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The Price of Selfish Routing'
Marios Mavronicolas? and Paul Spirakis®

Abstract. We study the problem of routing traffic through a congested network. We focus on the simplest
case of a network consisting of m parallel /inks. We assume a collection of n network users; each user employs
a mixed strategy, which is a probability distribution over links, to control the shipping of its own assigned
traffic. Given a capacity for each link specifying the rate at which the link processes traffic, the objective is to
route traffic so that the maximum (over all links) latency is minimized. We consider both uniform and arbitrary
link capacities.

How much decrease in global performance is necessary due to the absence of some central authority to
regulate network traffic and implement an optimal assignment of traffic to links? We investigate this fun-
damental question in the context of Nash equilibria for such a system, where each network user selfishly
routes its traffic only on those links available to it that minimize its expected latency cost, given the network
congestion caused by the other users. We use the Coordination Ratio, originally defined by Koutsoupias and
Papadimitriou [16], as a measure of the cost of lack of coordination among the users; roughly speaking, the
Coordination Ratio is the ratio of the expectation of the maximum (over all links) latency in the worst possible
Nash equilibrium, over the /east possible maximum latency had global regulation been available.

Our chief instrument is a set of combinatorial Minimum Expected Latency Cost Equations, one per user,
that characterize the Nash equilibria of this system. These are linear equations in the minimum expected
latency costs, involving the user traffics, the link capacities, and the routing pattern determined by the mixed
strategies. In turn, we solve these equations in the case of fully mixed strategies, where each user assigns its
traffic with a strictly positive probability to every link, to derive the first existence and uniqueness results for
fully mixed Nash equilibria in this setting. Through a thorough analysis and characterization of fully mixed
Nash equilibria, we obtain tight upper bounds of no worse than O (Inn/Inlnn) on the Coordination Ratio for
(i) the case of uniform capacities and arbitrary traffics and (ii) the case of arbitrary capacities and identical
traffics.

Key Words. Nash equilibria, Coordination ratio, Selfish routing, Fully mixed Nash equilium.

1. Introduction

1.1. Motivation-Framework. We study a selfish routing problem in noncooperative
networks; in this problem, paths from a source to a destination are to be established by
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a collection of independent entities called users. So, users correspond to different traffic
sources, each seeking to determine the shipping of its own traffic over a shared network.
However, in doing so, different users may have to optimize completely different (and even
conflicting) measures of performance and demand. Such noncooperative and antagonistic
scenaria apply to various modern networking environments, where the possibility of
centrally optimizing given performance objectives is absent.

A natural framework for such multiobjective problems with multiple entities seeking
to optimize their own payoffs in a noncooperative network is (Noncooperative) Game
Theory. An appropriate, game-theoretic concept for the solution is Nash equilibrium
[21], [22]. Roughly speaking, the operating points of a noncooperative network are the
Nash equilibria of the underlying game among the users; these are points where unilateral
deviation does not help any user to improve its performance. The mission of this work
is to study the inherent cost incurred at Nash equilibrium due to the lack of a central
authority to monitor and engineer network operation according to global objectives; this
cost is often referred to as the Price of Anarchy [23].

We consider the simplest case of a network consisting of m parallel links. Here,
each of n users fixes a mixed strategy, which is a probability distribution over links;
the distribution determines the (possibly zero) probability for the user to ship its traffic
through each link. We model the latency over each link as the ratio of the total traffic
assigned to the link over its capacity; each user is charged, for each link it chooses, a
latency cost equal to the latency over the link. Here, Nash equilibrium requires that for
each user, its expected latency cost be constant across all links that are potential carriers
of the user’s traffic, given the congestion caused by other users; moreover, this (constant)
expected latency cost should not exceed the expected latency cost of the user on any of
the remaining links. So, in a Nash equilibrium no user could unilaterally decrease its
expected latency cost by switching to a different strategy.

We adopt Coordination Ratio [16] as the measure of performance loss due to unreg-
ulated traffic in a congested network. Roughly speaking, the Coordination Ratio is the
ratio of the Social Cost (specifically, the expected maximum latency in the setting we
consider) in the worst possible Nash equlibrium, over the Social Optimum; the latter
is the best “off-line” global cost (specifically, the least possible maximum latency in
our setting) had all information been available to a central network authority regulating
traffic.

1.2. Results, Techniques, and Contribution. Our departure point is a linear system of
equations for the minimum expected latency costs (Proposition 4.1), which we call Mini-
mum Expected Latency Cost Equations. These equations are specific to any arbitrary but
fixed Nash equilibrium of the system; they are inspired by (and reminiscent of) classical
equations of stochastic equilibrium, such as the Chapman—Kolmogorov equation which
describes the steady-state equilibrium of a Markov chain (see Section 6.1 of [13]). Their
coefficients and constant terms depend on the link capacities and the user traffics, as well
as on the routing pattern (which user can use which links).

For the rest of our study, we focus on a natural and intuitively promising special
case of routing pattern that we call fully mixed strategies; here, each user assigns strictly
positive probability to every link. Intuitively, fully mixed strategies favor collisions of
users across the links. Since collisions increase the maximum link latency, they are ex-
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pected to increase Social Cost, which is the expectation of maximum link latency. This
informal intuition behind fully mixed strategies suggests that they deserve study, since
they provide a natural candidate for Nash equilibria maximizing Social Cost and Coor-
dination Ratio; such equilibria have been called worst-case equilibria by Koutsoupias
and Papadimitriou [16].

Besides their purely intuitive appeal as worst-case equilibria, fully mixed strategies
are found to facilitate the solvability of the Minimum Expected Latency Cost Equations.
Specifically, we are able to explicitly solve them for the case of fully mixed strategies
and derive each user’s probabilities in a Nash equilibrium with fully mixed strategies,
henceforth called fully mixed Nash equilibrium; these probabilities will be referred to
as Nash probabilities. We discover that, for the fully mixed Nash equilibrium, the Nash
probabilities, cast as functions of link capacities and user traffics, enjoy a particularly
insightful form (Proposition 4.4).

The requirement that the derived expressions for the fully mixed Nash probabilities
represent probabilities that suffice for a Nash equilibrium yields the first existence and
uniqueness result for fully mixed Nash equilibria in this setting (Theorem 4.7).

We use our improved understanding of the structure of fully mixed Nash equilibria
to derive some new bounds on Coordination Ratio in two significant special cases of the
problem.

e We first consider the case where link capacities are uniform, while user traffics may
vary arbitrarily. Here, we observe that in a Nash equilibrium all links are equiprobable
for each user. This allows direct use of simple results from the classical theory of
random allocations (see, e.g., [14]), where each of n balls is thrown into one of m
bins, chosen uniformly at random. So, in our study, we treat users and links as balls
and bins, respectively.

e We also consider the case where user traffics are identical, but link capacities vary
arbitrarily while sufficing for a fully mixed Nash equilibrium to exist (Corollary 4.5).
In this case, links are no longer equiprobable for any particular user; nevertheless, the
constraints imposed by Nash equilibrium still enable us to recall the theory of random
allocations.

To prove bounds on Coordination Ratio, we develop a modular methodology that may
be applicable to other instances of the problem, and even to other settings with different
performance measures. The methodology consists of three major steps:

e The first step establishes a probabilistic tail lemma. Roughly speaking, a tail lemma
assumes a fail inequality for the maximum number of users choosing any particular
link (see Chapter 4 of [20]); that is, it is assumed that this number enjoys a sharp
concentration around its expectation. Using this assumption, the tail lemma establishes
an upper bound on Social Cost that may depend on parameters specifying the sharpness
of the concentration. (See Propositions 5.2 and 6.2 for the two cases we consider,
respectively.)

e The second step establishes a particular tail inequality for the maximum number of
users choosing any particular link; this step employs the form of Nash probabilities, the
constraints on link capacities and user traffics that are necessary for a Nash equilibrium
(Corollary 4.5), and standard probabilistic tools such as Chernoff-like bounds [2].
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The first two steps establish together a concrete upper bound on Social Cost. (See Propo-
sitions 5.3 and 5.4, and Proposition 6.3 for the two cases we consider, respectively.)

e The third step shows a lower bound on Social Optimum. (See Lemmas 5.5 and 6.4
for the two cases we consider, respectively.)

Overall, the proposed methodology implies concrete upper bounds on the Coordination
Ratio for each specific case we consider; the bounds obtained are as follows:

e For the case of uniform capacities and arbitrary traffics:
— Assuming that m = n, we prove an upper bound of [(31lnn)/Inlnn] + 1
(Theorem 5.6).
— Assuming that m < n/(161nn), we prove an upper bound of % 4+ o(1) times the
ratio of the maximum over the average user traffics (Theorem 5.7).
e For the case of arbitrary capacities and identical traffics, and assuming thatm < n, we
prove a strict upper bound of (240(1)) [(31nn)/Inlnn]+16/(4 — e) (Theorem 6.6).

This article promotes the fully mixed Nash equilibrium as a candidate equilibrium for
an intuitively hard problem instance with respect to Social Cost and Coordination Ratio.
We emphasize, however, that attempting to make any formal claims for this apparent
hardness has remained outside the scope of the present article. We believe that the
significance of fully mixed strategies, as such a central class, is due to be revealed. (See
Section 7 for a discussion on some follow-up work that supports this belief.) Finally, we
believe that the approach to studying the structure of Nash equilibria set forth here and
the proposed analytical methodology will prove instrumental to settling other problem
instances as well.

1.3. Related Work and Comparison. The KP model [16] initiated the algorithmic study
of performance degradation caused by lack of traffic regulation in a congested network.
Koutsoupias and Papadimitriou [16] obtained tight bounds on Coordination Ratio for
the case where m = 2 and less tight ones for the general case (under both uniform and
arbitrary capacities).

Our first and third bounds on the Coordination Ratio (Theorems 5.6 and 6.6) match
asymptotically a corresponding lower bound of 2 (Inz/Inln#n) shown by Koutsoupias
and Papadimitriou [16, Theorem 6], which was conjectured by them to be the right
bound for the model of uniform capacities. On the other hand, our second bound
(Theorem 5.7) identifies the first conditions on (nonconstant) m and n allowing for
a bound independent of m and n. Moreover, our first and second bounds surpass a
general upper bound of O(+v/mInm) shown by Koutsoupias and Papadimitriou [16,
Theorem 8] for the model of uniform capacities; that bound, however, holds for all
possible Nash equilibria, while our bounds hold for fully mixed strategies and under
particular assumptions on the relation between m and n. In the same vein, consider a

corresponding (general) upper bound of O <\/(cm/c1) > jeimy (¢! /cHV/In m) shown by
Koutsoupias and Papadimitriou [16, Theorem 9] for the model of arbitrary capacities;
clearly, this bound can be no better in order than ® (+/m In m). Hence, our third bound of
O(Inn/Inlnn) (shown by taking m < n) surpasses [16, Theorem 9] in all cases where

Inn/Inlnn € o(v/mInm).
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Inspired by the interest in Coordination Ratio, Roughgarden and Tardos [24] (and
much subsequent work) investigated the degradation in network performance due to
unregulated traffic for the earlier Wardrop model [25], which considers splittable traffics.

Some recent follow-up work on selfish routing in the KP model includes [3], [5], [7],
[10], [15], and [18]. (See Section 7 for an expanded discussion on some of this follow-up
work.) An excellent survey of research on the KP model, with some emphasis on results
related to the fully mixed Nash equilibrium, appeared recently in [12].

1.4. Road Map. Section 2 introduces the KP model, summarizes some background
material, and establishes some preliminary facts. Section 3 outlines random allocations.
The structure of Nash equilibria is studied in Section 4. The case of fully mixed strategies
is treated in Sections 5 and 6 under the models of uniform capacities and arbitrary
capacities, respectively. We conclude, in Section 7, with a discussion of our results and
suggestions for further research.

2. Definitions, Background, and Preliminaries

2.1. Notation and Preliminary Facts. Throughout, for any integer m > 2, denote
[m] = {1, ..., m}. For areal interval (a, b) and areal § > 0, (a, b) + § denotes the real
interval (a 48, b+ 6). For all integers m > 2 and n > 2, let J,,«, denote the matrix with
all entries in its m rows and n columns equal to 1; let I, denote the identity matrix with
n rows and n columns; all of its entries vanish except for those on the main diagonal
which are equal to 1. Let e denote the base of the natural logarithm. It is well known that
for any sufficiently large integer n and for an integer & < n, () < (ne/9)".

For an event E in a sample space, Pr(E) denotes the probability of event E happening.
For a random variable X, £(X) denotes the expectation of X. A tail probability for X is
the probability for X to take values away from its expectation (see Chapter 4 of [20]).

The following simple fact will be useful for proving bounds on tail probabilities.

CLAM 2.1. Assume p = [3Inn/Inlnn] > 3. Then (e/p)” < 1/n’.

PROOF. Since p > 3, it follows that e/p < 1, so that

<e>p (e)!'@lnn)/lnlnn'l - (e>(3lnn)/lnlnn ( ¢ )(31nn)/ln1nn
— — < |- = =50
P p p 1nln?z-|

(3lnn)/Inlnn
e elnlnn (31lnn)/Inlnn
S _— = .
EILYA 3Inn
Inlnn

Thus, it suffices to show that

1
=
n2

elnlnn (3Ilnn)/Inlnn
< 3lnn )

or, by taking natural logarithms on both sides and using the increasing monotonicity of
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the logarithmic function, that

31lnn (elnlnn
In

< —2lInn,
3lnn )

Inlnn

or, since Inlnn > 0 and Inn > 1, that

3 (1nf +lnlnlnn—lnlnn) < —2Inlnn,
3
or

3 (1n§+1n1n1nn) < Inlnn,

which holds as an equality for Inlnn = 3 and as a strict inequality for all n > 3, as
needed. O

2.2. Model. Our presentation of the KP model is patterned after the original one in
Sections 1 and 2 of [16].

We consider a network consisting of a set of m > 2 parallel links 1,2, ..., m from
a source node to a destination node. Each of n > 2 users 1,2, ..., n wishes to route a
particular amount of traffic along a (nonfixed) link from source to destination. (Through-
out, we will be using subscripts for users and superscripts for links.) Let w; denote the
traffic of user i € [n]. Define the n x 1 traffic vector w in the natural way. For a traffic
vector w, max/avg(w) denotes the ratio of the maximum over the average traffic in w.
In the model of identical traffics, all user traffics are equal to 1; they vary arbitrarily in
the model of arbitrary traffics.

A pure strategy for user i € [n]is some specific link. A mixed strategy foruseri € [n]
is a probability distribution over pure strategies; thus, a mixed strategy is a probability
distribution over the set of links. The support of the mixed strategy for user i € [n] is
the set of pure strategies (links) to which i assigns positive probability. A pure strategies
profile is represented by an n-tuple (¢, €s, ..., £,) € [m]"; a mixed strategies profile
is represented by an n x m probability matrix P of nm probabilities pf, i € [n] and
£ € [m], where pf is the probability that user i chooses link £. In this work, we shall be
mainly concerned with mixed strategies.

For a probability matrix P, define indicator variables If € {0, 1},i € [n]and £ € [m],
such that If = lif and only if p/ > 0. Thus, the support of the mixed strategy for user
i € [n]is the set {€ € [m] | If = 1}. In the fully mixed case, I} = 1 for all users
i € [n] and links £ € [m]; here, each user assigns its traffic on each link with positive
probability, and its support is [m].

A solo link is a link € € [m] such that Y ;_, I = 1. Clearly, there is a single user
s(£) such that I,f = 1if k = s(£), while I]f = 0 otherwise; thus, the solo link £ can be
traversed only by user s(¢). Since n > 1, it follows that there are no solo links in the
fully mixed case. Let S C [m] denote the set of solo links. A nonsolo link is a link that is
not solo. For each link £ € [m], the random variable 6 is the number of users choosing
link 2.

Let ¢’ denote the capacity of link £ € [m], representing the rate at which the link
processes traffic. So, the latency for traffic w through link £ equals w/c*. In the model of
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uniform capacities, all link capacities are equal to 1; they vary arbitrarily in the model of
arbitrary capacities. Define the m x n capacity matrix C with all entries in row £ equal
to ct: so,

¢ ¢ c
2 2 c?
C = . . .
C;ﬂ C."’l C;’ll
For a pure strategies profile (¢, £2, ..., £,), the latency cost for user i € [n], denoted

Ai, 1S (kak:z,- wk)/cei; that is, the latency cost for user i is the latency of the link it
chooses.

For a mixed strategies profile P, let W* denote the expected traffic on link £ € [m];
clearly, W¢ = Y ", pf w;. Given P, define the m x 1 expected traffic vector W in the
natural way. For a mixed strategies profile P, the expected latency cost for user i € [n]
on link £ € [m], denoted Af, is the expectation, over all random choices of the remaining
users, of the latency cost for user i when its traffic is assigned to link ¢; thus, clearly,

n ¢
Wi+ D ket ki PrWk

¢ _

M= =
oW — Piwi + iy Ppwk
= =
A =pHw + W'
=

For each user i € [n], the minimum expected latency cost X; is the minimum, over all
links £ € [m], of the expected latency cost for user i on link ¢; so, A; = mingepm) Af. For
a probability matrix P, define the n x 1 minimum expected latency cost vector X in the
natural way.

We are interested in a special class of mixed strategies called Nash equilibria [21]
that we describe below. Formally, P is a Nash equilibrium if for all users i € [n] and
links £ € [m],

= it ai=1
i=xn  if If=0.

Thus, each user assigns its traffic with positive probability only on links (possibly more
than one of them) for which its expected latency cost is minimized; this implies that
there is no incentive for a user to unilaterally deviate from its mixed strategy. Call (fully
mixed) Nash probabilities the probabilities in a (fully mixed) Nash equilibrium.

Associated with a traffic vector w and a mixed strategies profile P is the Social Cost [16,
Section 2], denoted SC(w, P), which is the expectation, over all random choices of the
users, of the maximum (over all links) latency of traffic through a link; thus,

D kb=t Wk S D ketymt Wk
SC(w,P) = & (max =Kzt 1) _ Comax SRL=L )
oo = e(my =) = 3 ([ =

01,0,...0,)elm]" \k=1
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On the other hand, the Social Optimum [16, Section 2] associated with a traffic vector w,
denoted OPT(w), is the least possible maximum (over all links) latency of traffic through
a link; thus,

Zk:ﬂk:L’ Wk
ax —F— |

OPT(w) = min
(01,0,.... ) E[m]" £e[m) ct

Note that while SC(w, P) is defined in relation to a mixed strategies profile P, OPT(w)
is realized by an optimum pure strategies profile. The Coordination Ratio [16], denoted
CR, is the maximum value, over all traffic vectors w and Nash equilibria P, of the ratio
SC(w, P)/OPT(w).

2.3. Properties of Nash Equilibria. Koutsoupias and Papadimitriou [16, Section 2]
provide necessary conditions for Nash equilibria.

PROPOSITION 2.2 [16]. Take any Nash equilibrium P. Then, for each user i € [n] and
link £ € [m],

¢ "V‘Z + w; — Ce)ui
pj =
w;
subject to

(1) for each link € € [m], W* =3} _, [,f(We + wy — c*Ay), and
(2) for each useri € [n], w; = Z;”:l II(W/ +w; —c/h).

We remark that the necessary conditions in Proposition 2.2 neither provide any ap-
parent way of computing Nash probabilities nor say anything about their existence or
uniqueness. It appears that existence and uniqueness are contingent upon the correspond-
ing existence and uniqueness of solutions for W and X to the conditions (1) and (2). We
observe a simple rearrangement of terms in condition (1) that yields explicit expressions
for the expected traffics on nonsolo links (in terms of the minimum expected latency
costs). We prove:

LEMMA 2.3. Take any Nash equilibrium P. Then, for any nonsolo link € € [m],

wt = = it Lwe 4 ¢ Y0 T
- n Ie 1 .
k=1 "k

PROOF. Proposition 2.2 (condition (1)) implies that

n n n
WE= DLW Lwe— ) It
k=1 k=1 k=1

wt Xn:I,f + il,fwk —ct il,ka,
k=1 k=1 k=1
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or

n n n
(Z If - 1) WE= = Kwe ey I
k=1 k=1 k=1
Since ¢ is a nonsolo link, Y }_, I,f # 1. This implies that
wt = — it Lwe + ¢ 3 T
Yici k-1 ’

as needed. O

2.4. An Exact Lower Bound. We conclude this section by establishing a simple lower
bound on Coordination Ratio for the fully mixed case and under the model of uniform
capacities; this bound is shown from first principles, and it holds for all possible values
of m.

PROPOSITION 2.4.  Consider the fully mixed case under the model of uniform capacities.
Then,

1 m—1
CRzm——5 ), 2 (91,.’.”.,9,)

I=I\Gy, ..., 0, <V

PROOF. For each useri € [n], set w; := 1; set also n := m and ¢ := 1. Note that for
these particular choices, OPT (w) = 1, since the least possible maximum (over all links)
latency of traffic through a link is achieved by assigning each traffic to a different link.
Hence, for any Nash equilibrium P, SC (w, P) is a lower bound on Coordination Ratio.

We will establish the claimed lower bound by specifying a suitable Nash equilibrium
P: for each user i € [n] and link £ € [m], set pf = 1/m. Notice that, by definition of
expected latency cost, for each user i € [n] and link £ € [m], Af =14+ m—-1)/m,so
that A; = mingepm Al = 1 + (n — 1)/m = A! for any link € € [m]. Thus, P is a Nash
equilibrium. So,

CR > SC(w,P)
= pt
& (?elﬁﬁ )

= Y 9Pr(max6'=19)

— Le[m]

= Y #(Pr(max 6’ <) — Pr(max0’ <o — 1))
Sl te[m] te[m]

m—1
= mPr(max 0° <m) — Pr | max 0% < 19) by sum telescopin
(max 0 < m) ; ({e[m] < (by ping)

m—1
=m— ZPr(maX 0t < ) (since maxgye(m] 6° < m).
S Le[m]
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For any fixed constant &, 1 < ¢ < m — 1, whatis Pr (maxc(,, 6° < ©)?Itis the pro-
portion of traffic assignments for whichnone of 8!, . . ., 6™ exceeds 1 among all possible
traffic assignments, while the total number of traffic a'é.é’ignment’s‘ Tis m™.
Thus,

) _ D6 om<y (el,f,em)

Pr <max ot <u

Le[m] mmn
so that
= (o0, o)
CRzm=3 ) =
d=10!,..0m<p
1 m—1 < m )
—n-py % ,
m 1 m
m" S o ey NI 0
as needed. O

We remark that Proposition 2.4 yields an exact lower bound on Coordination Ratio
for any particular value of m, in the sense that its proof explicitly provides a traffic vector
w and a Nash equilibrium P which together attain exactly the claimed lower bound. For
example, for m = 2 and m = 3, Proposition 2.4 yields the exact lower bounds of % and
g—; ~ 1.889, respectively, on Coordination Ratio. (The lower bound of % for m = 2 was

shown before by Koutsoupias and Papadimitriou [16, Theorem 1].)

3. Random Allocations. In this section, we briefly outline some material on random
allocations. The reader may prefer to skip this section for now, returning to it later when
its results are required.

Recall that a discrete random variable X follows the binomial distribution with param-
eters n and p if for each integer 9,0 < & < n, Pr(X =) = () p” (1 — p)"~”; then,
& (X) = np. In this case, X may be cast as a sum Y ;_, X; of n independent and identi-
cally distributed Bernoulli trials X;, where Pr(X; = 1) = pand Pr(X; =0)=1—p
for each index i € [n].

We shall use concepts and tools from the theory of random allocations (see, e.g., [14]),
studying the size of the fullest bin when each of n balls is independently thrown into one
of m bins, chosen according to some specific probability distribution. We shall exploit
arising analogies between selfish routing and random allocation problems, and we shall
interchangeably use the terms balls and users, and bins and links, respectively; thus, for
example, for any bin ¢ € [m], 0¢ denotes the random variable for the number of balls
thrown into it.

In the special case where all balls choose bin £ € [m] with the same probability
p(£), each random variable 0t, where £ € [m], may be cast as a sum of n independent
and identically distributed Bernoulli trials; each trial represents the choice made by
each specific ball to drop onto bin ¢ (with probability p(€)) or onto a different bin
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(with probability 1 — p(£)). Thus, in this case, 8¢ follows the binomial distribution with
parameters n and p(€).

The Case p(¢) = 1/m. This is the case where each ball chooses a bin uniformly at
random. Then, £(0%) = n /m, for all bins £ € [m]. A classical tool from the theory
of random allocations provides then an upper bound on an appropriate tail probability
involving the size of the fullest bin (see, e.g., Theorem 3.1 of [20]) and assuming that
m=n.

LEMMA 3.1. Assume each of n balls is thrown uniformly at random into one of n bins.

Then,
31 1
Pr | max6¢ > nrn < —.
Len] Inlnn n

The Case of General p(£). For the general case, arbitrary probabilities p(€) are allowed
foreachbin £ € [m]; then, £(8%) = np(£). In this case, classical Chernoff-like results [2]
apply to provide bounds for tail probabilities; we will use a particular such result derived
by Angluin and Valiant [1].

LEMMA 3.2 [1]. Consider any bin £ € [m]. Then, for any parameter € (0, 1),
2
Pr(6° > (1+B)E©BY) < exp (—? .5(9‘3)>.

We conclude this section with a technical fact that will be used later; it derives a
bound on an appropriate tail probability involving the size of any particular bin.

LEMMA 3.3. Consider any bin £ € [m]. Then, for any integer n > 3,

Pr (9’Z > ’73lnn—‘max{l S(QZ)}) < 4—max{1,np(6)}
> 1 , .

Inlnn (4 — e)n?

The proof of Lemma 3.3 appears in the Appendix. We remark that Lemma 3.3 gen-
eralizes Lemma 3.1 to the case of arbitrary probabilities p(£), £ € [m]. Moreover, the
proof of Lemma 3.3 generalizes the one given for Theorem 3.1 of [20].

4. The Structure of Nash Equilibria. Section 4.1 derives the Minimum Expected La-
tency Cost Equations. These are used in Section 4.2 for showing existence and uniqueness
results for fully mixed Nash equilibria.

4.1. Minimum Expected Latency Cost Equations. We remind the reader that S C [m]
denotes the set of solo links. We show:
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PROPOSITION 4.1 (Minimum Expected Latency Cost Equations). Take any Nash equi-
librium P. Then, for any useri € [n],

( m o m Ij ) n m IJIJ )
WS- 3ot S (3 )
j=I1 l j=1,j¢S ZI::I ij -1 k=1,k#i i=1,j¢S ZZ:I ij —1
m ) m Ij
= w: I’ —1— S
! SR

j=1 j=1j¢S
n m IIII
-y E - 5w
k=1,k#i j=1,j¢S Z j=1,jeS

PROOF.  We start with an informal outline of our proof. For any user i € [n], we derive
two alternative expressions for Z;":l I! W/ . The first one

Zm:Iijo = w (1 - zmjl,:’) +/\,-Zm:1,?cf
j=1 j=1 j=1

follows directly from Proposition 2.2 (condition (2)). The second expression

m.o " " lfw Y N

J J Zk 1 k J k=1 k J
E I; w E _ E I; o] k=l TRTE ” + w; E I;
j:] =1

J J
o -1 s =1 j=T.jes

will follow by using the expressions for the expected traffics on nonsolo links that were

derived in Lemma 2.3. Equating the two derived expressions will yield the Minimum

Expected Latency Cost Equations. We now continue with the details of the formal proof.
Fix any user i € [n]. By Proposition 2.2 (condition (2)), it follows that

i Il:in = w; (1 - i Iij> + A i I;/C‘/~
= = =1

We now derive an alternative expression for the sum Z 1 L Wi by using the ex-
pressions for the expected traffics on nonsolo links that were derlved in Lemma 2.3.
Clearly,

m m

dorwi = Z w4 Z w/
j=1

j=1 j=1,jeS

_ i (‘ le’wk+cfZZ 1115’\k>+ i wi

Zk ] -1 j=1,jeS

m " n J)\k
:_21117 lej k=1 ZIJWJ

J
j=1,j¢S I 1 j=1,j¢S Zk l - j=1,jeS
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Equating the two derived expressions for Z}":l Iij W/ yields that

w; (1—i1if)+xiilfcf
=1 i—1
i JZZ]ijk+ i I/l Zkll)‘k + Z le
j=1j

1
Zk 11] j=1,j¢S Zk 11] j=1,jeS
or

m o m o ni [j)L
i=1 j=1,j¢8 k=t Bi =1

m i m n I wk

u(1-3n) - 3 TR
j=1 j=1,j¢S =1l — j=1,jeS

It follows that
< jjI])L—i_Zklk;él 2z

x,-ZI,/cf— > He
j=I1 j=1,j¢S Zk 111_1
i, Zk 11 Wk
= w, ZI;’—l)— Z e +21w1
(.il Zk 11] j=1,jeS

j=LjéS
Thus,
m.o. m [j I )»k
D WEETID o eI MR ke
j=1 111¢$Zk1 _1 j=1jéS klI_1
=wi<zlij_1> Z jZli k+ lewj
j=1 j=1.j Zk i — j=1,jeS
or

; -
j=1 oS Dkl ij _1 Zk 1I]

j=1,j¢8 j=1.j¢S
LI Iiw
:wi(zlij_l)_ ZIJ Zklj k+ ZIJWj
i=1 j=1.j¢S Zk e = j=1.jes

Thus, interchanging the order of summation,

n

mo m I’ . L 'r .
=1 1 k=1 ki i=1,j¢S D li — 1

J
j=tes 2= Li —

:w,.<i1;'_1> Zwk(Z ’—) AL
Jj=1 =1,j¢S Zk lI] j=1,jesS
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mo m I:i
= w; Zlij — l —_ Z n—l)
(j—l j=1,j¢S Zk:l Ik] -1
n (/ i I»jlkj ) Z S
- Wy T s A Lw,
Zk:l ij -1 J

k=1 ki i=1,j¢S i=1,jeS

as needed. O

4.2. Fully Mixed Strategies. 'We now focus on the fully mixed case. (Recall that there
are no solo 11nks in the fully mixed case. This implies, in particular, that the last term
> i=1,jes & I W/ in the left-hand side of the Minimum Expected Latency Cost Equations
is eliminated.) We set If = 1 for all users i € [n] and links £ € [m] in the Minimum
Expected Latency Cost Equations (Proposition 4.1) and solve the resulting linear system
to obtain that A is a linear transformation of w.

LEMMA 4.2.  Consider any Nash equilibrium P, in the fully mixed case. Then

1 1 m .« . 1
A= w
Z‘;ﬁ:l ¢/
1 1 m

PROOF. By Proposition 4.1, for each user i € [n],

m ‘ n m 1 .
Ai J — A =/
(;C sz i1 ) k=;¢i ' (;Zk:11—10>

m m 1 m 1

k=1 ki
or
m 1 m . n 1 m
f(Se- o) 2 (i L)
=1 n—1+3 k=1 keti n—1+3
m 1 m
o) )
n—1 k=T keti n—1
or
ri(n—2) (Z )— Z A (Zcf) = w;(m—1)(n—1)—m) Z W,
j=1 k=1, ki j=1 k=1,ki
or

R
<.
lngh
o
~.
\—/
-
~
S
|
—
N’
N
o~
[ =
>
<
\—/
Il

(m—10n—-Dw —m Zwk.
k=1
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Thus, in matrix form,
n-2 -1 ...
m. -1 n-2 .- -1
> . S .
= : : - :
—1 -1 - n=2
m—-—1n—-1)—m

—m

—m m—-—1n-1)—m
—m —m
We observe that
n—-2 -1 -1 0 -1
-1 n-2 ~1 -0
-1 -1 n—2 —nlj —n+
so that inverting yields that
1 1
()1 L. _F
R B e B
ij'n:l cl
1 1
s Sl 0
m—-—1n—-1) —m —m
—m m—-—1)n-1) —m
—m —m
m 1
1 1 m
= = . . . . - W,
Zj:l c/ . . .
1 1 m
as needed.

—

—_
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—m
—m
. A
m—-—1Hn-1) —m
1
1
1
fol = L,
0
—m
—m
- W
m—-1n-1) —m
O

We now substitute the expressions for the minimum expected latency costs
(Lemma 4.2) into the expressions for the expected traffics (Lemma 2.3) to obtain that W

is a linear transformation of w.

LEMMA 4.3.

n—1

Consider any Nash equilibrium P, in the fully mixed case. Then,

1 m+n—1
W = —Jnxn + <
Zj:lc

c) w
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PROOF. Since, in the fully mixed case, there are no solo links and Il:i =1 for all users
i € [n] and links j € [m], Lemma 2.3 implies that for all links £ € [m],

_ D ket Wit ¢’ Dkt M

W[
n—1

Thus, in matrix form, Lemma 4.2 implies that

1
W= —"(-Juxn w+C-A)
n—1

m 1 1
1 1 1 m .« .. 1
= _JI71Xn'W+C'T . . . W
n—1 Zj:1 cl : Do,
1 1 m
1 m—+n—1
= _men + mic A
n—1 D e
as needed. O

We now derive expressions for the fully mixed Nash probabilities.

PROPOSITION 4.4.  Consider any Nash equilibrium P, in the fully mixed case. Then, for
all users i € [n] and links £ € [m],

o= (1o (1— ZZ=1”’">+ <
D (n — Dw; D

PROOF. The proof amounts to substituting the expressions for A;, i € [n], and W¢,
£ € [m], derived in Lemmas 4.2 and 4.3, respectively, into the expressions for the
Nash probabilities pf from Proposition 2.2. So, for a user i € [n] and link £ € [m],
Proposition 2.2 implies that

¢ we ct
pi =1+ —— A
Wi Wi
1 1 m+n—Dct\ &
=1+— —1+¥ ZLUk
w; n—1 ijl cl =
¢t 1

—— =i— | m—Dw; + Wy (by Lemmas 4.2 and 4.3)
wi Yy ¢f ( k; )

_(m—l)c[_i_zl'z:lwk 1 N (m+n—1ct B ct
il w; n—1 " (m—13/ ¢ 30 ¢

=1

_1_(m—1)cz+ Wi (1 N mct
N Yo cd w; n—1 " (m—1 3, ¢
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as needed. |

Do the quantities pf determined in Proposition 4.4 indeed represent probabilities?
For them to do so, it must be that for each useri € [n], (1) Z}"zl pij = 1, and (2) for each
link £ € [m],0 < pf < 1. Also, since these quantities were specifically derived for the
case of fully mixed strategies, condition (2) should more accurately be stated as (2') for
eachlink ¢ € [m],0 < pf < 1. A straightforward calculation verifies that conditions (1)
and (2') may or may not hold, depending on the particular values of the user traffics and

link capacities. Hence, we obtain an inexistence result for fully mixed Nash equilibria.

COROLLARY 4.5. Assume that there exist a user i € [n] and a link £ € [m] such that

mc* Y e Wk ) ct
( Z/:l Cj) < (n - 1)wl Zj:l c/ ¢ ( )

Then, in the fully mixed case, there exists no Nash equilibrium.

We continue to show that the necessary condition for a Nash equilibrium (in the fully
mixed case) determined in Corollary 4.5 is also sufficient.

PROPOSITION 4.6.  Assume that for all users i € [n] and links £ € [m],

PG Y R >/ ST DS SR,
iyl (n — Dw; il e

Then, in the fully mixed case, the probabilities

o= (1o (1— ZZ:Iwk)Jr <
D n—1)w; D

for each user i € [n] and link { € [m], are Nash probabilities.

PROOF. The assumption implies that for any useri € [rn]and link £ € [m],0 < pf < 1.
Thus, by definition of Nash equilibrium, we need to show that for any user i and link ¢,
Af = X;. So fix any user i and link £. Clearly, by definition of expected latency cost,

n Vi
N w; + Zk:l,k;ﬁi P Wk

i

ct

n

w; 1 ¢
=7 D piw
c C .

k=1,ki
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w; 1 mct ! ( e wk/>
= 1 | — ek=t T
ct ! ( ZFI c1> k:le;i n — Dwy

¢ n ¢ n
w; 1 mc 1 me
:—+_ l_im 4 Wy — — l—mi Wy
@ ( Y k:lX,k:;éi ct D¢/ ,;

1 n

m 1 n
= Wi + = 7 Wi
2 c 2 ¢ k=T ket
1 n
= W mw; + Z Wi | -
j=1 k=1,k#i

Lemma 4.2, implies now that Af = A;, so that by definition of Nash equilibrium and
fully mixed strategies, the probabilities pf are Nash probabilities, as needed. a

Propositions 4.4 and 4.6 together establish:

THEOREM 4.7 (Existence and Uniqueness of Nash Equilibria). Consider the fully mixed
case. Then, for all users i € [n] and links £ € [m],

B mct D Wk ) ct
(1 > Cj) : (1 - Dw + ST € (0,1)
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if and only if there exists a Nash equilibrium, which must be unique and has associated
Nash probabilities

O P (1_ZZ=1wk)+ L
D n—1w >l

for each user i € [n] and link £ € [m].

The expressions for the Nash probabilities pf in Theorem 4.7 enjoy, as functions of
the link capacities and user traffics, a particularly insightful form. Their first term is the
product of two factors: the first one 1 — mc*/ Z;"zl ¢/ depends solely on link capacities,
while the second one 1 — Y }_, wi/[(n — 1) w;] depends solely on user traffics. Their
second term ct/ Z']": , ¢/ depends only on link capacities. The first factor in the first
term vanishes for the model of uniform capacities; thus, it is responsible for eliminating
the dependence of Nash probabilities on user traffics in this model. A corresponding
elimination is lacking for the case of identical traffics, since the second factor in the first
term of the Nash probabilities does not vanish when user traffics are identical; thus, Nash
probabilities do depend on link capacities in the model of identical traffics. This subtle
difference manifests an inherent asymmetry between link capacities and user traffics, as
parameters determining the fully mixed Nash probabilities.

We finally remark that Theorem 4.7 implies that for the fully mixed case, Nash
equilibrium can be checked for existence and evaluated (if existing) in time ® (mn).

5. Uniform Capacities and Arbitrary Traffics. In this section we derive upper
bounds on the Coordination Ratio for the case of fully mixed strategies and under the
model of uniform capacities, where c* = 1 for each link £ € [m].

5.1. Preliminaries. We start with a characterization of fully mixed Nash probabilities.

LEMMA 5.1.  Consider the fully mixed case under the model of uniform capacities. Then
there exists a unique Nash equilibrium with associated Nash probabilities pf =1/m,
for each user i € [n] and link £ € [m].

PROOF.  Since 1/m € (0, 1), the claim follows immediately since, by Theorem 4.7, for
any user [ € [n] and link £ € [m],

o met (1_22_1wk)+ o
D (n—Dw; Dl

(- (1o ey 1L
_(1 m)(l (n—l)wi>+m_m' -
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Lemma 5.1 determines the Nash probabilities associated with the unique Nash equi-
librium. So, the discussion in Section 3 applies to yield that for each link £ € [m],

. n 1 g 1 n—v
== () () (1-2)

where 0 < 9 < n, and that £(6%) = n/m.

5.2. First Tail Lemma. We prove an upper bound on Social Cost under a certain as-
sumption on the tail of the probability distribution of max e, 0°.

PROPOSITION 5.2 (First Tail Lemma). Consider the fully mixed case under the model
of uniform capacities. Assume that, for a Nash equilibrium P, there exists a function
p(m, n) such that for every link £ € [m],
1
Pr (max 0t > p(m, n)5(0e)) < -.
£elm] n
Then

SC(w,P) < maxwy - (p(m, n) n + 1) .
keln] m

PROOF. We start with an informal outline of our proof. We use the definition for Social
Cost to observe that

SC(w,P) < maxwy - 9 Pr(maxo’=v).
( )  keln] k z?Z:() (Ze[m] )

We then use the assumption on Pr(maxycjy 0¢ > p(m, n) £(8%)) and split the summation
across © = p(m, n)E(6%), for any particular link £y € [m], to derive the claimed upper
bound on SC (w, P). We now continue with the details of the formal proof.

We analyze the Social Cost for the Nash equilibrium P. Clearly,

gy W
SC(w,P) = 5<max Z”‘if’j

te[m] C

= & | max wy
(Ze[m] (k;Z ))

& <max <9Z max wk>>
tefm] kb=t

& <max <0€ max wk))
Le[m] 1<k<n

= maxwy - & (max OZ)

IA

IA

keln) le[m]
n
= max wy - ¢ ZﬁPr max ¢ = ).
keln] = telm]
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We break the sum in the left-hand side according to the event that for some arbitrary
(but fixed) link £y € [m], maxecpn) 6° < p(m, n)E(O), to obtain that

SC(w,P) < maxwy
ke[n]

Z 0 Pr (max 6t = z?)
telm)

0<9¥<p(m,n)EO%)

t__
+ Z ﬂPr(g[%G _19>

p(m,n)E@O0)<<n

< max wy
ke[n]

> o(m,n) EO) Pr (gl[ax] 0t = 19)

0<9¥<p(m,n)EO%)

t__
+ Z nPr(gI;[%Q _19>

p(m,n)E@B)<V¥=<n

= max wy
keln]

p(m,n) EOF) Z Pr (max ot = 19)

Le[m]
0<¥<p(m,n)E(6*)

+n E Pr (max 0¢ = 19)
le[m]
p(m,n)E@O0)<¥<n
= max Wy
ke[n]

: (/O(m, n) E() Pr (gn[aX] 0° < p(m, n)5((9[°)>

+ nPr (in[axlgz > p(m,n) 5(0£°)>>
€e|lm

IA

max wy - (p(m,n)é’ ((9@0) 1+n- 1)

keln] n

(by assumption on Pr(maxcp, 8¢ > p(m, n) EO©)))

= max wy - (p(m, n) ﬁ + l) ,
keln] m

as needed. O
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The function p (m, n) in Proposition 5.2, called a tail function, provides a multiplica-
tive tail threshold for the random variable max em) 9¢ such that the measure of the tail
distribution of it that lies above p (m, n) £(0%), for any link £ € [m], is sufficiently small.

Proposition 5.2 implies that to show an upper bound on Social Cost, it suffices to
determine a suitable tail function p(m, n). We now do so for two particular instances of
the problem.

5.3. Upper Bounds on Social Cost. We determine a suitable tail function under two
particular assumptions on how m and n compare to each other.

The Case m = n. We prove:

PROPOSITION 5.3.  Consider the fully mixed case under the model of uniform capacities.
Assume that m = n. Then, for a Nash equilibrium P,

3Inn
SC(w,P) < maxwy - +1].
keln) Inlnn

PROOF. Take any link £ € [n]. Since £(6%) = 1, Lemma 3.1 implies that for each link

L € [n],
31 1
Pr ( max6¢ > nn E(0Y)) = -
teln] Inlnn n

Thus, Proposition 5.2 applies with p(m,n) = [(3Inn)/(Inlnn)] and yields

3Inn
SC(w,P) < maxwy - +1],
keln) Inlnn

as needed. O

The Case m < n/16Inn. We prove:

PROPOSITION 5.4.  Consider the fully mixed case under the model of uniform capacities.
Assume that m < n/(161nn). Then, for a Nash equilibrium P,

3
SC(W,P) < maxuwy - <—£+ 1>.
keln] 2 m

PROOF. Take any link £ € [m]. Since £(6%) = n/m, Lemma 3.2 implies that for any
parameter 8 € (0, 1),

A

2
Pr° > (1 4+ B)E(0) < exp (—% %)

2
exp (—% 16lnn) (since m < 16? ) .
nn

IA
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-1
Now fix 8 = 5 S0 that

Pr(9‘ > 2£(0")) < exp(—2Inn) = iz

n
Thus,
Pr(max ¢’ > 3¢ 9@> = Pr 0t > 2£(0"
<Mm] 3£(0") 2{41( 3E0Y)
< Y Pr(e° > 3£0Y)
telm]
1
= Z 2
telm]
_ 1
= m n2
n 1
< —
~ 24Inn n?
1
< —.
n
Thus, Proposition 5.2 applies with p(m, n) = % to yield the claim. O

5.4. Lower Bound on Social Optimum. In this section we prove a lower bound on
Social Optimum.

LEMMA 5.5. Consider the model of uniform capacities. Then

> Wy

1<k<

OPT(w) > max { =—="=" _ max wy|.
m 1<k<n

PROOF. Clearly, in the optimal assignment of traffics to links, some link must receive
traffic no less than the average (over all links) traffic, and some link must receive the
maximum (over all users) traffic. Thus,

Wi Wk
OPT(W) > max {M, max u)k} = max {M, maxwk} ,
m ke[n] m keln)

as needed. O

5.5. Combining the Bounds. Assuming first that m = n and appealing to Proposi-
tion 5.3 and Lemma 5.5, we obtain:

THEOREM 5.6. Consider the fully mixed case under the model of uniform capacities.

Assume that m = n. Then
3Inn
CR < +1
Inlnn
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PROOF. By the definition of Coordination Ratio,

SC (w,P)
CR = max ——

X (where P is a Nash equilibrium)
wP OPT (w)

IA

31 1
max wy - an +1 (by Proposition 5.3 and Lemma 5.5)
keln] Inlnn MaXke[n] Wk

3lnn
+1,
Inlnn

as needed. O

With m < n/(161nn) appealing to Proposition 5.4 and Lemma 5.5 yields:

THEOREM 5.7.  Consider the fully mixed case under the model of uniform capacities.
Assume thatm < n/(161nn). Then,

CR < (3 + o(1)) max/avg(w).

PROOF. By the definition of Coordination Ratio,

SC(w, P . ey
CR = max L (where P is a Nash equilibrium)
wP OPT (W)
3n m ...
<maxwy [ - —+ 1) (by Proposition 5.4 and Lemma 5.5)
keln] 2m Zke[n] Wy

3 1
<§ + m) max/avg(w) (Sincem = 16rllnn>

= <% +o(1)> max/avg(w),

as needed. O

6. Arbitrary Capacities and Identical Traffics. In this section, we derive upper
bounds on the Coordination Ratio for the case of fully mixed strategies under the model

of arbitrary capacities and identical traffics.
For each link ¢ € [m], let ¢t = ¢t/ (Z;': , ¢/) denote the reduced capacity of link ¢.

(Clearly, Y-y ¢ = 1.)

6.1. Preliminaries. We start with a simple characterization of existence and uniqueness
of fully mixed Nash equilibria for this case.

LEMMA 6.1. Consider the fully mixed case under the model of arbitrary capacities.
Assume that all traffics are identical. Then, for all links £ € [m],

~ 1 n
ct € N ,
m+n—1 m+n-—1
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if and only if there exists a Nash equilibrium, which must be unique and has associated
Nash probabilities

., (m+n—1ct—1
P =

)

n—1

for any user i € [n] and link € € [m].

PROOF. By Theorem 4.7, there exists a Nash equilibrium, which must be unique, if and
only if for all users i € [n] and links £ € [m],

~ nw ~
(1 — mc‘f) <1 — m) +ct € 0, 1),

or

mo) & e 1)+ — L
c , = , .
n—1 n—1 n—1 n-—1

This is equivalent to

m+n—1 ~ 1 n ~ 1 n
7'6‘66 s or CKE s s
n—1 n—1 n-—1 m+n—1 m+n-—1

as needed. Also, by Theorem 4.7, the associated Nash probabilities are

' ~ nw ~
¢ — (1 fz) " 7
pi ( me ( (n—l)w>+c
_ <l—mc~‘3> 1 +ge:(m+n—1)c€_1’
n—1 n—1
for all users i € [n] and links £ € [m], as needed. O

Lemma 6.1 describes the Nash probabilities for the case of identical traffics and
under the model of arbitrary capacities; thus, it is the analog of Lemma 5.1 that holds
for the case of arbitrary traffics and under the model of uniform capacities. We remark
that these two lemmas stand in contrast to each other, since Lemma 5.1 establishes
the unconditional existence of a (unique) Nash equilibrium, while Lemma 6.1 provides
conditions on link capacities under which a (then unique) Nash equilibrium exists. Thus,
Lemmas 5.1 and 6.1 reveal an essential difference with respect to existence of Nash
equilibria between the case of uniform capacities and arbitrary traffics, and the case of
arbitrary capacities and identical traffics, respectively.

Lemma 6.1 shows that each Nash probability is now independent of the particular user
and depends only on the link; to emphasize this independence, we write p(£) to denote
pf for a user i € [n] and link £ € [m]. So, the discussion in Section 3 applies to yield
that for each link £ € [m], Pr(6* = 9) = () p” (O)(1 — p())"~?, where 0 < & < n,
and that £(0%) = np(L).
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6.2. Second Tail Lemma. We prove an upper bound on Social Cost under a certain
assumption on the tails of the probability distributions of the random variables 8, where
£ e [m].

PROPOSITION 6.2 (Second Tail Lemma). Consider the fully mixed case under the model

of arbitrary capacities. Assume that all traffics are equal to w. Assume that, for a Nash
equilibrium P, there exists, for each link £ € [m]), a function p,(m, n) such that

Pr ( /\ 0* < pe(m,n) max{l,S(ee)})> > 1-— g
Le[m]

for some constant § > 0. Then, in a Nash equilibrium P,

SC( P) m+n—1 ( ) n Iy
W, < —— - | max m,n .
Z(Ze[m] CZ te[m] pe n — 1

PROOF. We start with an informal outline of our proof. We use the definition for So-
cial Cost to observe that SC(w, P) = w £(maxeepm 0t /c%). To bound from above the
expectation of the (discrete) random variable maxcp,) 6¢/c’, we partition its sample
space according to the event that for all links £ € [m], 8° < py(m, n) max{l, £O};
we obtain that

1 FICR) 8
SC(w,P) < in{:lxj p¢(m, n) - max { max —, max +
S

¢ ¢ i ¢
telm] ¢t telm) ¢ MmiNgefn) €

We then use the necessary conditions on reduced capacities derived in Lemma 6.1 as
well as the expressions for the Nash probabilities p(£), where £ € [m], derived there to
establish the claim. We now continue with the details of the formal proof.

We analyze the Social Cost for the Nash equilibrium P. By definition of Social Cost,

SC(w,P) = & (max M)

eelm] ct

4

0
=& (max 7) (since all traffics are identical)
telm] ¢

9@
=& (max 7) .
telm] ¢

We continue to analyze (and bound from above) the expectation of the random variable
max g 0°/ct. Since each variable ¢ may only take on values from {0, 1, ..., n}, it
follows that, given the link capacities, the random variable maxyc(y; 0¢/ct is a discrete
random variable, taking on only finitely many values; thus, its expectation is a finite sum,
so that

96
SC(w,P) = > ﬂPr(max7:l9).

X Le[m] ¢
¥:maxeepn 0¢/ct=0 bl
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We break the sum in the left-hand side according to the event that for all links £ € [m],
0t < pe(m, n) max{1, £(0?)}, to obtain that

SC(w,P) = > 9 Pr <max] 0t/ct = z&‘)

Lel
#: D=maxgepy 0¢/ct &

Yee[m]:
(igsp[(m,n) max{1,€ %)}

QE
+ Z ﬂPr(?el[%n)%?:ﬁ)'

¢
D D=maxpepm] ‘:7 &

3eelm]:
6> pg (m,n) max{1,€ 0))

We proceed to calculate upper bounds on the dummy variable ¢ involved in each of
the two sums in the right-hand side of the last expression.

o Consider the first sum, taking that for all links £ € [m], 8¢ < p,(m, n) max{1, £(6%)};
it follows that

pe(m, n)max(1, £}
- .

max 9‘3/0z < max
telm] te[m] c
e Now consider the second sum. The condition that there exists a link £ € [m] such
that 8% > py(m, n) max{1, £(6%)} is not particularly helpful; so, we use the (trivial)
upper bound 8¢ < n for all links £ € [m]. Since ¥ represents all possible values
taken on by the random variable maxycj,y ot / ¢t it follows that for the second sum,

¥ < maxgepm n/ct.

It follows that
¢
¢(m, n) max{l, £(0%)
SC(w,P) < Z max 2 { } Pr( max9‘/c* =
o . telml ct telm]
i =maxgepy) 0/t &
vee[m]:
68 <pg (m.n) max(1,E€(00))
n 0
+ Z max — Pr| max6“/c" =9
te[m] ¢ £e[m]
9: 9=maxge[y 0¢/ct &
3te[m]:
64> pg(m,n) max{1,€©0%))
¢
¢(m, n) max{l, £(@0
= maxp( ) { ( )}~ Z Pr( max0‘/c* = v
telm] ct te[m)
9: D=maxpepy 0¢/ct &
Vee[m]:
0% <py (m.n) max{1,€ %))
n €0
+ max — - Z Pr{max0°/c" =19 |.
eelm] ¢t eelm]
?: D=maxgepy 0¢/ct &
3te[m]:
68> pg (m,n) max{1,E @)}
Clearly,

E Pr( max0¢/ct = v
Le[m]
9: D=maxge(y 0¢/ct &

Vee[m):
68 <py (m,n) max{1,€ 6))
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while

#: 9=maxgepy) 04/t &
3eelm]:
68> pg (m.n) max{1,€6¢)}

It follows that

SC(w,P) < ma

A

By Lemma 6.1,

IA

17

94

Pr <max — =19
te[m] ¢t

m(Aw%amWMmuuaNm
telm]
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)

>=m<Vm%anmmmLa%D
Le[m)

)

8
< —.
n
pe(m, n) max{l, £(")} n
X -1+ max — - —
tefm] ct telml ¢t n
max{1, £(6%)} b
max p¢(m, n) - max + —
telm] te[m) ct mingep,) ¢
1 £©Y 8
max p;(m,n) - max max { —, + —
tefm] eelm] ct’ ct mingep,) ¢t
1 £0YH 8
max p;(m, n) - max { max —, max + —
te[m) telm] ¢t telm] ct mingepy ¢t
1 £©YH 8

max pg(m, n) -
max pe(m, n)

max |+

- 7 ma 7 - 7
MiNge[y) €° Lelm]l  C MiNgepm) €

1 m+n—1
. < .
mingep ¢t 2 teim €
On the other hand,
£ (0°) np® .
?61[2;)’(] o Ze[%x] o (since £ (9 ) =np))
r)
= n max ——
telml ¢t
et —1
= n max (m+n )¢ (by Lemma 6.1)
te[m) (n—1)ct
(m+n—1)ct
< pmax ———
telml  (n—1)ct
nm-+n—1) .. ...
= max (by definition of reduced capacities)
n—1 Celml 3 e €
nm+n—1)

(n=1) Xpepm
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Thus,

max { ! max £ (el) }

minge[m] ct Tremml ¢t

m+n—1 nm+n-1)
max{ Zle[m] ¢t (n—1) Zle[m] cz}
m+n—1 n
- lezqm]clZ max{l’”_l}

m+n—1 n

Zle[m] ¢t n—1
It follows that
SC (w. P) ( )m—i—n—l n +8m+n—1
w, < max p¢(m,n .
Lelm] Zee[m] ct n—1 Zle[m] ct
m—+n—1 ( ) n P
= ——— |max p,(m, n ,

D teim €t \telm] pe n—1

as needed. Od

We remark that the assumption that P is a Nash equilibrium has been crucial for prov-
ing Proposition 6.2, since it allowed Lemma 6.1 to be used, which provides conditions
on reduced capacities that are necessary for a Nash equilibrium but may fail to hold in
general.

6.3. Upper Bound on Social Cost. In this section we determine a suitable tail function
for each link £ € [m], under the additional assumption that m < n. Taking the maximum
of these tail functions will yield, via Proposition 6.2, an upper bound on Social Cost. We
show:

PROPOSITION 6.3.  Consider the fully mixed case under the model of arbitrary capaci-
ties. Assume that all traffics are equal to w, and thatm < n.Then,ina Nash equilibrium P,

SC (w. P) 2n —1 3lnn n n 8
w,P) < .
dotepm €t \[Inlnn [n—1 " 4—e¢

PROOF. We start with an informal outline of our proof. We set py(m,n) = [(31lnn)/
(Inlnn)] for each link £ € [m]; by appealing to Lemma 3.3, we prove that

¢ 3lnn ‘ 8
Pr(/\ (9 < Lnlnnw max{1, £(O )})) > 1 aon

Le[m]

Then Proposition 6.2 applies to establish the claim. We now present the details of the
formal proof.
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For each link ¢ € [m], set p;(m,n) = [(3Inn)/(Inlnn)]. Then,

Pr ( /\ 6° < pe(m, n) max{1, 6(96)}))
te[m]
—1-pr(\/ (o [mw (1, £09)
= r lem( > nlnn max{1, £( ))

e <£>[{q] (9 = lrlnlnn—‘ max{l, £(¢ )}))

=
> 1= Yo pr(6f= | 22 | max {1, (69))
- ; ~ | Inlnn ’
€[m]
4 1, L
> 11— M (by Lemma 3.3)
P 4 —e)n
=3 max {1, np(0)}
=1-— max {1, n
4 —en® o g
4
=l-——- Z max {1, np(£)} + Z max {1, np(€)}
(4 - e)n telml: telml:
np(0)<1 np(£)>1
=1—% Y1+ > np)
(4 - e)n tefm]: tefml:
np(0)<1 np(6)>1
> 1—% (Z 1+an(e))
@G—eon* \/G i
I +1 Y p®)
=1l-—— |m+n p
(4 — e)n? Pl
=1 4 (m+n)
T TG "
> 1 ! (2n) (si <n)
- (2n sincem <n
- (4 —e)n? -
_ 8
- 4—en’

Thus, Proposition 6.2 implies that

m+n—1 3Inn n 8
SCw,P) < ——— - | max . +
> veim) ¢t tefml | Inlnn | n

m+n—1 3lnn n 8
- Zze[m] ct Inlnn| n—1 4—e
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- 2n — 1 3lnn n N 8 . .
since m < n),
T Y \[Inlnn [ n—1 4-—e =<

as needed. O

6.4. Lower Bound on Social Optimum. In this section, we prove a lower bound on
Social Optimum.

LEMMA 6.4. Consider the fully mixed case under the model of uniform capacities.
Assume that all traffics are equal to w. Then
n

Zee[m] ct

PROOF. We start with an informal outline of our proof. The proof considers an alter-
native model where each individual traffic may be “split” among more than one link;
clearly, the Social Optimum is no less than the value it attains in this model. This splitting
assumption is modeled by introducing a split fraction ¢, € [0, 1] for each link £ € [m],
representing the fraction of the total traffic nw received by link £. Thus, the Social Op-
timum for this model is the minimum, over all possible choices of split fractions ¢, for
links, of the maximum, over all links, of ¢,n/ ¢!. The claim follows easily then from the
observation that there must exist a link £ € [m] such that ¢, > ¢f. We now continue with
the details of the formal proof.

Clearly, the Social Optimum is no less than the value it attains in a model where
each individual traffic may be “split” among more than one link. So, define a split
fraction ¢, € [0, 1] for each link £ € [m], representing the fraction of the total traffic
Y i—; wx = n received by link £. Then, the Social Optimum for this model is given by

OPT(w) >

. @enw

OPT (w) > min max —
{0e€l0 1 pepm) | Zeempe=1Lelm] ¢

. Pe

= n- min max Vi
{pe€l0, 11} e | Zeepmee=1 Lelm] €

n . (%4
= min max =.

D teim) € 0l et | Secpmei=1 Lelm] ¢t

We continue to prove a simple fact.
CLAIM 6.5. There exists a link £ € [m] such that ¢, > CNK

PROOF. Assume, by way of contradiction, that for each link £ € [m], ¢, < CNK, SO
that 3 i @0 < 2pepm €¢ = 1. By definition of split fractions, » ;¢ = 1. A
contradiction. O

Claim 6.5 implies now that
n

quml ct’

as needed. O

OPT (w) > 1

n .
- min
D eeim €° oeel0 e | Sectmige=1
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6.5. Combining the Bounds. Assuming that m < n and appealing to Proposition 6.3
and Lemma 6.4, we obtain:

THEOREM 6.6.  Consider the fully mixed case under the model of arbitrary capacities.
Assume that all traffics are identical. Assume also that m < n. Then

3lnn 16
CR < 2+ 0(1)) [ —‘

Inlnn +4—e'

PROOF. By the definition of Coordination Ratio,

SC (w,P)
max ——
wP OPT (w)

-1 3n n 8 D etm €
Zee[m]c" Inlnn | n—1 4—e n

(by Proposition 6.3 and Lemma 6.4)
_ 2n—1 "3lnn—‘ 2n—1 8

CR (where P is a Nash equilibrium)

A

n—1 | Inlnn n 4-—e

A

3lnn 16
2+ o(1)) ’7 —‘

Inlnn 4—¢’

as needed. O

7. Epilogue. Our work has been the first attempt to understand and analyze a new genre
of algorithmic problems arising from the KP model and the Coordination Ratio [16].
We introduced the fully mixed Nash equilibrium and proved for it asymptotically tight
(within small constants), and sometimes even constant, upper bounds of no worse than
®(lgn/lglgn) on the Coordination Ratio for two interesting instances of the problem:
all links have the same capacity while user traffics may vary, or all users carry the same
traffic while link capacities vary.

Although the fully mixed Nash equilibrium is one out of the exponentially many
possible Nash equilibria, we believe that it encapsulates the difficulty of the whole
problem; that is, we believe that the fully mixed Nash equilibrium is an abstraction of a
hard problem instance with respect to Social Cost and Coordination Ratio. A substantial
body of recent research that followed the original conference publication of our work in
2001 has provided some concrete evidence to this belief. To be more specific, there has
been a substantial body of recent research work addressing the so-called Fully Mixed
Nash Equilibrium Conjecture [7], [10], [18], which asserts that the fully mixed Nash
equilibrium maximizes, when it exists, Social Cost.

This natural conjecture was initially motivated by some preliminary results by Fotakis
et al. [7], explicitly formulated by Gairing et al. [10], and first studied in a systematic
way by Liicking et al. [18]. The conjecture could be proved for several special cases
of the problem [7], [10], [11], [18]. For the special case of arbitrary users and identical
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links, Gairing et al. [11, Theorem 5.1] prove that for any arbitrary vector w, the Social
Cost of any Nash equilibrium is within 2max/avg(w)(1 + ¢) of that of the fully mixed
Nash equilibrium, for any constant ¢ > 0. Combined with our upper bounds on the
Coordination Ratio restricted to the fully mixed Nash equilibrium (Theorems 5.6, 5.6,
and 6.6) this implies corresponding upper bounds (multiplied by 2max/avg(w)(1 + ¢))
on Coordination Ratio for the general case.

The fully mixed Nash equilibrium conjecture was recently disproved in [6] for the
case of arbitrary users and uniform capacities. It is an interesting open problem whether
the conjecture holds for the case of identical users and arbitrary capacities. Finally,
conjectures motivated by and similar to the Fully Mixed Nash Equilibrium Conjecture
were recently formulated and studied in an intensive way for several variants of the KP
model [4], [8], [9], [17], [19]. For an advocate of conjectures related to the fully mixed
Nash equilibrium, we refer the reader to the recent survey [12].

Two independent research teams, one of Koutsoupias et al. [15] and another of Czumaj
and Vocking [3], have subsequently bounded (in a nonconstructive way) the Coordination
Ratio to be ®(Igm/lglgm) for the model of uniform capacities and arbitrary traffics.
Their corresponding, nonconstructive proofs have not identified the worst-case Nash
equilibrium [16] for this model—they have only provided a tight upper bound for any
Nash equilibrium (and, therefore, for the worst-case one). Theorem 5.7 implies that this
bound is not tight for the restriction of the model of uniform capacities and arbitrary
traffics to the fully mixed Nash equilibrium. A corresponding, nonconstructive tight upper
bound of ®(lgm/lglglgm) on the Coordination Ratio has been shown by Czumaj and
Vocking [3] for the model of arbitrary traffics and arbitrary capacities. Theorem 6.6
implies that this bound is not tight for the restriction of the model of arbitrary capacities
and identical traffics to the fully mixed Nash equilibrium.

Acknowledgments. We thank Elias Koutsoupias and Christos Papadimitriou, whose
seminal article “Worst-case Equilibria” [16] has inspired our work.

Appendix. Proof of Lemma 3.3. Since 8¢ follows the binomial distribution with
parameters n and p({), it holds, for any integer ¥ such that 1 < 9 < n, that

Pr(0‘ =v) = (g) P’ (1= p@)"" < (g) P’ (©)

(@) = ()

emax {1, np(0)}\”
(==5)

IA

Consider now some integer parameter p > 3 that will be determined later. Clearly,

Pr(6* > pmax{l, £09})
= Pr (0" > [pmax {1,£(6°)}]) (since @° is integer)
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_ 3 Pr(0* =)
19:|_pmax{l,5(9[)}_]

_ Z Pr(6‘ =)
=[pmax{l,np(£)}]

. {1,npO)\’
Z (e max )

IA

¥=[pmax{l,np(£)}] v

n ( emax{l, np(0)} )’9
[p max{1, np(£)}]

IA

¥=[p max{1,np(£)}]

> 6
9=pmax(Lap(®)}] \P

IA

) [p max{l,np(£)}] n—[p max{1l,np(€)}] (6 )19
0 Y

)19

¥

i (Z) (since p > 4)

9=0

%
Il

[o max{1,np(0)}]

A

»

0

|
|

IA
D

[p max{l,np(€)}] 1

[y

G
)
( )
)

A D
EN

IA

~

e pmax{l,np(£)}
<—) (since % < 1 and p max{1, np(£)} > 3)
—e \p

<(€) >max {L,np(£)}
I

(—) -max{1, np(¢)}
4—¢ \p
(since (e/p)” < 1 and max{1, np(£)} > 1).

IA

Now fix p = [(3Inn)/Inlnn]. Since n > 3, Inn > 1 and Inlnn > 0 so that

(Blnn)/Inlnn > 3and p = [(3Inn)/Inlnn| > 3, as presumed. It follows by Claim 2.1

that

as needed.

A

Pr (9‘3 > [mw max{l,g(ef)}> AL (L ap(o))

Inlnn 4—e n?
_dmax {1, np(0)}
4—-en?
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