius of a function f : X — X is defined as [25]:

n 1/n

g

=1

p(f) =lim sup sup
n—o0 Aiej(f)

The non-linear spectral radius of f is related to the notion of joint spectral radius of a set M of matrices

which is defined as: 1/

ﬁMi : (10)

p(M) =lim sup sup
n—oo M; EM

and is independent of the induced matrix norm. It measures the worst case growth rate of a sequence of
linear transformations that are taken from the set M. It can been seen that the non-linear spectral radius
of f is in fact the joint spectral radius of the set of Jacobian matrices of f, J(f).

When there is only one matrix in M, from Gelfand’s formula it follows that the joint spectral radius is
equal to the spectral radius of that matrix. For a set with several matrices, there is an equivalent result in
terms of the generalized spectral radius of M which is defined as:

1

p (M) =limsup sup p <H MZ> ) (11)

n—oo M;eEM =1

where p(A) is the spectral radius of the matrix A. If M is bounded then the generalized spectral radius and
the joint spectral radius of M are equal [7].



Consider a linear dynamical system of the form
Tpt1 = Ai(n)Tn,

where the matrices A; € M can be chosen differently in each step. Such a system is called a switched linear
system. When all the matrices are the same, one can determine the stability of such a system by checking
whether the spectral radius of this matrix is less than 1 or not. In case of swithced linear systems, the same
condition with the joint spectral radius in place of the spectral radius can be used to ascertain the stability
of the system, see for example [34].

For non-linear operators, the following convergence criterion was stated in [25].

Theorem 1 ([25] Theorem 1) If f: X — X is Lipschitz-continuous and has a non-linear spectral radius
smaller than 1, then the iterates of f are globally asymptotically stable. Moreover, the rate of exponential
decay, r, satisfies 0 < r < —log(p(f))-

Thus, instead of requiring the best-response to be a contraction, one can show the convergence of the best-
response dynamics by showing that:

1. #(M is Lipschitz-continuous; and
2. p(a™M) < 1.

In the rest of this section, first we shall show a few properties of the best-response function, and then compute
the structure of its Jacobian matrices, before arriving at our main result.

3.1 Properties of the best-response function

The purpose of this section is to establish various properties of best-response function, mainly related to its
continuity and differentiability. Let us define

Sulx) = {j € S:2{)(x) > 0} (12)

as the set of links used by player u in its best-response to the strategies x_,, of other players. We have the
following result.

Theorem 2 The best-response function =™ of player u is Lipschitz-continuous on X with

o) (2) = 2 (Wl < 2]z = wli, Yz, w e X. (13)

Proof. See Appendix[Al =

Corollary 1 Since the best-response over one round, (Y, is a composition of best-responses of each of the
players (cf. @), it then follows that £V is Lipschitz continuous.

Remark 2 The continuity of the best-response functions is a direct consequence of Berge’s Theorem on the
continuity of correspondances [0] (see also page 64 of [9]). However, Lipschitz continuity requires some more
work than that.

Once the Lipschitz continuity of #(1) has been established, it remains to be shown that its non-linear
spectral radius is smaller than 1. For this, we shall investigate the points at which the #(1) is differentiable
and compute the structure of its Jacobian.

We note that, according to Rademacher’s theorem [I5], a consequence of Theorem [ is that the best-
response function z(*) is Fréchet-differentiable almost everywhere in X’; that is, the points in X' at which
™ is not differentiable form a set of Lebesgue measure zero. To compute the points at which the derivative
is defined, we shall need the following definitions:



o Let or

6%,]»

i,j(x)

Yj Lij 1,Yi
= 14
o) = (o) + (L)), (14)
where y; = >, = j, be the marginal cost of player ¢ on link j under strategy profile x.

We say that link j is marginally used by user u at point x whenever the flow of user u on that link is
0 although the marginal cost of that player on that link is minimum, that is

wj =0 and g, ;(x) = min g, x(x). 15
@u,j = 0 and gu,;(x) = min g x(x) (15)

e we say that the set S, (x) is locally stable at point x if it does not change for an infinitesimal variation
on the strategies of the other players, that is

Je > 0,Vz € B,(x,¢€), Sy (x) = Su(z). (16)

From our assumptions on the function ¢, the continuity of the best-response functions imply that of the
marginal costs g; ; defined in (I4) under the best-response dynamics. In the following, we say that no link is
marginally used by user u in its best-response at point x if there is no link that is marginally used by user
w at point z(*) (x). The two notions introduced above are related through the following result.

Lemma 1 if there is no link that is marginally used by player u in its best-response at point X, then the set
of links S, (x) is locally stable at point x.

Proof. See Appendix[Al m

Our first result regarding the differentiability of best-response functions is the following.

Proposition 1 The best-response function (™) is differentiable at every point x € X such that no link is
marginally used by player u in its best-response at point X.

Proof. See Appendix[Al m

3.2 Structure of the Jacobian matrices

The Jacobian matrix of #(1) is the product of Jacobian matrices of best-responses of individual players. So,
we shall start by computing the Jacobian of the best-response functions of individual players.

Consider a player u and a point x € X at which (%) is differentiable. The Jacobian matrix of this
function is then the block matrix

8 (u) 3 (u)

—g;l X) ... —ailK X)
Da(x)= [ |

o (u) o (u)

g}ﬁi (x) ... Bi’; (x)

(u)
where the (i, j)-block Bg}ij (x) measures the sensitivity of the strategy of player i obtained after the best

response of player u with respect to a change in the strategy of player j.
The best-response of a player u is sensitive only to the strategies of the other players v # u, and these

(u)
sensitivities are reflected by the block matrices ag; which appear in the uth row of the Jacobian matrix.
Recalling that

(u) 9z
el <x>=< )

X
0%, 0y ( )>i68j68’

we shall distinguish between links ¢ ¢ S, (x) and links i’ € S, (x). We assume in the following that the set
S.(x) is locally stable (cf. Section B]), and thus that it does not change for an infinitesimal variation on
the strategy x, of player v € C.



Lemma 2 For all links i ¢ Sy(x),

Proof. See Appendix[Bl =

For links ¢ € S, (x), we have:

Lemma 3 There exist a vector 8 € IRi and a vector v € IRi satisfying v; = 0 for all i & S,(x) and
> ies i = 1 such that

Ty i _ {61 (vv—1) ifk=1, (19)

Oy k O otherwise,
for all players v # u and all links i € Sy (x) and k € S.
Proof. See Appendix[Bl =

Remark 3 The vectors 8 and « depend upon the strategy profile x and upon the player u that updates its
strategy. We have not made this dependence explicit in order to simplify the notation.

Further, the vector @ has the following important property which will be helpful in establishing the
desired inequality on the non-linear spectral radius of ().

Lemma 4 There exists a constant ¢ < 1 such that

<0,<gq, VkeS, VxeX, VueCl. (20)

|~

Proof. See Appendix[Bl =

The structure of the Jacobian matrices of the best-response functions is summarized in the following
result.

Theorem 3 The Jacobian matriz of the best response function () of player u € C has the following form

I .0 L. 0
Dm(“)(x) =[Mu(x) ... 0 ... My(x)],
0 0 I

and M, (x) =¥ (I'B —1)©, where
e B is the S x S matriz with 1 in every entry, i.e., B=171,
o I' =diag(y) and © = diag(0), the vectors v and 6 being those defined in Lemma[3,
o U a positive diagonal matriz such that U, ; =1 if i € S,,(x), and ¥, ; = 0 otherwise.
Proof. The proof is broken down in three steps. Firstly, the uth row follows directly from Lemma [Bl

Secondly, the strategies of all players except player u do not change following the best response of player .
Therefore, for all i # u and all v € C, we have

35): (x) = {I if v=r1, (21)

0 otherwise.



This explains the appearance of the identity matrix on the diagonal and the 0 matrix in other columns of
each row except the row corresponding to the player doing the best-response (that is, row u).

Finally, since the best response of player u at point x is insensitive to her strategy at that point and
depends only on the strategies of the other player, we can conclude that, for all u € C,

81:5}”
ox,,

(x) = 0. (22)
This explains why the diagonal block in the uth row is 0. m

Corollary 2 The Jacobian matriz of &V has the form

1
D (x) = [] D«™(x),
u=K

where the index u goes down from K to 1.

4 Convergence of best-response dynamics

In this section, we shall first formulate a conjecture on the non-linear spectral radius of #(!) on which the
main result of this paper hinges. Then, this conjecture will be shown to be true for two particular cases :
(a) two-player routing games; (b) K player routing games with linear link cost function, ¢.

Conjecture 1 For a fited K and S, let J be the set of matrices of the form given in Corollary[2. Then,
the joint spectral radius of J is strictly less than 1.

On the extensive numerical experiments that we conducted, the above conjecture was indeed true.
The main result of this paper is then:

Theorem 4 If Conjecture[dl is true, then the best-response dynamics (8) for the routing game (BR=d) con-
verges to the unique Nash equilibrium of the game.

While we were unable to prove the conjecture, and hence the convergence of best-response dynamics, in
its generality, we can show its validity for two non-trivial cases — the two player game, and the K player
game with linear link cost function, which we show below.

4.1 Two-player routing game

First, we shall prove a general result related to the Joint spectral radius of a certain class of matrices. The
claimed result on the convergence of the best-response for the two-player game will then follow directly from
that result.
Let DT be the set of positive diagonal matrices, and G be the set of diagonal matrices I' € DT whose
diagonal entries satisfy in addition
s
Z v = 1. (23)
i=1

For any natural number k£ > 0, the above two types of diagonal matrices are used to define the set M of
S x S matrices as follows. M is the set of matrices M that can be written as M = (I'B — I) © for some
matrices T' € G and © € DF. We also define M®) for k > 0 as the set of matrices that can be written as
the product of k matrices belonging to M, where by convention M(® contains only the identity matrix.

For q € (0, 1), we say that a matrix M is in the set M, if M = (I'B—1)© € M and in addition ||©]; < g.
We similarly define Mflk) as the set of matrices that can be written as the product of £ matrices belonging
to M,. We note that the set M, is obviously bounded.
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According to Theorem Bl and Lemma [ the Jacobian matrices of the best-response functions of players
1 and 2 have the following simple form:

Dz (x) = (8 \111]]\/[1) , and Dz®(x) = (\I/ I]\/[ 8) ) (24)
2 My

where My, My € M, for some g < 1 and where ¥, ¥y are diagonal matrices with 0-1 entries on the diagonal.
Using Corollary 2 the Jacobian of the best-response function over one round has the form

) _ (0 WM,
bx <0 Uy My M, )

where My, My € M,. It then follows that the structure of the product of n Jacobian matrices has the
following form.

Lemma 5 If J1,Js,...,J, € J, then

- 0 o,x@ b
117 = S (25)
P 0 Tpx!

where Uy, Wy are positive diagonal matrices with 0-1 entries on the diagonal, X§2n71) € M((fnil), and

X8 e mP.
Proof. See Appendix[Cl =

Lemma Bl shows that the behaviour of a large product of Jacobian matrices is governed by the asymptotic
behaviour of the matrices X fn), Xz("). These matrices are themselves the product of matrices that belong to
M,. This suggests to first characterize the asymptotic growth rate of products of matrices in M,. Our key
result regarding this characteriztion is stated in theorem

Theorem 5 For any k > 1 and any matriz M = Hle (OB —1)0W in MW*) it holds that
k .
p(M) < [T O (26)
i=1

where 0% = max 05-1) foralli=1,... k.
<<

Proof. See Appendix[Dl m

The above theorem holds for any product of matrices belonging to M. If we now restrict our attention
to matrices belonging to M,, we obtain the following immediate corollary.

Corollary 3 For any product M, M,_1 ... My of matrices belonging to M, we have p(MpMp_1...M;) <
q", implying that p(M,) < q.

Proof. See Appendix[Cl =

We are now in position to prove that sequential best-response dynamics converges to the unique Nash
equilibrium x*.

Theorem 6 For the two player routing game over parallel links, the sequential best-response dynamics con-
verges to the unique Nash equilibrium for any initial point xg € X.

Proof. See Appendix[Cl =



11

4.2 K player games with linear link cost functions

Consider ¢(z) = x, a delay function which is often used in congestion games to model delays in road networks.
From (55)), it follows that ¢, = 1/2. Thus, the matrix M, in Theorem [is of the form 3(I'B — I) for some
I'eg.

Theorem 7 For the K player routing game over parallel links and linear delay function, the sequential
best-response dynamics converges to the unique Nash equilibrium for any initial point xo € X.

Proof. See Appendix[El m
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A Proofs of results in Section [3.1]

Proof of Theorem 2l  Consider two points z and w in X. Let the vectors a,b € IRi be such that
aj = sy %ij and b = Z#u w;,; for all j € S. In other words, a; and b; are the total traffic sent on link
j by users other than u in configurations z and w, respectively. To snnphfy notations, we denote by x7, 0y
and z;, ; the traffic sent on link j by player u after his best-response at points z and w, respectively, that is

Ty = ac( )( ) and z¥ 2" )( ). For the purpose of the proof, we also define

Bl = (o0 + Zg (20,

j j 5

for all links j € §. Then the marginal costs of player u on link j after the best-response of that player
at points z and w can be written as g, ;(z(")(z)) = f;(zZ b2 a;) and g, j(x (W (w)) = fi(z¥ wj>bj). From
the KKT conditions, there exist p, and p,, such that f;(z uJ,aJ) > p., with equality if j € S,(z), and
fi(zy Ty s bj) > pw, with equality if j € S,(w). Without loss of generality, we assume that p, > p,,. As a
consequence, we have

fj(‘rai,jaaj) ij(xijabj)a vj GSu(W)' (27)
Consider now the sets
“={jes ::ci’j<w7“u”’j}, (28)
and
St={jeS zj,;>uay;}. (29)
Assume first that S~ = (. Then x ; >z} ; for all j € S. However, since
D Tag = DTy = (30)
Jjes JjeSs

this implies that z7 ; = 27, for all j € S. It yields
Dl =i =0 (31)
jES
Assume now that S~ # (). Since S = S~ |JST, we obtain from (30) that
D leh —aisl == ) ek -l (32)
jest jeS—
which leads to
D lety =iyl =2 3 faiy — iyl (33)
jes jes—

For j € §~, we have by definiton 0 < zZ . < 2 ., and hence j € S, (w). Thus, S~ C S,(w). With 27,

wj S Luyg
it yields f;(x uﬁj,aj) > fi(xy ;,05), and thus

osft’jJraj ,j +a; I’Z)’j+bj J +b; )
(B e (P 2o (B ) e (),

for all j € 7. However, since for j € S~ we have z7, ; < z;/; and since ¢ and ¢’ are strictly increasing, this

implies that x7, ; +a; >z ; + b;, from which we deduce that
0<zy;—ay;<a;—b; VjieS . (34)
It yields

Do len — i < Y lag byl (35)

jeES™ jES™
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With (B3], we thus obtain

Dot —all <2 Y lag—bil <2 la; — byl (36)

JeS JES™ JES

From (BI) and (36]), we obtain that, whether S~ be empty or not, we have

z w
Doleky -l < 2 D gD wi

JjES JES |iFu itu
< 2) 0Dz — wiyl
jES iu
< 20N Mz — wiyl (37)
ieC jeS

Since 3351;) (z) = x%) (w) for all j € S and all i # u, we also have
i#u jES
Finally, from (37) and (B8], we conclude that

SN [ — a2l w)| <2 303l - wil (39)

i€C jES i€C jJES

2% (2) — () (w)| = 0 (38)

that is,

2 (z) — 20 (w)[|1 < 2|z — w1, (40)
as claimed. m

Proof of Lemma [l Let €, be the set of points x € X where S, (x) is locally stable. Let us define

, e (o(EYy L B TY

) = (o) 1 LoD )

for all links j € S. Note that f;(z,y) is continuous and strictly increasing in both z and y. Then the
marginal cost of player u on link j after the best-response of that player can be written as gy, ; (a?(“) (x)) =
fj(:c(u).(x), > ku Th,j)- From the KKT conditions, the function p: X_, — IR defined by

w3
— mi (o (1)
p(x—u) = min gy (2 (x))
is such that
JESUX) = f(0,) wr;) < plX_u). (41)
k#u

Note that the continuity of the best-response function z(*) on X (cf. Theorem [2]) implies that of the
marginal costs, and therefore the continuity of g on X_,,.

Let x be a point such that no link is marginally used by player u in its best-response at point x. Let us
first consider j € S, (x). From (4I)), there exists § > 0 such that f;(0, 3, ., @k,j) < p(x—y)—6. Since f;(z,y)
is continuous in y and p(x—_,) is continuous on X_,,, there exists €; > 0 such that, for all z € B,(x,¢€1),

é 6
(0, sz,j> < f;(0, Zxk,j) + 5 <px-u) — 3,

2 2
and p(z_y) > p(x—y) — 3. It yields
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]
£1(0,3 " 2rj) < plx—u) — 5 <hlz-u), V2 €By(x. 1),
k#u
and thus, according to I, we have j € S,(z) for all z € B,(x,¢1) if j € Su(x). As a consequence, if
Su(x) =8, then S, (z) = S for all z sufficiently close to x, and thus x € Q,,.
Otherwise we can find j € §\ S, (x). Since no link is marginally used by player u in its best-response at
point x, there exists § > 0 such that

Fi(0) " mg) > p(xou) + B, Vi €S\ Su(x). (42)
k#u
Proceeding as above, we can show that there exists e > 0 such that, for all z € B,(x,€2), u(z—y,) <
w(x_y) + g and

£50.3 215) > 550, Y ws) — 5 > ) + 5,
k#u k#u

from which we conclude that f;(0,3;,, 2k,5) > p(z—y), for all z € B,(x, €2). This implies that if j & S, (x),
then j & S, (z) for all z € B,(x, €2).

Choosing € = min(ey, €2), we thus conclude that for all z € B,(x,¢), Su(x) C Su(z) and S\ Su(x) C
8\ 8. (z), which is equivalent to S, (x) = S, (z). This shows that if no link is marginally used by player v in
its best-response at point x, then S, (x) is locally stable. m

Proof of Proposition Il From Lemma /I we know that if x is such that no link is marginally used by
user u in its best-response at point x, then the set of links S,,(x) is locally stable at x. As shown in Theorem
B this condition is sufficient to compute the partial derivatives of 2(*) at point x. It can be seen from &1

(u) (u)
and (22) that the partial derivatives ag}iu (x), i # u,v € C, and ‘?T“u (x) are contiuous at x. According to

oz(™)

Lemma (2 the continuity of the partial derivatives (x) at x for ¢ ¢ S, (x) follows from the local stability

()
Do
for i € Sy (x),k € S. In view of equations (B0)-(B4), the continuity of these partial derivatives follows from
our assumptions on ¢ and from the continuity of 2(*) at x. Thus, all partial derivatives of z(*) exist and are

continuous at x, and therefore (%) is continuously differentiable at x. m

OXy

of §,(x) at x. Finally, a closed-form formula is given in (IJ]) for the partial derivatives for v # u and

B Proofs of results in Section

Proof of Lemma 2l The proof follows from the assumption that S, (x) is locally stable at x. We have

xi“l) (x+ hy) = xiul) (x) = 0 for any vector y and h > 0 sufficiently small. This implies that the directional

(u)

derivatives of z,, ;, and thus its partial derivatives, are 0. m

Proof of Lemma [3l The proof is based on two observations: (i) at a best-reponse strategy, the change in
marginal cost of player u due to a change in the strategy of player v is the same in every link that is used
at the best-response strategy; and (%) the total flow is conserved for player u irrespective of the change in
the strategy of player 1.

Recall that
oT,
8mu’i

Gui(@™ (x)) = (21 (x)).

is the marginal cost of player u at link ¢ under strategy profile z(*) (x), i.e., after the best-response of player
U.
For i € 8,(x), from the K KT conditions, the best-response strategy of player w, xq(Lu), is such that the

marginal cost is the same in all the links that receive a positive traffic at this strategy. That is,

Gui(2 (%)) = plx_u) Vi€ Su(x), (43)
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where the constant p depends upon the strategies of the players but not on the index of the link. The local
stability of S, (x) implies that the set of links used by user u does not change for an infinitesimal variation
on the strategies of the other players. This leads to our first observation which is that the change in the
marginal cost of player u at its best-response strategy due to the change in the strategy of player v # u at
link k is the same at all links that receive a positive flow of player u. Thus,

OGu.i .
It (W (x)) = g, Vi € Su(x), (44)
ar'u,k
where po depends upon the strategies of the players. We have not made this dependence explicit in order to
simplify the notation.
For a function of the form h(f(z),z), its derivative with respect to x is given by

ah(f(@).) _ db(f.a) df | dhlf.o)

dx df dz dz

where in the first term on the RHS, h is treated to as a function of f only, whereas in the second term it is

treated as a function of z only.
(u)

u,?

Since z,, ; is a function of z, , we can use the above formula to rewrite ([@4]) as

dmu,i amv,k dmv,k

= p2, VieS,(x), (45)

where the partial derivates are replaced by full derivates in order to indicate that the function is differentied
in one variable while treating the other as constant.

The particular form of the cost function given in problem ((BR=z)) permits a simplification of the LHS
of the above equation by noting that the marginal cost in a link depends only on the traffic that is routed

to that link. Thus,
(u)

dgu,i axu,i
dxy; 0%y k

da.
01 (0) T2 = i, Wi € (), (46)
T,k
where dx(7) is unity if ¢ = k, and is zero otherwise.
The value of py can be computed using the second observation that the total flow of player u is conserved
irrespective of the strategy of player v. That is,

oz
> ﬁ =0 (47)
iesa(x) TTvk

We thus obtain

-1

s ()

dguy ((dgu\ "
= (1) 5 (o=
H2 Z k( )dxv,k (dl‘uJ)

d'rul
1€S, (x) 1€8. (x) )
dgu {dgur\ dgl_l_l
= (dxv,k (dmu’k) > lesz:( ) (dl’u’l) ’ (48)
and
3 = =0 (vi — 0k(7)), VieSu(x), (49)
Lo,k
where

dgur {dgur\ "
0, = g,k(g,k) ’ (50)

o dmv’k d:cu,k
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and
-1

dga\ g\~

;= u, U, ) 51

" Z (dmul) (dmuz) (51)
€S, (x) ’ ’

We will now show that 0 < 0, <1 and 0 < 7; < 1. We have

Tk
us = (000) + 50/ ) 52)
Thus, since ¢ is an increasing and convex function,
g0k T (1) 4+ L () ) > 0, (53)
dl’v’k Tk Tk

independently of the player v # u, and

4Guk _ T <2¢/(Pk) + x;:%”(ﬂk)) > 0. (54)

dxu,k N E
Thus, from ([B0), 6 > 0 and

_ Fow) + 50" (pr)
29/ (px) + 250" (px)

We thus obtain that 6 is independant of v and that 0 < 6, < 1. Similarly, we note that ~; is positive

and smaller than unity due to the fact that jg—&‘ﬁ is postive for all . To conclude the proof, we note that
Lo,k

O

< 1. (55)

2 ies,(x) Vi = 1 from the definition of the vector v in (BI)). Thus, letting v; = 0 for i & S,(x), we obtain
ZiES Yi = 1. m

In order to prove Lemma [4, we need the following result.

Lemma 6 There exists a strictly positive constant pmax < 1, independant of u and x, such that the utilization
rate of each and every link j € S, (X) is upper bounded by pmax after the best-response of user u at point x,
that is,

P (%) < pmaxs ¥ € Su(x), Vx € X, YueC, (56)

where p™ (x) = L 3. 2{"(x).

J T i€C i,j

Proof of Lemma [6l Observe that x € X implies that Zk;éu xy,; < r; for all links j, and thus that

the optimization problem for player u is well-defined. Let z = z(® (x) be the point reached after the best
response of player u. To simplify notations, we let p; = pgu) (x). From the K KT conditions, there exists

i (X—y) such that

i |6(ps) + %jwj) = (%), Vj € Su(x) (57)
mip(ps) > pu(X—u), Vi ¢ Su(x) (58)
Since 0 < 2, ;/7; < p;, Vj € Su(x), (D) leads to the inequalities
T 0(p;) < pu(X—u), (59)
() < 7500 (p3) + 6(p7))- (60)

Moreover, p; and ¢'(p;) are non-negative. Thus, (G8) leads to

fru(X—u) < i (pj¢" (p5) + D(ps))s Vi & Su(x),
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which combined with (60 gives the inequality

pu(x—u) < 7509 (p5) + d(pj)), Vi € S. (61)

Let f; : [0,1) — [¢j,00) be defined by f;(z) := m;(x¢’(x) + ¢(x)). Note that f is increasing and non-
negative, and hence invertible. The inverse on f; is defined on [¢;,00). Let us define h; : [0,00) — [0,1) in
the following way :

v @) iz € fej,00);
hi(z) = { 0 if z€l0,c¢).

The function h; is continuous and non-decreasing. Further, from (GI]),

Dk Pk
hi(pu(x_u)) < pj = S
Ty
Summing over all the links, we obtain the following functional inequality on f, (x_,) :

h(pu(x—4)) = erhj(MU(xfu)) < ZZ Zk,j = Z)‘iv (62)
J kE J i

that is p,(x_,) is such that the above inequality is satisfied. A bound on p,(x_,) itself can now be
obtained by making use of the following observations. Since h; is continuous and non-decreasing for all
j €S, h is continuous and non-decreasing. It has [0, 00) as its domain and [0, > j r;j) as its image. Further,
lim, o0 h(z) = >_;7j- From the stability condition, >, \i < 3, 7;. Using these properties and (62), we
can conclude that iy, (X—y) < fhmas < 00.

It then follows from (B9) that

Pj < 6] = ¢_1 <Mmux) ) VJ € Su<x)7

T

and the upper bound 3; depends neither upon u nor upon x. Moreover, ¢ is such that z < co < ¢~ (z) < 1,

and hence 5; < 1. By definition of S, (x), we also have p; > 0 and thus §; > 0. Taking pmax = max

o2 Pi

yields the proof. m

Proof of Lemma [l We note from (B5) that, since w;fk’“ ¢"(pr) > 0, we have 0, > (¢'(pr) +
ek (pr)) /(26" (pr) + 2522 " (pr)), implying that

O > 5. (63)

DN | =

Since ¢ is increasing and convex , 0y is an increasing function of z,, j (considering py = p,(cu) (x) as fixed),
and since @, /rr < pi, we also have the following inequality:

o' (pr) + prd" (pr)
26/ (px) + prd” ()
c 1 ¢’ (Pr)
- 26/ (pk) + prd" (px)

Since the numerator and the denominator of the fraction appearing on the right-hand side of (64)) are strictly
increasing in py, Lemma [6 implies that

Ok

(64)

¢'(0)

O <qg=1-
2¢/(pmax) + pmax¢/l(pmax)

<1. (65)

A consequence of Theorem Bl and Lemma [4
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Proposition 2 The set J; of Jacobian matrices is bounded.

Proof of Proposition Bl Consider a player u € C and a point x where the best-response function z(*) is
differentiable. Theorem [3] implies that

[z < i+ MGl
< 1+ ma?S( |0m(7n - 6m(n))” (66)
me neES, (x)
For m ¢ S, (x), we have
Z |9m(7n - 6m(n))| = 9’”1 < 17 (67)
nES, (x)

while for m € S, (x), we have

Z 0 (V0 — Om(n))| = O Z Y+ [ym — 1

nES, (x) neES, (x),n#m
= 201 —m)
< 2 (68)
With (G6), (67) and (G8]), we obtain that HDQC(“)(X)H1 < 3 for all players u € C and all points x where
2 is differentiable. From its definition in (@), we thus conclude that the set J is bounded. m
From the submultiplicativity of norms and relation (@), it follows that

Corollary 4 The set J is bounded.

C Proofs of results in Section 4.1]

Proof of Lemma [Bl The proof is by induction. The claim is true for n = 1. Given that the form is true
for some n, it will be shown that the form holds for n 4+ 1. By definition,

n+1 n

H Ji = Jnt1 H Ji
=1 i=1

_(0 M, > 0 Tyx Y
0 \I/QMQMl 0 \II4X2(2“)
_ (0w wsx (Y

0 WyMyM; U, X

Since M; € M, and ¥, is a 0-1 diagonal matrix, it follows that M; ¥, € M,. Using the previous fact and
the definition M,(f") and the fact that Xézn) € /\/l((fn), one can deduce that (Ml\Ilg)Xézn) € MSIQ(HH)_D,
and Mo M0, X5 € MPCHD) | g

Proof of Corollary Bl  Consider My, M5 ... M, € M,. Each matrix M; can be written as M; =
(TOB —1)0W, where 0!, = [|0@|]; < ¢. From theorem [ we thus obtain p(M,M,_; ... M)w < q. As
a consequence,

1
sup  p (H MZ-) <q

My, .M,€M, \G3
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Since M, is bounded, its joint spectral radius and its generalized spectral radius coincide. From the
definition in (IIJ), we immediately obtain that p(M,) <¢. ®

Proof of Theorem [6l Since J is bounded (see Corollary M), and the Generalized spectral radius is
equal to the Joint spectral radius of a bounded set of matrices, it suffices to prove that p(J) < 1. From
Lemma B we have

det (ﬁ Ji — )\I) = det (—)\I) det (\IJQX )\I) ( )\)S det (‘I’QXéQn) _ )\I) ,

i=1
implying that A # 0 is an eigenvalue of [[!", J; if and only if it is an eigenvalue of \IJQXéQ”). Thus,
p(Iliy Ji) = p (‘I/2X2(2n)>. Further,

(o) < oux

b

2
< ||

— X(Q")
=

and thus, since X2(2n) € ME,Q")

p@pJSSwMMP%W&

Mem{P™

where the last equality is obtained using the definition of the Joint spectral radius ([[Q). Let ¢ = 1%‘1 > 0.
Since py, (/\/lq)% — p(My) as n — oo, there exists N such that for all n > N,

l-qg_1+g
J; < < -7
<|| ) p(My)+e<qg+ 5 5

where the last inequality follows from Corollary Bl Since the right hand-side is independant of Jy, ..., J,,
we deduce that

L
1
sup HJ Sﬁy Vn > N,
Fdvea” Py

. L. 1+
and, according to [T} it yields p(J) < ¢ <1. m

D Proof of Theorem

The main difficulty in proving Theorem [lis that the matrices M of M*) are neither positive nor negative.
To circumvent this difficulty, we shall construct a positive or negative matrix A such that p(M) < p(A) and

IA]l, < Hz 1 07,4, Before showing how to construct such a matrix, we state two basic properties of the
matrices in M®*) in the following lemma.

Lemma 7 For any matriz M € M%) the following two assertions hold:
(a) for each and every column j, Zle m;; =0,

(b) if X# 0 is an eigenvalue of M and if x is the associated eigenvector, then Zle z; = 0.

Proof. Let us first prove assertion (a). Consider M € M) and write M as M = (I'B — I1)©Y with
Y € M* =D Then,
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(Zmi71,...,2mi7s> =1"mM = 1T (rB-10Y
(271—1,72’}/1—1> Y

= 07

which proves the result. Let us now prove assertion (b). Let M € M® be written in the form M =
(I'B — I)OY and consider A € o(M), A # 0 and x # 0 such that Ax = Mx. Multiplying on both sides by
17, we obtain

s
A i=0=1"x=1"Mx =0,
i=1
where the last equality follows from assertion (a). Since A # 0, this implies that Zle z;=0. m
We will now use property (b) of Lemma [7 to show that, for any matrix M € M®)_ if we choose the
matrix A to be of the form A = DB + M, where D is any diagonal matrix, then p(M) < p(A4).
Lemma 8 For any matriz M € M®) and for any diagonal matriz D, p(M) < p(DB + M).

Proof. Let A # 0 be an eigenvalue of M and x be the associated eigenvector. We have

(DB 4+ M)x = DBx + \x = (Z x) D1 + Ax = \x, (69)
where the last equality is obtained using property (b) of Lemma[fl Since this can be done for all non-zero
eigenvalues of M, we conclude that (M) — {0} C o(DB + M). This clearly implies that

max |[A| < max  |A],
A€o (M) Aea(DB+M)
ie, p(M)<p(DB+M). m

Given a matrix M € M®)  we shall now consider two specific choices of the diagonal matrix D : the
first choice allows to obtain a matrix A > 0 such that p(M) < p(A), while the second one produces a matrix
A < 0 with the same property. Since the two choices lead to a positive or negative matrix A, the evaluation
of ||Al|; is greatly simplified, allowing to obtain useful upper bounds on p(M). These bounds are proven in
the following proposition.

Proposition 3 For any matrizc M € M®) | the two following inequalities on p(M) are valid:

p(M) Z m (mi 1) (70)

1<k
i=1

s
p(M) Z nax (mi k) (71)

Proof. Let us first consider the diagonal matrix D defined as

D = —diag (mkln (mak) 7mkin (mak),. .. 7mkin (mg,k)> ,

and consider the matrix A = DB + M. Since a; j = m; j — mkin (mik), Vi, j, we have A > 0. We know from
Lemma [8 that p(M) < p(A) < ||A]|;. Hence



22

< -
p(M) < max (ZM)

max (Z Mij — Z min (ﬂ%yk)) ;
1 3
< - Z min (mik),
[

IA

where the last inequality is obtained using property (a) of Lemma [7
To prove the second inequality, we now define the matrix D as follows

D = —diag (mkax (mak) , max (mak),... , max (m&k)) ,

and obtain a matrix A = DB + M < 0 since a; ; = m; ; — max (mik), Vi,j. Again, using p(M) < p(A4) <

[|A]l,, we obtain

< _ o
p(M) < gjagS( Zam>,

i

e (S-S )
'3 1
< Y max (mi k)
7

IN

and both inequalities on p(M) are proved. m

We will now prove that we can recursively obtain upper bounds on the terms appearing on the right-hand

sides of (70)) and (ZTJ).

Lemma 9 Let the matriz M be in M®) and let X € M(kfl), © € Dt and T' € G be such that M =
X(I'B—-1)O. Then

S S
_ ) < .
Z; i (mij) < Omax ) max (i j), (72)
i= =
S S
- 11%1]32(5' (ml,j) > *amaz -t 12‘1;15 (xi,J) ) (73)
i= i=

where 0,4, = max0;.
3

Proof. We have m; ; = 6; (3, ©i Yk — %ij), Vi,j. Since max(x; ;) > >, «; kY, for all 4, we have
J

mi; > 0; (Z TikVk — mjﬂ(%j)) > Omax (Z TikVk — m;?LX(xi,j)> ) (74)

k k

for all ¢, j =1,...,S5, and thus min(m; ;) > Omae <Zk Ti kY — max(xi,j)). As a consequence
J J
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Vv

Z Injin(mi,j) om,am <Z Z T kVk — Z mﬁx(xi,j)> ’
Omaz (Z <sz k) Yk — Zmax Zi,j ) 5

and since ), x;; = 0 for all k according to property (a) of Lemmal[7] it yields

i ij) = _amam ©,J 7
zi:mjm(m g) = zi:mjax(x ) (75)

v

which proves that — . min(m; ;) < 040 Y, max(x; ;), as claimed.
j J

The proof of the second inequality is similar. We observe that

m;; < 0; (Z TikVk — Injin(xi,j)> < Omaz (Z TikVk — Hljin(xi,j)> ; (76)

k k

forall 4,5 =1,...,5, and thus max(m; ;) < Omaq <Zk Ti kY — m_in(a:m)). It yields
J J

ijax(mi,j) < Omax <ZZI1 EVE — Zmln T ) ,
7

Omaz (Z (szk> Yk — E mln xzy > ,
- maxzm,ln xi,j )

- J

i

IN

IN

as claimed. m

We are now in position to prove Theorem

Proof of Theorem [Bl  Consider a matrix M = Hle (TOB —1)0® in M® . Define the matrices
XM = L, (DB ~-1)0W for n = 1,2,...,k. Note that X" € M that M = X®* and that
X = x(n= 1)(F(")B NOM for 1 <n < ke

We have X(1) = (T B — 1)@, With (TT]) we have p(X1)) < Zl 1 max ( Elk)) However

S
M _1)p® (1)
;1§k<5(x71) < ;max (('Yil )01 mix( il 9,; ))7
S
< 00, Z%( = O -

from wich we conclude that p(X(l)) < 95,230 If k = 1, we have M = X and thus p(M) < 9,(%2” For k > 1,
we consider separately the case when it is even and the case when it is odd. If k is even, Proposition [J] states
that

S
<-> glil (mi k) (78)

i=1

and the repeated application of Lemma [0 yields
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s
(k) (k—1)
P00 < 0> ma (o)
s
< —g) gl—1) min (x(vkz_m)
= maz Y max — 1<j<8 @]
s
<

k
5 s ()
[EWHZ;ggsak,

1=

and we conclude with ([[7) that p(M) < Hle 6.+ If on the contrary k is odd, we use the second inequality
in Proposition Bl to obtain

S
p(M) 37 max (mi). (79)

p(M)

IN
\
e
3=
o
8
(]
|
i
A
[05
/N
e
<
N—

IN

00, 0 D max (al7)

IN
>
e

]
8
M=
-
N
mtxi
~
8
=2
——

and with (1) it proves that p(M) < Hle 0%, We therefore conclude that p(M) < Hle 0 for all
matrices M*) and forall k > 1. m

We prove below that there exist some matrices in M®*) for which the upper bound on the spectral radius
of Theorem [l is tight.

Lemma 10 For any k > 1, there exists M € M¥) such that p(M) = Hle 0.

Proof. Consider a matrix M = Hle (I‘(i)B -1 0@ e M® guch that O = 07(7?(195] forall 1 <1 <k.
Obviously, M = (Hle Gﬁfl)ax) 15, ("B — I). Observe now that for all m,n

rwmﬂmB:<§p&vrwm:rwm,

which implies that

(ﬂmeo(ﬂmeO — rmprpg _rpmp p@pg g
= r™MpB_1rMMp_1MWB 4T
—@WB—Q. (80)
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Hence
k
OB 1) = (~1)* (P(k)B - I) , (81)

=1

and thus we obtain M = (—1)* (Hle 9,(,?,11) (I‘(k)B — I), which implies that p(M) = (Hle 9,(,?(”) P (F(k)B — I).

We note that I'*)B is a matrix of rank 1, since all its columns are the same. Moreover, the sum of
each column is 1. Thus, the spectrum of T'*)B is {1,0,0...,0}, which implies that the spectrum of
B —Tiso (F(k)B —I) = {0,-1,-1... — 1}. We conclude that p(F(k)B —I) = 1, which implies

that p(M) = (Hle Qy(rzz)am) n

E Equivalence of functions

Let v be a function satisying assumptions (Bq)—(Bs). If the link cost function is v, then the player i will
solve the following optimization problem:

minimize T;(x,x_;) = Z ¢ xij (y;) (BRpsi-i)
JjE€S
subject to
in,j =\ (82)
JjES
Yj in,j+2$k’j, VjeS, (83)
k#i
Ti.j5 Z 0, V] S S, (84)

Note that there is no capacity associated with a link, and there is no constraint of the type y; < r;.
Let » > X be a constant. Define the function ¢ as

P(rz) if x < p;
(x) = = . 85
( ) w(r‘r) + 1ix + (11—p)2 - TEP ifp<a<l, ( )

where p = % It can be verified that the ¢ satisaties assumptions (A;)—(A43).
We now show that the best-response of a player ¢ when it solves (BRpsi=7)) is the solution of (BR=z) with
¢ asin BH), and r; =7,Vj € S. If z € X is a solution of (BR=), then according to the KKT conditions:

: : N
C*J |:¢ (&) +Zj(,25/ (yfj) :| = I if Zj > 0,
r r r/r
r r
Using the relation (8h]), the above conditions can be replaced by:

¢ [(y;) + 29" ()l = rps if 2 >0, (86)
c;(y;) > if z; =0. (87)

where we have used the fact that, Vj € S, y;/r < A\/r = p.
It can be verified that (86])—(8T) are the KKT conditions for (BRpsi-7). Hence, both (BR=2) and

have the same best response dynamics.
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F Proof of Theorem [T

Proof. We shall show that the product of Jacobian matrices over n rounds goes to 0 as n — oo. This shows

that their JSR is less than 1, and hence best-response converges.
First we shall show this for the three player game as the proof follows the same steps for any number of
players. Omitting the multiplier ¥, the one-round Jacobian matrix for three players has the form :

0 M, M,
J(l) =JsJoJ3=|0 M5 My My + M5 M,
0 My(MoMy + M) WMs(Ms + MMy + M,)

Note that M,M, = (TyB — I)O,(T'yB — 1), = 6*(T,B — I)(T',B — I) where 6 = 1/2.

Denote I'yB — I = H,,, then M,M, = —0>H,,, and the Jacobian matrix for one round, is as follows
0 aH" g a"e 0 a"o a"o
JW = o —aMe2 Vo — BV g2 =1lo H(1)62 —aMe2 + H{Vo
o BV —HmMe2 —m{Ne2 4 HMe3 - gMe2 0 H‘”92+-H‘”93 a3 — g Vg2 — m{Ve2

2
Note here that for any round n, (H&")) = —H™ and for different rounds n, m, HM™ g — g

With notation pl(-f;-) () and ng,nj)

Hz(n)7 respectively, the Jacobian matrix J(™ after n rounds, it will take the following form

(0), or more simply pl(-z-) and q(?, for polynomial coefficients of H\™ and

Z’

0 HOR 1+ EO G HORM + D¢
1 n 1 n 1 1 n
J<n>:0H()()+H§><) H<>%3>+H<)<>

0 HOPG) 1+ HDG  HOR 1+ a0

To find recurrence relation between the polynomial coefficients in successive rounds, write
0 H{" g H{" g
J(”+1) =10 ("+1)02 ("+1)92 + H(n+1)9 J(n)
0 H(n+1)03 H{"H‘UQQ H§"+1)93 H(n+1)02 H(n+1)02

0 H g HO g 0 HOPM 4 HD G B+ HO ¢
0 _H g2 _HM g2 4 g 0 H(1> (">+H“> (n) H“) <”)+H“> gg

0 H<"+1>93 HHDg2  gnthgs _ ppntD g2 prin+) g2 0 H(1> (“>+H(1> (w) H(l) <")+H(1> )

One can then deduce the following recursive expressions for the vectors of polynomial coefficients in the

second column.

p{mkD) 0 > > P g 0 > i g™
<”+1> =|o0 02 0% -9 @ | and <"+1> ={o 02 0% -9 e
3 2 3 2 Pag | 2.3 3 2 3 2 2.5 ’
<n+1> 0 —6°+6% —6°4+20 () <n+1> 0 —6°4+06% —0°+20 i)
P3.; 93,5
A similar relation can be deduced for the vector of polynomials in the third column.
If it can be shown that the spectral radius of the matrix

0 -0 -0
As=10 62 62 -6
0 —0°4+6% —03+ 202

is less than 1, then we can conclude that the any product of Jacobian matrices will go to 0 in any norm as
n — 0o, and thus conclude that the JSR of 7 is smaller than 1.
For a K player game, it turns out that the matrix Ax has the form

- for j > 1,
[Akli; = {(1 — )l — (1—0)F for j <i. (88)
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which is expanded form is

0— X —6 —6 —6

_g )
0 —0(1—0)+6— —6(1—6) —6(1 — 0) —0(1 - 0) —0(1 - 0)
0 —0(1—0)2+001—0) —0(1—0)2+6—x —0(1 — 0)2 —0(1 — 0)2 —0(1 — 0)2
0 —0(1—0)3 +0(1—0)2 —0(1—0)3 +0(1—0) —0(1—0)3 +06—x —o(1 — 0)3 —o(1 —0)3
0 —0(1 — 0% + 01— 0)3 —0(1 —0)* + 01— 0)2 —0(1 —0)* + 01— 0) —0(1—0)* +6—x —0(1 — )%
0 —0(1 — )kl 11 —0)k=2  _ga-—o)k—1 490 —0)kF=3 o1 -0kl 100 -0k _—o(1—0)k—1 o1 —e)k—5 —0(1—0)k—1 19— £

In Proposition Ml stated just after this proof, it is shown that the spectral radius of Ag is less than 6
which is less than 1. We can thus conclude that the product of Jacobians will tend to 0 as n — oo, and
hence the best-response will converge. m

Proposition 4 The spectral radius of the matriz Ax defined in ([B8) is less than 6.

Proof. We shall show that the zeros of det(Ax — AI) are in the unit circle. Transform the Ax — A\ by
multiplying each row i by —(1 — ) and adding it torow i + 1, for i = K — 1, K —2,...,1, to get

—A —0 —0 —0 -0 —0
A1 =0) 06— 0 0 0 0

0 A1-8)  6-—2A 0 o o

det (Af — AI) = det 0 0 A1 =0 o -2 0 0
0 0 0 A(L—6) .- 0 0

0 0 0 0 oA —8) 6-—2A

Computing the determinant along the last column, one obtains the polynomial
det (A — M) = (=1)F [(A —0)F 0> (A—0)F TN (- 9)%] .
i=0

Denote the expression in the square brackets by P(X). For A # 1, after some algebra, we obtain

A0 [ MA-0)}
7o = 5 [ -

Since 0 < 6 < 1, for A < 0, P()) is negative for even k and positive for odd k.

For A > 1, the denominator (1 — \) is negative. Note that for A > 1, 6 < OA < A and then 0 < A — X <
A — 6. Then for the expression in the numerator the following holds,
ML= 0)F = AA=0)F = (A= 0NF =X\ = 0)F < (A —0N* — (A — 0)F < 0. Hence P(\) > 0.

For 6§ < X\ < 1, the denominator (1 — A) is positive. Note that for 0 < A < 60,0 < 9\ <6 < XA < 1 and
then 0 < A — 0 < XA — 6. Then for the expression in the numerator,
A1 =0k = AN =) =(A=0NF = XA —=0)F > (A —0NF — (A —0)F > 0.

Moreover, P(1) > 0.

Thus, the zeros of the function P(\) are in [0,6]. m
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