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Abstract

In this survey we present some recent advances in the atomic congestion games liter-
ature. Our main focus is on a special case of congestion games, called network congestion
games, which is of particular interest for the networking community. The algorithmic
questions that we are interested in have to do with the existence of pure Nash equilibria,
the efficiency of their construction when they exist, as well as the gap of the best/worst
(mixed in general) Nash equilibria from the social optima in such games, typically called
the Price of Anarchy and the Price of Stability respectively.

1 Introduction

Consider a model where selfish individuals (henceforth called players) in a communication
network having varying service demands compete for some shared resources. The quality of
service provided by a resource decreases with its congestion, ie, the amount of demands of
the players willing to be served by it. Each player may reveal its actual, unique choice of
a subset of resources (called a pure strategy) that satisfies his service demand, or he may
reveal a probability distribution for choosing (independently of other players’ choices) one of
the possible (satisfactory for him) subsets of resources (called a mized strategy). The players
determine their actual behavior based on other players’ behaviors, but they do not cooperate.
We are interested in situations where the players have reached some kind of stable state, ie,
an equilibrium. The most popular notion of equilibrium in non-cooperative game theory is
the Nash equilibrium: a “stable point” among the players, from which no player is willing
to deviate unilaterally. In [23], the notion of the coordination ratio or price of anarchy was
introduced as a means for measuring the performance degradation due to lack of players’
coordination when sharing common goods. A more recent measure of performance is the
price of stability [2], capturing the gap between the best possible Nash Equilibrium and the
globally optimal solution. This measure is crucial for the network designer’s perspective, who
would like to propose (rather than let the players end up in) a Nash equilibrium (from which
no player would like to defect unilaterally) that is as close to the optimum as possible.

A realistic scenario for the above model is when wunsplittable traflic demands are routed
selfishly in general networks with load-dependent edge delays. When the underlying network
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consists of two nodes and parallel links between them, there has been an extensive study
on the existence and computability of equilibria, as well as on the price of anarchy. In this
survey we study the recent advances in the more general case of arbitrary congestion games.
When the players have identical traffic demands, the congestion game is indeed isomorphic to
an exact potential game ([29], see also theorem 1 of this survey) and thus always possesses a
pure Nash equilibrium, ie, an equilibrium where each player adopts a pure strategy. We shall
see that varying demands of the players crucially affect the nature of these games, which are
no longer isomorphic to exact potential games. We also present some results in a variant of
congestion games, where the players’ payoffs are not resource-dependent (as is typically the
case in congestion games) but player-specific.

1.1 Roadmap

In section 2 we formally define the congestion games and their variants considered in this
survey. We also give some game-theoretic definitions. In section 3 we present most of the
related work in the literature, before presenting in detail some of the most significant advances
in the area. In section 4 we present some of the most important results concerning unweighted
congestion games and their connection to the potential games. In section 5 we study some
complexity issues of unweighted congestion games. In section 6 we presents Milchtaich’s
extension of congestion games to allow player-specific payoffs, whereas in section 5.2 we study
some existence and computability issues of PNE in weighted congestion games. Finally, in
section 7 we study the price of anarchy of weighted congestion games. We close this survey
with some concluding remarks and unrsesolved questions.

2 The Model

Consider having a set of resources E in a system. For each e € E, let d.(-) be the delay per
player that requests her service, as a function of the total usage (ie, the congestion) of this
resource by all the players. Each such function is considered to be non-decreasing in the total
usage of the corresponding resource. FEach resource may be represented by a pair of points:
an entry point to the resource and an exit point from it. So, we represent each resource by
an arc from its entry point to its exit point and we associate with this arc the charging cost
(eg, the delay as a function of the load of this resource) that each player has to pay if he is
served by this resource. The entry/exit points of the resources need not be unique; they may
coincide in order to express the possibility of offering a joint service to players, that consists
of a sequence of resources. We denote by V' the set of all entry/exit points of the resources
in the system. Any nonempty collection of resources corresponding to a directed path in
G = (V, E) comprises an action in the system.

Let N = [n]! be the set of players, each willing to adopt some action in the system.
Vi € N, let w; denote player i’s traffic demand (eg, the flow rate from a source node to
a destination node), while P* = {ai,...,al, } € 28\ 0 (for some m; > 2) is the collection
of actions, any of which would satisfy player i (eg, alternative routes from a source to a
destination node, if G represents a communication network). The collection P? is called the
action set of player ¢ and each of its elements contains at least one resource. Any n—tuple
w € P = x" ;P! is a pure strategies profile, or a configuration of the players. Any
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real vector p = (pt,p?,...,p") s.t. Vi € N, p' € A(P?) = {z € [0,1]™ : Yoz = 1}
is a probability distribution over the set of allowable actions for player i, is called a mixed
strategies profile for the n players.

A congestion model ((Pi)ie N (de)ee E) typically deals with players of identical demands,
and thus the resource delay functions depend only on the number of players adopting each
action ([31, 29, 12]). In the more general case, ie, a weighted congestion model is the
tuple ((w;)ien, (PV)ien, (de)ecr). That is, we allow the players to have different (but fixed)
demands for service (denoted by their weights) from the whole system, and thus affect the
resource delay functions in a different way, depending on their own weights. The weighted
congestion game I' = (N, E, (w)ien, B, (P)ien, (de)eeE) associated with this model, is the
game in strategic form with the set of players N and players’ demands (w;);en, the set of
shared resources E, the action sets (P?);cy and players’ cost functions (Afﬂz)ze N,wiepi defined
as follows: For any configuration @ € P and Ve € E, let A.(w) = {i € N : e € @'} be the
set of players wishing to exploit resource e according to w (called the view of resource e wrt
configuration w). We also denote by z.(w) = |Ac(w)| the number of players using resource e
wrt @, whereas fe(@) = i), () Wi I8 the load of e wrt to @. The cost A\ (w) of player i

for adopting strategy w’ € P’ in a given configuration w is equal to the cumulative delay
Awi(w) of all the resources comprising this action:

N(@) = Agi(@) = Z de(Be(w)) - (1)

On the other hand, for a mixed strategies profile p, the (expected) cost of player i for
adopting strategy w' € P’ wrt p is

Na(P)= Y. PeTh@ )Y de(f(w o @Y)) @)

wieP—t e€w?

where, w ™' € P! = X#Z-Pj is a configuration of all the players except for i, p~* € ><j¢iA(73j)
is the mixed strategies profile of all players except for i, @™ @ a is the new configuration
with i definitely choosing the action a € P!, and P(p~*, @ ') = H#ipfﬂj is the occurrence
probability of ™" according to p 1.

Remark: We abuse notation a little bit and consider the player costs )\;i as functions
whose exact definition depends on the other players’ strategies: In the general case of a
mixed strategies profile p, equation (2) is valid and expresses the expected cost of player i
wrt p, conditioned on the event that i chooses path w?’. If the other players adopt a pure
strategies profile ¢, we get the special form of equation (1) that expresses the exact cost
of player i choosing action w®.

Remark: Concerning the players’ private cost functions, instead of charging them for
the sum of the expected costs of the resources that each of them chooses to use (call it
the SUM-COST objective), we could also consider the maximum expected cost over all the
resources in the strategy that each player adopts (call it the MAX-COST objective). This is
also a valid objective, especially in scenarios dealing with bandwidth allocation in networks.
Nevertheless, in the present survey we focus our interest on the SUM-COST objective, unless
stated explicitly that we use some other objective.



A congestion game in which all players are indistinguishable (ie, they have the traffic
demands and the same action set), is called symmetric. When each player’s action set P°
consists of sets of resources that comprise (simple) paths between a unique origin-destination
pair of nodes (s;,t;) in (V, E), we refer to a (multicommodity) network congestion game.
If additionally all origin-destination pairs of the players coincide with a unique pair (s,t) we
have a single commodity network congestion game and then all players share exactly
the same action set. Observe that in general a single-commodity network congestion game
is not necessarily symmetric because the players may have different demands and thus their
cost functions will also differ.

2.1 Dealing with Selfish behavior.

Fix an arbitrary (mixed in general) strategies profile p for a congestion game
((wi)ien, (PYien, (de)ecr). We say that p is a Nash Equilibrium (NE) if and only if

Vi€ N, Va,B8 € P, pl,>0=X,(p) < A3(p).
A configuration w € P is a Pure Nash Equilibrium (PNE) if and only if
Vie N,Va e P!, X(w) = Agi(@) < (@w i @a) =N(w @ a).

The social cost SC(p) in this congestion game is

where P(p,w) = [[i-, pfvi is the probability of configuration w occurring, wrt the mixed
strategies profile p. The social optimum of this game is defined as

OPT = min {lggg[kwi (w')]} (4)

The price of anarchy for this game is then defined as

SC(p) }

R = max
pisaNE{ OoPT

2.2 Potential Games.

Fix an arbitrary game in strategic form I' = (N, (P")ien, (U")ien) and some vector b € RZ.
A function ® : P — R is called:

e an ordinal potential for I, if Voo € P, Vi € N,Va € P?, sign [N(w) — X(@ ' @ a)] =
sign [®(w) — ®(w ™' @ )],

e a b-potential for I, if Voo € P, Vi € N,Va € P!, N(w) — AN (w '@ a)=0b; [®(w) —
®(w™ P a)], or

e an exact potential for I, if it is a 1—potential for T'.
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Figure 1: An example of a layered network.

2.3 Configuration Paths and Discrete Dynamics Graph.

For a congestion game I" = ((wi)ieN, (Pien, (de)eeE), a path in P is a sequence of con-
figurations v = (w(0),@(1),...,@(k)) s.t. Vj € [k], w(j) = (w(j — 1)) & m;, for some
i € N and m; € P'. ~ is a closed path if @(0) = w(k). It is a simple path if no
configuration is contained in it more than once. ~ is an improvement path wrt I, if
Vi € [k], A9 (w(j)) < A% (w(j — 1)) where i; is the unique player differing in its strategy
between w(j) and w(j — 1). That is, the unique defector of the j'" move in v is actually
willing to make this move because it improves its own cost. The Nash Dynamics Graph of
I' is a directed graph whose vertices are configurations and there is an arc from a configura-
tion @ to a configuration w ™ @ a for some o € P! if and only if \i(w) > N(w ™' @ a).
The set of best replies of a player i against a configuration w™" € P~% is defined as
BR;(w™%) = argmaxcpi {\'(w ‘@®a)}. Similarly, the set of best replies against a mixed pro-
file p~1 is BR;(p~!) = argmax,cpi {\\,(p" 1@ a)}. A path v is a best-reply improvement
path if each defector jumps to a best-reply pure strategy. The Best Response Dynamics
Graph is a directed graph whose vertices are configurations and there is an arc from a con-
figuration @ to a configuration @' @ « for some o € P\ {w’} if and only if o € BR;(ww ™)
and @' ¢ BR;(w ™).

A (finite) strategic game I" possesses the Finite Improvement Property (FIP) if any
improvement path of I" has finite length. I' possesses the Finite Best Reply Property
(FBRP) if every best-reply improvement path is of finite length.

2.4 Isomorphism of Strategic Games.

Two games in strategic form I" = (N, (PYien, (Ui)z'eN) and I = (N, (PYiens (ﬁl)zeN) are
called isomorphic if there exist bijec:cions g: xiENPi — XiENjSi and g : gieNﬁi — xiENPi
s.t. Voo € X;enPLVi € N, Ul(w) = U'(g(w)) and V& € x;enP;, Vi € N, Ul(®) = U(§(D)).

2.5 Layered Networks.

We consider a special family of networks whose behavior wrt the price of anarchy, as we
shall see, is asymptotically equivalent to that of the parallel links model of [23] (which is
actually a 1-layered network): Let ¢ > 1 be an integer. A directed network G = (V, E) with



a distinguished source - destination pair (s,t), s,t € V, is an (-layered network if every
(simple) directed s — ¢ path has length exactly ¢ and each node lies on a directed s — ¢ path.
In a layered network there are no directed cycles and all directed paths are simple. In the
following, we always use m = |E| to denote the number of edges in an ¢-layered network
G=(V,E).

3 Related Work

3.1 Existence and tractability of PNE.

It is already known that the class of unweighted (atomic) congestion games (ie, players have
the same demands and thus, the same affection on the resource delay functions) is guaranteed
to have at least one PNE: actually, Rosenthal ([31]) proved that any potential game has at
least one PNE and it is easy to write any unweighted congestion game as an exact potential
game using Rosenthal’s potential function? (eg, [12, Thm1]). In [12] it is proved that a PNE for
any unweighted single-commodity network congestion game® (no matter what resource delay
functions are considered, so long as they are non-decreasing with loads) can be constructed
in polynomial time, by computing the optimum of Rosenthal’s potential function, through a
nice reduction to min-cost flow. On the other hand, it is shown that even for a symmetric
congestion game or an unweighted multicommodity network congestion game, it is PLS-
complete to find a PNE (though it certainly exists).

The special case of single-commodity, parallel-edges network congestion game where the
resources are considered to behave as parallel machines, has been extensively studied in
recent literature. In [14] it was shown that for the case of players with varying demands
and uniformly related parallel machines, there is always a PNE which can be constructed in
polynomial time. It was also shown that it is NP-hard to construct the best or the worst PNE.
In [17] it was proved that the fully mixed NE (FMNE), introduced and thoroughly studied in
[27], is worse than any PNE, and any NE is at most (6 + ¢) times worse than the FMNE, for
varying players and identical parallel machines. In [26] it was shown that the FMNE is the
worst possible for the case of two related machines and tasks of the same size. In [25] it was
proved that the FMNE is the worst possible when the global objective is the sum of squares
of loads.

[13] studies the problem of constructing a PNE from any initial configuration, of social
cost at most equal to that of the initial configuration. This immediately implies the existence
of a PTAS for computing a PNE of minimum social cost: first compute a configuration
of social cost at most (1 + ) times the social optimum ([18]), and consequently transform
it into a PNE of at most the same social cost. In [11] it is also shown that even for the
unrelated parallel machines case a PNE always exists, and a potential-based argument proves
a convergence time (in case of integer demands) from arbitrary initial configuration to a PNE
in time O (thOt + 4Wiot/ m+“’ma") where Wit = >y Wi and wiyax = maxjen {w;}.

[28] studies the problem of weighted parallel-edges network congestion games with player-
specific costs: each allowable action of a player consists of a single resource and each player has
its own private cost function for each resource. It is shown that: (1) weighted (parallel-edges
network) congestion games involving only two players, or only two possible actions for all the

2For more details on Potential Games, see [29].
3Since [12] only considers unit-demand players, this is also a symmetric network congestion game.



players, or equal delay functions (and thus, equal weights), always possess a PNE; (2) even
a single-commodity, 3-player, 3-actions, weighted (parallel-edges network) congestion game
may not possess a PNE (using 3-wise linear delay functions).

3.2 Price of Anarchy in Congestion Games.

In the seminal paper [23] the notion of coordination ratio, or price of anarchy, was introduced
as a means for measuring the performance degradation due to lack of players’ coordination
when sharing common resources. In this work it was proved that the price of anarchy is
3/2 for two related parallel machines, while for m machines and players of varying demands,

R = Q( logm ) and R = O (\/mlog m) For m identical parallel machines, [27] proved

loglogm

that R =0 (101;{50 Zm) for the FMNE, while for the case of m identical parallel machines and

players of varying demands it was shown in [22] that R = © (101;5) Tg”m) In [9] it was finally

shown that R = © (l(rgig%) for the general case of related machines and players of varying
demands. [8] presents a thorough study of the case of general, monotone delay functions on
parallel machines, with emphasis on delay functions from queuing theory. Unlike the case of
linear cost functions, they show that the price of anarchy for non-linear delay functions in
general is far worse and often even unbounded.

In [32] the price of anarchy in a multicommodity network congestion game among infinitely
many players, each of negligible demand, is studied. The social cost in this case is expressed
by the total delay paid by the whole flow in the system. For linear resource delays, the price of
anarchy is at most 4/3. For general, continuous, non-decreasing resource delay functions, the
total delay of any Nash flow is at most equal to the total delay of an optimal flow for double
flow demands. [33] proves that for this setting, it is actually the class of allowable latency
functions and not the specific topology of a network that determines the price of anarchy.

4 Unweighted Congestion Games: [31, 29]

In this section we present some fundamental results connecting the classes of unweighted
congestion games and (exact) potential games [31]. Since we refer to players of identical (say,
unit) weights, the players’ cost functions are

)‘i(w) = Z de(ze(w@))

where, z.(w) indicates the number of players willing to use resource e wrt configuration
w € P. The following theorem proves the strong connection of congestion games with the
exact potential games.

Theorem 1 ([31, 29]) FEvery (unweighted) congestion game is an exact potential game.

Proof: Fix an arbitrary (unweighted) congestion game I' = (N, E, (P")icn, (de)ecr). For

any configuration @ € P, consider the function ®(w@) = > o)., & i‘;(iﬂ ) de(k), which we
shall call Rosenthal’s potential. We can easily show that ® is an exact potential for I': For



this, consider arbitrary configuration @ € P, an arbitrary player ¢ € N and an alternative
(pure) strategy o € P*\ {w"} for this player. Let also @0 = w™" @& . Then,

Te(T0) Ze(w)
(@) - V(@) = Y > de(k)— D > de(k)
eGU]-‘L%ﬂ k=1 eGU]'wj k=1
Ze(w)+1 Ze(w) Ze(w)—1 Ze(w)
= Z de(k) - de(k) + Z de(k) - Z de(k)
ecU; '\ w? k=1 k=1 ecU;wt\w? k=1 k=1

= Y delme(@+1) = ) de(ze(w))

ecwi\w! ecwi\w!
= Y )~ Y delel) = X&)~ N()

where, we have exploited the fact that Ve € E\ (w® U @) and Ve € w’ () @* the load of each
of these resources (ie, the number of players using them) remains the same. Additionally,
Ve € &'\ @', 2.(&) = 2e(w) + 1 and Ve € @' \ &, 2.(&) = z.(w) — 1. n

Remark: The existence of a (not necessarily exact) potential for any game in strategic form
directly implies the existence of a PNE for this game. The existence of an exact potential
may help (as we shall see later) the efficient construction of a PNE, but this is not true in
general.

More interestingly, Monderer and Shapley [29] proved that every (finte) potential game is
isomorphic to an unweighted congestion game. The proof presented here is a new one provided
by the authors of the survey. The main idea is based on the proof of Monderer and Shapley,
yet it is much simpler and easier to follow.

Theorem 2 ([29]) Ewvery finite (exact) potential game is isomorphic to an unweighted con-
gestion game.

Proof: Consider an arbitrary (finite) strategic game I' = (N, (Y9ien, (Ui)iEN) among
n = |N| players, that admits an exact potential ® : x;enyY" +— R. Suppose that Vi € N,Y"* =
{1,2,...,m;} = [m;] for some finite integer m; > 2 (players having a unique allowable action
can be safely removed from the game) and let Y = x;cnY" be the actions space of the game.
We want to construct a proper unweighted congestion game C = (N VB, (PYien, (de)ec E)
and a bijection @ : Y + P (recall that P = x;cnyP' is the action space of C) such that

Vi€ N,Vs €Y, N(w(s)) = U'(s). (6)

First of all, observe that for any (unweighted) congestion game C, we can express the
players’ costs as follows:

Vie NVweP, X(w) = ) de(we(w))

ecw?

_ 3 de(1) + > de(2) + (7)

eewiﬂ(E\Uj#wj) eGUk¢iwiﬂwkﬂ(E\Uj¢i’kwj)

+ ot > de(n)

eenkeN wk
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Figure 2: The set of resources representing the binary encodings of the configurations in the
potential game.

We proceed by determining the set of shared resources £ = E1 U E5 for our congestion game.
We construct two sets of resources: The first set E; contains resources that determine exactly
what the players in the potential game actually do. The second set E5 contains resources that
represent what all other players (except for the one considered by the resource) should not
do. More specifically, fix an arbitrary configuration s € Y of the players wrt the game I'. We
construct the following vector e(s) € E; which is nothing more than the binary representation
of this configuration (see figure 2):

1 ifsf=j

: kray — J

Yk € N,Vj € [mal, ej(s) = { 0, otherwise

Fix now an arbitrary player ¢ € N. We define n more resources whose binary vectors represent
what the other players (ie, other than player ¢) in the potential game should not do (see figure
3):

0 ifk+#idandsk=

k€ N, ¥j € [mal, e?(s,i) - { 1, otherwise

It is easy to see that e(s,i) actually says that none of the players k # i agrees with the
profile s™1 € Y. So, we force this binary vector e(s,i) to have definitely Os exactly at
the positions where s~ has 1s for any of the players except for player i, and we place 1s
anywhere else. For m = mj + mg + -+ + my, let By = {e(s) € {0,1}'"" : s € Y} and
Ey = {e(s,i) € {0,1}™ : (i € N)A(s™% € Y~%)}. The set of resources in our congestion game
is then F = F; U Es.

We now proceed with the definition of the action sets of the players wrt C'. Indeed,
Vie N, PP ={ri,... ,Trfni}, where Vj € [my], 7'(‘;- ={eceE: eé» = 1}. Now the bijective map
that we assume is almost straightforward: Vs = (s')ien € Y, w(s) = (7, )ien.

Some crucial observations are the following: First, Vs € Y, the resource e(s) is the only
resource in F; that is used by all the players when the configuration w(s) is considered. For
any other configuration z € Y \ {s}, the resource e(s) is not used by at least one player,
assuming w(z). Similarly, Vs € Y, Vi € N, the resource e(s, ?) is the only resource in E5 that
is exclusively used by player i, assuming the configuration w(s).
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Figure 3: The set of resources representing the binary encodings of the forbidden configuration
for the other players in the potential game.

Now it is very simple to set the resource delay functions d. in such a way that we assure
equality (6). Indeed, observe that Vi € N,Vs € Y,Va € Y\ {s'},

| Ui'(s)—Ui(s_i@a) = ®(s) — D(s _i@a)<.:>
Qs H=Uls)—d(s) = Uls'@a)—d(s @a).

That is, the quantity Q%(s™!) is invariant of player i’s strategy. Recall the form of player i’s
cost given in equality (7). The charging scheme of the resources that we adopt is as follows:

Qi(s™Y), if (k=1)A(e=e(s,i) € Fy)
Vee E, de(k) =< 0, if(l<k<n)V(k=1AecE)
d(s), if (k=n)A(e=e(s) € Ey)

Now it is easy to see that for any player ¢ € N and any configuration s € Y, the only resource
used exclusively by ¢ wrt to s which has non-zero delay, is e(s, ). Similarly, the only resource
used by all the players that has non-zero delay is e(s). All other resources charge zero delays,
no matter how many players use them. Thus,

Vie N,¥s €Y, (T) = A (w@(8)) = de(s,i) (1) + de(s)(n) = Q'(s™1) + (s) = U'(s).

Remark: The size of the congestion game that we use to represent a potential game is
at most (|[N|+ 1) times larger than the size of the potential game. Since an unweighted
congestion game is itself an exact potential game, this implies an essential equivalence of
exact potential and unweighted congestion games.

5 Existence and Complexity of Constructing PNE

In the present section we deal with issues concerning the existence and complexity of con-
structing PNE in weighted congestion games. Our main references for this section are
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[12, 24, 15]. We start with some complexity issues concerning the construction of PNE
in unweighted congestion games (in which a PNE always exists) and consequently we study
existence and complexity issues in weighted congestion games in general.

Fix an arbitrary (weighted in general) congestion game (N, E, (P)ien, (w;)ien, (de)ecE)
where the w;’s denote the (positive) weights of the players.

A crucial class of problems containing the weighted network congestion games is PLS [21]
(stands for Polynomial Local Search). This is the subclass of total functions in NP that are
guaranteed to have a solution because of the fact that “every finite directed acyclic graph has
a sink.” A problem II in PLS is given by

(a) a set of instances I = X%,
(b) Vz € I, a set of feasible solutions F, C Xrow(el),

(¢) a polynomial oracle ¢ which, given x € I, s € vPoly(I2]) it determines whether s € F,
and if so, it computes an integer function c¢(z, s) (considered to be the payoff of s);

(d) Vx € I,s € Fy, a neighborhood of s in F,, N,(s) C Fj, and a polynomial function
g which either returns a solution s’ € N.(s) s.t. c¢(x,s’) is preferable to c(x,s) (eg,
c(z,s") < ¢(z,s) for a minimization problem), or returns no if no such solution exists
in the neighborhood of s in Fj,.

An instance of I is then as follows: Given any = € I, find a local optimum in F, ie, a solution
s € F; s.t. g(s) = no.

The problem of constructing a PNE for a weighted congestion game is in PLS, in the
following cases: (1) for any unweighted congestion game, since it is an exact potential game
(see theorem 1), and (2) for any weighted network congestion game with linear resource
delays, which admits (as we shall prove in theorem 6) a b—potential with b; = %W,Vi €N,
and thus finding PNE is equivalent to finding local optima for the optimization problem with
state space the action space of the game and objective the potential of the game. On the
other hand, this does not imply a polynomial-time algorithm for constructing a PNE, since
(as we shall see more clearly in the weighted case) the improvements in the potential can be
very small and too many. Additionally, although problems in PLS admit a PTAS, this does
not imply also a PTAS for finding e-approximate PNE (approximation of the potential does
not imply also approximation of each player’s payoff).

5.1 Efficient Construction of PNE in Unweighted Congestion Games

In this subsection we shall prove that for unweighted single commodity network congestion
games a PNE can be constructed in polynomial time. On the other hand, even for multicom-
modity network congestion games it is PLS complete to construct a PNE. The main source
of this subsection is the work of Fabrikant, Papadimitriou and Talwar [12].

Theorem 3 ([12]) There is a polynomial time algorithm for finding a PNE in any un-
weighted single-commodity netowrk congestion game.

Proof: Fix an arbitrary unweighted, single-commodity network congestion game I' =
(N, E,Ps—t,(de)ecr) and let G = (V, E) be the underlying network. Recall that this game

admits Rosenthal’s exact potential ®(w) = " 5 z‘;(f ) de(k). The algorithm computes the
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Figure 4: The reduction to a min-cost flow problem [12].

optimum value of ® : P — R in the action space of the game. The corresponding configuration
is thus a PNE.

The algorithm exploits a reduction to a min-cost flow problem. This reduction is done
as follows: We construct a new network G'(V’/, E') with the same set of vertices V' = V,
while the set of arcs (ie, resources) is defined as follows (see also figure 4): Ve = (u,v) € E,
we add n parallel arcs from u to v, €'(1),...,€¢(n) € E, where these arcs have a capacity
of 1 (ie, they allow at most one player to use each of them) and fixed delays (when used)

VE € [de(n)], d’e/(k) =d.(k). Let f* € |E| be a minimizer of the min-cost flow problem
min Z dl - feor
e’er’
s.t. Z fe/ - Z fe/ =n
e'=(s,u)eEE’ e'=(u,s)eE’
Z fe’ - Z fe’ =n
e'=(u,t)eE’ e'=(t,u)eE’
Yo e V\ {s,t}, > fa= Y fe
e’:(v u)eE’ e’=(u,v)eE’
Ve' € E,, fe Ue!

This problem can be solved in polynomial time [1] (eg, in time O(mlogk(m + klogk)) using
scaling algorithms) where m = |E| and k = |V/| are the number of arcs (ie, resources) and the
number of nodes in the underlying network respectively.

It is straightforward to see that any min-cost flow in G’ is integral and it corresponds to
a configuration in I' that minimizes the potential of the game (which is then a PNE). |

On the other hand, the following theorem proves that it is not that easy to construct a PNE,
even in an unweighted multicommodity network congestion game. We give this theorem with
a sketch of its proof:

Theorem 4 ([12]) It is PLS-complete to find a PNE in unweighted congestion games of
the following types: (i)General congestion games. (i) Symmetric congestion games. (iii)
Multicommodity network congestion games.

Proof: We only give a sketch of the first two cases. The PLS completeness proof of case
(iii) is rather complicated and therefore is not presented in this survey. The interested reader
may find it in [12].

We first prove the PLS completeness of general congestion games and consequently we
show that an arbitrary congestion game can be transformed into an equivalent symmetric
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congestion game. In order to prove the PLS completeness of a congestion game, we shall use
the following problems:

NOTALLEQUALS3SAT: Given a set N of {0,1}—variables and a collection C' of clauses
s.t. Ve € C,|c| < 3, is there an assignment of values to the variables so that no clause
has all its literals assigned the same value?

POSNAES3FLIP: Given an instance (N, C) of NOTALLEQUAL3SAT with positive literals
only and a weight function w : C' — R, find an assignment for the variables of N, s.t.
the total weight of the unsatisfied clauses and the totally satisfied (ie, with all their
literals set to 1) clauses cannot be decreased by a unilateral flip of the value of any
variable.

It is known that POSNAE3FLIP is PLS complete [34].Given an instance of POSNAE3FLIP,
we shall construct a congestion game I' = (N, E, (P)ven, (de)ecr) as follows: The player set
of the game is exactly the set of variables N. Vc € C, we construct two resources e., e, € E
whose delay functions are d.(k) = w(c) - Ij—3) and de (k) = w(c) - Iz—3y. That is, resource
e (or €,) has delay w(c) only when all the 3 players it contains actually use it. Each player
v € N has exactly two allowable actions indicating the possible true or false values of the
corresponding variable: PV = {{e. € E:v € c¢},{e. € E : v € c}}. Smaller clauses (ie, of two
literals) are implemented similarly. Clearly, a flip of a variable corresponds to the change in
the strategy of the corresponding player. The changes in the total weight due to a flip equal
the changes in the cumulative delay over all the resources. Thus, any PNE of the congestion
game I' is a local optimum (ie, a solution) of the POSNAE3FLIP problem, and vice versa.
We now proceed to show that any unweighted congestion game can be transformed
into a symmetric congestion game. Fix again an arbitrary congestion game I' =

(N, E,(P")ven, (de)ecr). We construct an equivalent symmetric congestion game I' =
(N B P, (o).

resources: £ = F U {ei}ien. The delays of these resources are: Vi € N, ciez(k:) =M -0
for some sufficiently large constant M. The old resources maintain the same delay func-
tions: Ve € E,Vk > 0, do(k) = do(k). Now each player has the same action set
P = xen{aU{e;} : a € P} Observe that (by setting the constant M sufficiently large)
in any PNE of I' each of the distinct resources {ei}ien is used by exactly one player (these
resources act as if they have capacity 1 and there are only n of them). So, for any PNE in r
we can easily get a PNE in I' by simply dropping the unique new resource used by each of the
players. This is done by identifying the “anonymous” players of r according to the unique
resource they use, and match them with the corresponding players of I'. ]

as follows: First of all we add to the set of resources n new distinct

5.2 [Existence and construction of PNE in Weighted Congestion Games

In this section we deal with the existence and tractability of PNE in weighted network con-
gestion games. First we show that it is not always the case that a PNE exists, even for a
weighted single-commodity network congestion game with only linear and 2-wise linear (ie,
the maximum of two linear functions) resource delays. Recall that, as discussed previously,
any unweighted congestion game has a PNE, for any kind of non-decreasing delays, due to
the existence of an exact potential for these games. This result was independently proved by
[15] and [24], based on similar constructions. In this survey we present the version of [15] due
to its clarity and simplicity.
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Figure 5: A weighted single-commodity network congestion game that may have no PNE.
Consider two players with demands w; = 1 and wy = 2. The notation a/b/c means that a
load of 1 has delay a, a load of 2 has delay b and a load of 3 has delay c.

Lemma 5.1 ([15]) There exist instances of weighted single-commodity network congestion
games with resource delays being either linear or 2-wise linear functions of the loads, for which
there is no PNE.

Proof: We demonstrate this by the example shown in figure 5. In this example there
are exactly two players of demands w; = 1 and we = 2, from node s to node t. The
possible paths that the two players may follow are labeled in the figure. The resource
delay functions are indicated by the 3 possible values they may take given the two play-
ers. Observe now that this example has no PNE: there is a simple closed path v =
((P3,P2),(P3,P4),(P1,P4),(P1, P2),(P3,P2)) of length 4 that is an improvement path
(actually, each defecting player moves to its new best choice, so this is a best-reply improve-
ment path) and additionally, any other configuration not belonging to + is either one, or two
best-reply moves away from some of these nodes. Therefore there is no sink in the Nash
Dynamics Graph of the game and thus there exists no PNE. Observe that the delay functions
are not player-specific in our example, as was the case in [28]. [

Consequently we show that there may exist no exact potential function for a weighted
single-commodity network congestion game, even when the resource delays are identical to
their loads. The next argument shows that theorem 1 does not hold anymore even in this
simplest case of weighted congestion games.

Lemma 5.2 ([15]) There exist weighted single-commodity network congestion games which
are not exact potential games, even when the resource delays are identical to their loads.

Proof: LetT = ((wi)ieN, (Pien, (de)eeE) denote a weighted single commodity network
congestion game with d.(z) = x, Ve € E. Recall the definition of players’ costs for a configu-
ration (eq. (1)). Let’s now define the quantity I(v,\) = >;_; [N*(w(k)) — A*(w(k — 1))],
where iy, is the unique player in which the configurations w(k) and w(k — 1) differ. Our proof
is based on the fact that I" is an (exact) potential game if and only if every simple closed path
v of length 4 has I(,\) =0 ([29, Thm2.8]).

For the sake of contradiction, assume that every closed simple path ~ of length 4 for I" has
I(,\) = 0, fix arbitrary configuration @ and consider the path v = (w2 = @ ' ® 7,y =
w=(12) g (m1,m2),2 = w2 @ g, w) for some paths 7 # w' and m # w?. We shall
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demonstrate that (-, A) cannot be identically 0 when there are at least two players of different
demands. So, consider that the first two players have different demands: w1 # wo. We observe
that

M) =M(@) = D (@)= ) be(w)=m\@' [ wi+ D bo(@w)— Y Oe(w

ecmy ecw!l ecmi\w! e€wl\m

since the resources in ! N 7 retain their initial loads. Similarly we have:

N(y) = X@) = > [felm)+wl]— D O

e€ma\w? eEw?\my
= |m\ @[ wat DY ()= D Oe(2)
e€m\w? e€w?\m2
M@ = M) = D Oe(x) = Y [Bel2) +wi]
ecwl\m ecm\wl!
= Y G- D b(x)—Im\@'w
ecwl\m ecmi\w!
N(@) =N (2) = > belm) = D be(w@)—|m\ @] ws
e€w?\ma e€m\w?

Thus, since I = I(7,\) = A(z) — A (@) + A2(y) — A2(2) + AL (2) — A (y) + A2 (@) — A2(2), we
get:

ecm\wl e€mo\w?
D [Be(2) = be(@)] + D [Belw) — be(x)]
eewl\ﬂ'l e€w2\7r2

Observe now that

Ve € m \ @?, wy - (Leew2\rs} — Leem\ o2}

Oc( Oe( )=
Ve € my \ @2,  0e(x) — Oe(w) = (L @ m1) — 0( w) w1 (Ieerw) — Lfecwi\m)
Ve € w \ 11,  0o(z) — 0c( A (@) = w2 - (Leemw?} — Lecw?\m}
Oc( ( )=

Ve € w? \ m,

w1 (Leewt\m} — Lieem\w1)

Then, I = (wi—wy)-[|(m \ @w') N (12 \ @?)| + (@' \ m1) N (@ \ 72)| = |(@w! \ 1) N (m2 \ @?)|—
— |(m \ @) N (@w? \ m2)|] , which is typically not equal to zero for a single-commodity net-
work. It should be noted that the second parameter, which is network dependent, can be
non-zero even for some cycle of a very simple network. For example, in the network of figure
5 (which is a simple 2-layered network) the simple closed path v = (w(0) = (P1, P3),w(l) =
(P2, P3),w(2) = (P2,Pl),w(3) = (P1,P1),w(4) = (P1, P3)) has this quantity equal to —4
and thus no weighted single commodity network congestion game on this network can admit
an exact potential. m

Our next step is to focus our interest on the /-layered networks with resource delays
identical to their loads. We shall prove that any weighted ¢-layered network congestion game
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with these delays admits at least one PNE, which can be computed in pseudo-polynomial
time. Although we already know that even the case of weighted ¢-layered network congestion
games with delays equal to the loads cannot have any exact potential*, we will next show
that ®(w) = > cpl0c(w)]? is a b-potential for such a game and some positive n-vector b,
assuring the existence of a PNE.

Theorem 5 For any weighted £-layered network congestion game with resource delays equal
to their loads, at least one PNE exists and can be computed in pseudo-polynomial time.

Proof: Fix an arbitrary ¢-layered network (V, E) and denote by P all the s—¢ paths in it from
the unique source s to the unique destination t. Let @ € P™ be an arbitrary configuration of
the players for the corresponding congestion game on (V, E). Also, let i be a user of demand
w; and fix some path a € P. Denote @ = w " @ a. Observe that

O(w) - 0(w) = ) (02(w)-62())

ecE
= 3 (@) @)+ Y (6A(w) - 6())
ecwi\a eca\w!
= > (Pe(@m ) +w =@ )+ > (2@ ) = [fe(w ™) + wil?)
ecwi\a e€a\w’
= Y (W2wilfe(@ ™)) = Y (w}+2wibe(w ™))
e€wi\a e€a\w'

= w (@' \o| =\ @) +2w;- | D Ou(@ )= D Ou(w )

ecwi\a eca\w!

= 2w [ D O(@ )= D (@) | = 2w - [N(w) - N(@)] ,

ecwi\a eca\w!

since, Ve € @' N a, 0.(w) = 0.(&), in (-layered networks @'\ o = |a\ @', \ (=) =
Zeéwi oe(w) = Zeewi\a QG(W_Z) + wi|wz \ a| + Zeewiﬂa QG(W) &Ild )‘Z(@) = Zeéa Qe(ﬁ) =
D eca\w Oc(w ™) +wila \ @'+ cming fe(w). Thus, ® is a b—potential for our game, where
b = (1/(2w;));en > 0, assuring the existence of at least one PNE.

We proceed with the construction of a PNE in pseudopolynomial time. Wlog assume now
that the players have integer weights. Then each player performing any improving defection,
must reduce his cost by at least 1 and thus the potential function decreases by at least
2Wmin = 2 along each arc of the Nash Dynamics Graph of the game. Consequently, the
naive algorithm that, starting from an arbitrary initial configuration w € P", follows any
improvement path that leads to a sink (ie, a PNE) of the Nash Dynamics Graph, cannot
contain more than $|E|Wg2, defections, since Vo € P, ®(w) < |E|W2,. [

A recent improvement, based essentially on the same technique as above, generalizes the
last result to the case of arbitrary multicommodity network congestion games with linear
resource delays (we state the result here without its proof):

Theorem 6 ([16]) For any weighted multi-commodity network congestion game with linear
resource delays, at least one PNE exists and can be computed in pseudo-polynomial time.

4The example at the end of the proof of lemma 5.2 involves the 2-layered network of figure 5.
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Figure 6: An example of a 3-players, 3-strategies unweighted congestion game with a best-reply cycle.

6 Congestion Games on Parallel Links with Player Specific
Payoffs [28]

In his work, Milchtaich studies a variant of the classical (unweighted) congestion games, where
the resource charging functions are not universal, but player-specific. On the other hand, he
makes two simplifying (yet crucial) assumptions:

(1) each player may choose only one resource from a pool E of resources (shared to all the
players) for his service (ie, this is modeled as the parallel-links model of Koutsoupias
and Papadimitriou [23]), and

(2) the received payoff is monotonically non-increasing with the number of players selecting
it. Although they do not always admit a potential, these games always possess a PNE.

In his paper, Milchtaich proves that unweighted congestion games on parallel links with
player-specific payoffs, involving only two strategies, possess the Finite Improvement Property
(FIP). It is also rather straightforward that any 2-players unweighted congestion game on
parallel links with player-specific payoffs possesses the Finite Best Reply improvement path
Property (FBRP).

Milchtaich also gave an example of an unweighted congestion game on 3 parallel links
with 3 players, for which there is a best-reply cycle (although there is a PNE). The example
is shown in figure 6. In this example, we only determine the necessary conditions on the
payoff functions of the players for the existence of the best-response cycle (see figure). It is
easily verified that this system of inequalities is feasible, and that configurations (3,1, 2) and
(2,3,1) are PNE for the game.
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(a) e(0) e(1) e(2) 000 e(M)

t=1 =2 t=3 =M

(b) e(0) e(1) e(2) 000 e(M)

Figure 7: The two types of best-reply improvement paths considered by [28].

Theorem 7 ([28]) Every unweighted congestion game on parallel links with player-specific,
monotonically non-increasing payoffs of the resources, possesses a PNE.

Proof: First of all, we need to prove the following lemma that bounds the lengths of best-
reply paths of a specific kind.

Lemma 6.1 Let (e(0),e(1),...,e(M)) be a sequence of (possibly repeated) resources from E.

type—(a) path: Let (w(l),w(2),...,ww(M)) be a best-reply improvement path of the game,
s.t. Vt > 1,Ve € E,

ze(t — 1), ife#£e(t—1),e(t)
ze(t) =< z(t—1)4+1, ife=ce(t)
z(t—1)—1, ife=e(t—1)

Then M < |N|.

type—(b) path: Let (w(1l),w(2),...,w(M)) be a best-reply improvement path of the game,
s.t. Vt > 1,Ve € E,

ze(t — 1), ife#£e(t—1),e(t)
ze(t) = we(t—1)+1, ife=e(t—1)
z(t—1)—1, ife=ce(t)

Then, M < |N|- (|E| —1).

Proof: (a) Let Ve € E, 2" = minggi<um .(t). By definition of the best-reply sequence, we
observe that Ve € E,Vt > 1,2, (t) = T (t —1) +1 = ™" 4 1. That is, a resource reaches
its maximum load exactly when it is the next node in the sequence of resources, reaches its
minimum load in the very next time step, and remains at its minimum load until before it
appears again in this sequence (see case (a) of figure 7). But then, the unique deviator in
each move goes to a resource that reaches its maximum load, whereas all the other resources
are at their minimum loads at the same time. This implies that there is no chance that the
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specific player will move away from this new resource that he chose, till the end of the best
reply-path under consideration. More formally, V¢ > 1, let i(t) be the unique deviator that
moves from e(t — 1) to e(t). Then,

(¢ (¢ . . . .

Ve e BVt +1<t <M, ULy (we(t) > ULy (a;gg;f; + 1) > U () > U0 (20(1'))
and so, i(t) cannot move away from e(t) till the end of the best-reply improvement path.
Since this holds for all players, this path may have length at most |N|.

(b) Let again Ve € E,z™" = minggi<nr ze(t). We observe that V1 <t < M,z (t) = :E?E;‘)l
and z._1)(t) = :L‘gén_l) + 1. Due to the best-reply moves considered in the path, if i(¢) is
again the unique deviator at time ¢, then V1 <t < M,

UL (et = 1)) = ULy (w2 +1) < UL (@epon (t = D) +1) = UL, (wminy) +1)

which implies that V¢’ > ¢ player i(t) residing at a resource e # e(t) could never prefer to
deviate to e(t) rather than deviate to (or, stay at, if already there) resource e(t — 1). That is,
player i(t) can never go back to the resource from which it defected once, till the end of the
best-reply path. Thus, each player can make at most |E|—1 moves and so, M < |N|-(|E|—1).
n

The proof of the theorem proceeds by induction on the number of players. Trivially, for a
single player we know that as soon as he is placed at its best reply, this is also a PNE (there
is nothing else to move). We assume now that any unweighted congestion game on parallel

links with player-specific payoffs and |]\7| <n, T = (N, E, (Ué)ieN,eeE)> possesses a PNE.
We want to prove that this is also the case for any such game with n players. Let N = [n] and
I'= (N, E, (Ué)ieN’eeE) be such a game. We temporarily pull player n out of the game and
let the remaining n—1 players continue playing, until they reach a PNE (without player n) s €
E™ ! That the PNE s exists for the pruned game I’ = ([ln—1),E, (Uei)ie[n_l], e € E) holds
by inductive hypothesis. Now we let player n be assigned to a best-reply resource e € BR,,(s),
and we thus construct a configuration w(0) as follows: w"(0) = e; Vi € [n — 1], @' (0) = s'.

Consequently, starting from w(0), we construct a best-reply mazimal improvement path
of type (a) (see previous lemma) Il(a) = (w(0),w(1),...,w(M)), which we already know
that is of length at most n. We claim that the terminal configuration of this path is a PNE
for T'. Clearly, any player that deviated to a best-reply resource in II(a) does not move again
and is also at a best-reply resource in w(M) (see the proof of the lemma). So we only have
to consider players that have not defected during II(a). Fix any such player i, residing at
resource e = w'(0) = s'. Observe that in w(M) the following holds:

[ 2.(0), if e # e(M),
Ve € E,z.(M) = { z.(0) + 1, ife=e(M)

Observe that if some player i : s'(M) = e(M) that has not moved during II(a) is not at
his best reply in w(M), then we can set e(M + 1) € BR;(w *(M)) and thus augment the
best-reply improvement path II(a), which contradicts its maximality assumption. Consider
now any player i € e # e(M) that has not moved during II(a). This player is certainly at a
best-reply resource e € BR;(ww*(M)) since this resource has exactly the same load as in s
and any other resource has at least the load it had in s. So, w (M) is a PNE for I' since every
player is at a best-reply resource wrt w(M). This completes the proof of the theorem. [
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Remark: Observe that the proof of this theorem is constructive, and thus also implies a path
of length at most |V| that leads to a PNE. But this is not necessarily an improvement path,
when all players are considered to coexist all the time, and therefore there is no justification
of the adoption of such a path by the (selfish) players. Milchtaich [28], using an argument of
the same flavor as in the above theorem, proves that from an arbitrary initial configuration
and allowing only best-reply defections, there is a best-reply improvement path of length at

N|+1
most |E| - < | |2+ > The idea is, starting from an arbitrary configuration w(0), to let the

players construct a best-reply improvement path of type—(a), and then (if necessary) construct
a best-reply improvement path of type—(b) starting from the terminal configuration of the
previous path. It is then easily shown that the terminal configuration of the second path is a
PNE of the game.

The unweighted congestion games on parallel links and with player-specific payoffs are weakly
acyclic games, in the sense that from any initial configuration w(0) of the players, there is
at least one best-reply improvement path connecting it to a PNE. Of course, this does not
exclude the existence of best-reply cycles (see example of figure 6). But, it is easily shown
that when the deviations of the players occur sequentially and in each step the next deviator
is chosen randomly (among the potential deviators) to a randomly chosen best-reply resource,
then this path will converge almost surely to a PNE in finite time.

6.1 Allowing different weights to the players

Milchtaich proposed a generalization of his variant of congestion games, by allowing the
players to have distinct weights, denoted by a weight vector w = (w!,w?, ..., w") € RZ%,. In
that case, the (player-specific) payoff of each player on a resource e € E depends on the load
0c(w) = Y _i.ccwi Wi, rather than the number of players willing to use it.

For the case of weighted congestion games on parallel links with player specific payoffs, it
is easy to verify (in a similar fashion as for the unweighted case) that:

e If there are only two available strategies then FIP holds.
e [f there are only two players then FBRP holds.

e For the special case of resource specific payoffs, FIP holds.

On the other hand, there exists a 3-players, 3-strategies game that possesses no PNE.
For example, see the instance shown in figure 8, where the three players have essentially
two strategies each (a “LEFT” and a “RIGHT” strategy) to choose from, while their third
strategies give them strictly minimal payoffs and can never be chosen by selfish moves. The
rationale of this game is that, in principle, player 1 would like to avoid using the same link
as player 3, which in turn would like to avoid using the same link as player 2, which would
finally want to avoid player 1.

The inequalities shown in figure 8(b) demonstrate the necessary conditions for the exis-
tence of a best-reply cycle among 6 configurations of the players. It is easy to verify also that
any other configuration has either at least one MIN strategy for some player (and in that
case this player wants to defect) or is one of (2,2,1),(3,3,3). The only thing that remains to
assure, is that (2,3,1) is strictly better for player 2 than (2,2,1) (ie, player 2 would like to
avoid player 1) and that (3,3, 1) is better for player 3 than (3,3, 3) (ie, player 3 would like to
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Resource 3 | R1, R2, R3
Resource 2 | L1, L2, MIN
Resource 1 | MIN, MIN, L3

=

j (3) < U5 (4) U%(3) <U%(2)
2(5) <= U%(4) U% (5) <= U%(2)
< < {
3 3
2 1 2
Uy U'2(3) U'o (1) <U%(3)
1 < U1 (3) U'i(4) <=U"(3)

3 U%(5) <U%(3) |3
U, (4) <= U% (3) A

Figure 8: A 3-players weighted congestion game on 3 parallel links with player-specific payoffs without
a PNE [28]. (a) The LEFT-RIGHT strategies of the players. (b) The best-reply cycle.
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Figure 9: An example of a single-source network congestion game without a PNE ([32]).
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avoid player 2). The feasibility of the whole system of inequalities can be trivially checked to
hold, and thus this game cannot have any PNE since there is no sink in its Dynamics graph.

7 The Price of Anarchy of Weighted Congestion Games: [15]

In this section we focus our interest on weighted ¢-layered network congestion games where
the resource delays are identical to their loads. Our source for this section is [15]. This case
comprises a non-trivial generalization of routing through identical parallel channels.

The main reason why we focus on this specific category of resource delays is that selfish
unsplittable flows can have unbounded price of anarchy even for linear resource delays. In
[32, p. 256] an example is given where the price of anarchy is unbounded (see figure 9). This
example is easily converted in an {-layered network. The resource delay functions used are
either constant or M/M/1-like delay functions. But we can be equally bad even with linear
resource delay functions: Observe the following example of figure 10. Two players, each of
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Figure 10: Example of an /-layered network with linear resource delays and unbounded
anarchy.

unit demand, want to move selfishly from s to ¢. The edge delays are shown above them. We
assume that a > b > 1 > ¢). It is easy to see that the configuration (sCBt,sADt) is a PNE
of social cost 2 + b while the optimum configuration is (sABt,sCDt) whose social optimum is
24 c. Thus, R = %.

In the following, we restrict our attention to ¢-layered networks whose resource delays
are equal to their loads. Our main tool is to interpret a strategies profile as a flow in the

underlying network.

7.1 Flows and mixed strategies profiles.

Fix an arbitrary ¢-layered network G = (V, E') and n distinct players willing to satisfy their
own traffic demands from the unique source s € V to the unique destination ¢t € V. Again,
w = (w;);e[n) denotes the varying demands of the players. Fix an arbitrary mixed strategies
profile p = (p1,p2,...,Pn). A feasible flow for the n players is a function p : P — Ry,
st Y epp(m) = Wit = Zie[n] wj, ie, all players’ demands are actually met. We distinguish
between unsplittable and splittable (feasible) flows. A flow is unsplittable if each player’s traffic
demand is satisfied by a unique path of P. A flow is splittable if the traffic demand of each
player can be routed over several paths of P.

We map the mixed strategies profile p to a flow pp, as follows: For each s —¢ path = € P,
Pp(T) = D iy wi - pi(m). That is, we handle the expected load traveling along m according
to p as a splittable flow, where player i routes a fraction of p;(m) of its total demand w;
along 7. Observe that, if p is actually a pure strategies profile, the corresponding flow is then
unsplittable. Recall now that for each edge e € F,

n
fc(p) = Z sz‘pi(ﬂ) = pr(ﬂ') = 0c(pp)
i=1 moe Toe
denotes the expected load (and in our case, also the expected delay) of e wrt p. As for the
expected delay along a path m € P according to p, this is

0=(P) =Y 0c(P) =D > pp(a) = > v w|pp(n') = Ox(pp)

eem eET /e 7' eP

Let 0™ (p) = mingcp{0,(p)} be the minimum expected delay among all s — ¢ paths. From
now on for simplicity we drop the subscript of p from its corresponding flow pp, when this is
clear by the context. We evaluate flow p using the objective of mazimum latency, which is
defined as

L(p) = max {0z(p)} = _max {0:(p)} = L(p) (8)

m
m:p(m)>0 m:3i, pi(m)>0
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L(p) is nothing but the maximum expected delay paid by the players, wrt p. From now on,
we use p* and p} to denote the optimal unsplittable and splittable flows respectively.
In addition, we sometimes evaluate flow p using the objective of total latency, which is

defined as
Clp) =Y p(m)x(p) = 62(p) =D _ 02(p) = C(p) (9)
TeP ecl ecl
The second equality is obtained by summing over the edges of 7 and reversing the order of
the summation.

7.2 Flows at Nash equilibrium.

Let p be a mixed strategies profile and let p be the corresponding flow. For a ¢-layered network
with resource delays equal to the loads, the cost of player i on path 7 is A% (p) = fw; +60-%(p),
where 6_%(p) is the expected delay along path 7 if the demand of player i was removed from
the system:

0 (p) = S Ir | S wypy () = 0a(p) — i 3 [0 () (10)

7' eP e 'ep

Thus, i (p) = 0=(p) + [0 —> . cp Im N7 |pi(7’)] w;. Observe now that, if p is a NE, then
L(p) = L(p) < 6™™(p) + { wmax- Otherwise, the players routing their traffic on a path of
expected delay greater than 6™"(p) + fwpyay could improve their delay by defecting to a
path of expected delay #™(p). We sometimes say that a flow p corresponding to a mixed
strategies profile p is a NE with the understanding that it is actually p which is a NE.

7.3 Maximum Latency versus Total Latency.

We show that if the resource delays are equal to their loads, a splittable flow is optimal wrt
the objective of maximum latency if and only if it is optimal wrt the objective of total latency.
As a corollary, we obtain that the optimal splittable flow defines a NE where all players adopt
the same mixed strategy.

Lemma 7.1 There is a unique feasible splittable flow p which minimizes both L(p) and C(p).

Proof: For every feasible flow p, the average latency of p cannot exceed its maximum latency:

Clp) =Y p(mbz(p) = D p(m)bx(p) < L(p) Wio (11)

TeP m:p(m)>0

A splittable flow p minimizes C(p) if and only if for every my,my € P with p(7) > 0,
O, (p) < O0n,(p) (e.g., [6], [30, Section 7.2], [32, Corollary 4.2]). Hence, if p is optimal wrt
the objective of total latency, for all paths # € P, 0,(p) = L(p). Moreover, if p(m) > 0,
then 0,(p) = L(p). Therefore, if p minimizes C(p), then the average latency is equal to the
maximum latency:

Clp)= Y., p(mbx(p) = L(p)Wio (12)
TEP:p(7)>0

Let p be the feasible splittable flow that minimizes the total latency and let p’ be the feasi-
ble splittable flow that minimizes the maximum latency. We prove the lemma by establishing
that the two flows are identical.
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Observe that L(p’) > %:’ 3 > % = L(p) . The first inequality follows from Ineq. (11),
the second from the assumption that p minimizes the total latency and the last equality from
Eq. (12). On the other hand, it must be L(p") < L(p) because of the assumption that the
flow p/ minimizes the maximum latency. Hence, it must be L(p’) = L(p) and C(p") = C(p).
In addition, since the function C(p) is strictly convex and the set of feasible splittable flows
forms a convex polytope, there is a unique flow which minimizes the total latency. Thus, p

and p’ must be identical. [

Corollary 7.1 A flow p minimizes the maximum latency if and only if for every wi,m9 € P
with p(m1) > 0, Ox,(p) < Ox,(p).

Proof: By Lemma 7.1, the flow p minimizes the maximum latency if and only if it minimizes
the total latency. Then, the corollary follows from the the fact that p minimizes the total
latency if and only if for every 71,7y € P with p(m1) > 0, 0, (p) < 0r,(p) (eg, [30, Section 7.2],
[32, Corollary 4.2]). [

The following corollary states that the optimal splittable flow defines a mixed NE where
all players adopt exactly the same strategy.

Corollary 7.2 Let p’} be the optimal splittable flow and let p be the mixed strategies profile
where every player routes its traffic on each path w with probability pj}(ﬂ)/th. Then, p is a
NE.

Proof: By construction, the expected path loads corresponding to p are equal to the values
of p} on these paths. Since all players follow exactly the same strategy and route their demand
on each path 7 with probability p; /Wiot, for each player 1,

—i pi(’) w;
0"(p) = —w; Y w7 H = (1 — ) 62 (p)
7' eP

Since the flow p} also minimizes the total latency, for every mi,m € P with pj}(m) > 0,
0, (P) < 01, (p) (eg, [6], [30, Section 7.2], [32, Corollary 4.2]), which also implies that 6 (p) <
0, (p). Therefore, for every player i and every 71,72 € P such that the player i routes its
demand on 7 with positive probability, A} (p) = fw; + 0.'(p) < fw; + 0.(p) = AL, (P)-
Consequently, p is a NE. [ ]

7.4 An Upper Bound on the Social Cost.

Next we derive an upper bound on the social cost of every strategy profile whose maximum
expected delay (ie, the maximum latency of its associated flow) is within a constant factor
from the maximum latency of the optimal unsplittable flow.

Lemma 7.2 Let p* be the optimal unsplittable flow, and let p be a mixed strategies profile
and p its corresponding flow. If L(p) = L(p) < a L(p*), for some a > 1, then

SC(p) < (@ +1) O(s) L(p*)

where m = |E| denotes the number of edges in the network.
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Proof: For each edge e € F and each player i, let X.; be the random variable describing
the actual load routed through e by 7. The random variable X ; is equal to w; if 7 routes
its demand on a path 7 including e and 0 otherwise. Consequently, the expectation of X, ;
is equal to E{X.;} = > . c.wipi(m). Since each player selects its path independently, for
every fixed edge e, the random variables {X.;, i € [n]}, are independent from each other.
For each edge e € F, let X, = Z?:l Xe,; be the random variable that describes the
actual load routed through e, and thus, also the actual delay paid by any player traversing
e. X, is the sum of n independent random variables with values in [0, wyax]. By linearity of

expectation,
E{X.} = ZE{X“} szzpz ) = 6

Toe

By applying the standard Hoeffding bound®with w = wpa and ¢ = exp rmax{0.(p), Wmax },
we obtain that for every x > 1,

P{X. > exp k max{0.(p), wmax}} < K~ TP ".
For m = |E|, by applying the union bound we conclude that
P{Je € E: X, > exp k max{0¢(p), Wmax }} < mr~ FP " (13)

For each path m € P with p(m) > 0, we define the random variable X, = > _ X,
describing the actual delay along m. The social cost of p, which is equal to the expected
maximum delay experienced by some player, cannot exceed the expected maximum delay
among paths m with p(7) > 0. Formally,

SC(p) < E{ max {XW}} .
w:p(w)>0

If for all e € E, X, < exp kmax{0c(p), Wmax }, then for every path = € P with p(r) > 0,

X, = ZXe < exp ﬁZmaX{ee(P)vwmax}

ecT ecm
< o £ 3(000) + )
ecm
= exp Kk (0x(p) + lwmax)
< exp ﬁ( (P) + gwmax)
< exp(a+ 1)k L(p")

The third equality follows from 6.(p) = > .. 0c(p), the fourth inequality from 6,(p) < L(p)
since p(m) > 0, and the last inequality from the hypothesis that L(p) < a L(p*) and the
fact that fwmax < L(p*) because p* is an unsplittable flow. Therefore, using Ineq. (13), we
conclude that

IP’{ II(la)XO{X} exp(oz—I—l)mL(p*)} <mr™ FPE
>

SWe use the standard version of Hoeffding bound ([19]): Let X1, Xa,..., X, be independent random vari-
ables with values in the interval [0, w]. Let X = > | X; and let E {X} denote its expectation. Then, V¢ > 0,

exp E{X} t/w
P{X >t} g(%)
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In other words, the probability that the actual maximum delay caused by p exceeds the
optimal maximum delay by a factor greater than 2 exp (a+1)x is at most mx ™ P . Therefore,
for every kg = 2,

SC(p) < E{ ) O{Xw}} < explat DI [ ro+ Y kmk= ok
mip(m)>
k=ko

< exp(a+1)L(p") </€0 + 2mrk, P “°+1)

If ko = 13g1(1)§g17n7 then xy Pt < m~1 ¥m > 4. Thus, SC(p) < 2exp (o + 1)(10235)?1% +

1)L(p"). n

7.5 Bounding the Coordination Ratio.

Our final step is to show that the maximum expected delay of every NE is a good approx-
imation to the optimal maximum latency. Then, we can apply Lemma 7.2 to bound the
coordination ratio for our selfish routing game.

Lemma 7.3 For every flow p corresponding to a mized strategies profile p at NE, L(p) <
3L(p").

Proof: The proof is based on Dorn’s Theorem [10] which establishes strong duality in
quadratic programming®. We use quadratic programming duality to prove that for any flow
p at Nash equilibrium, the minimum expected delay §™"(p) cannot exceed L(p}) + £ wmax-.
This implies the lemma because L(p) < 0™"(p) + £ wmay, since p is at Nash equilibrium, and
L(p*) > max{L(p}),{ Wmax }, since p* is an unsplittable flow.

Let @ be the square matrix describing the number of edges shared by each pair of paths.
Formally, @ is a |P| x |P| matrix and for every 7,7’ € P, Q[m, 7’| = |r(\7’|. By definition,
Q is symmetric. Next we prove that @ is positive semi-definite”.

tTQx = Zaz(ﬂ) Z Qlr, 7’|z (7")

TeP ' eP

= Z:L‘(T(‘) Z |7rﬂ7r’|a:(7r')

TeP 7' eP

= Z:L‘(T(‘)Z Z x(n’)

TeP eerm w/:ecn’

= D a(m)) be(x)

TEP ecm

= > fe(x) Y a(m)

ecl T.eCT

= > 02(x)=0

ecE

5Let min{:/nTQx +cTx: Az > b,z > 0} be the primal quadratic program. The Dorn’s dual of this program
is max{—y7Qy + bTu : ATu — 2Qy < c¢,u > 0}. Dorn [10] proved strong duality when the matrix Q is
symmetric and positive semi-definite. Thus, if @) is symmetric and positive semi-definite and both the primal
and the dual programs are feasible, their optimal solutions have the same objective value.

"A n x n matrix Q is positive semi-definite if for every vector x € R", 2T Qx > 0.
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First recall that for each edge e, 0.(x) = > ..cr#(m). The third and the fifth equalities
follow by reversing the order of summation. In particular, in the third equality, instead of
considering the edges shared by 7 and 7/, for all ©’ € P, we consider all the paths 7’ using
each edge e € m. On both sides of the fifth inequality, for every edge e € E, 0.(x) is multiplied
by the sum of z(7) over all the paths 7 using e.

Let p also denote the |P|-dimensional vector corresponding to the flow p. Then, the 7-th
coordinate of Qp is equal to the expected delay 6,(p) on the path 7, and the total latency of
pis C(p) = p" Qp.

Therefore, the problem of computing a feasible splittable flow of minimum total la-
tency is equivalent to computing the optimal solution to the following quadratic program:
min{p”Qp : 17p > Wiet, p = 0}, where 1/0 denotes the |P|-dimensional vector having 1/0 in
each coordinate. Also notice that no flow of value strictly greater than Wiy can be optimal
for this program. This quadratic program is clearly feasible and its optimal solution is ,032
(Lemma 7.1).

The Dorn’s dual of this quadratic program is: max{zWi.t —p? Qp : 2Qp > 12,z > 0} (e.g.,
[10], [5, Chapter 6]). We observe that any flow p can be regarded as a feasible solution to the
dual program by setting z = 26™%(p). Hence, both the primal and the dual programs are
feasible. By Dorn’s Theorem [10], the objective value of the optimal dual solution is exactly
C(p})®.

Let p be any feasible flow at Nash equilibrium. Setting z = 26™%(p), we obtain a dual
feasible solution. By the discussion above, the objective value of the feasible dual solution
(p,260™2(p)) cannot exceed C (p})- In other words,

20™" (p) Wior — C(p) < C(p) (14)

Since p is at Nash equilibrium, L(p) < 0™ (p) + £ wmax. In addition, by Ineq. (11), the
average latency of p cannot exceed its maximum latency. Thus,

C(P) < L(P) Wiot < Hmin(p) Wiot + éwmax Wiot

Combining the inequality above with Ineq. (14), we obtain that 6™ (p) Wiot < C (P}) +
£ Wmax Wiot. Using C’(p’}) = L(p’}) Wiot, we conclude that 6™7(p) < L(p’}) + ¢ Wax- ]

The following theorem is an immediate consequence of Lemma 7.3 and Lemma 7.2.

Theorem 8 ([15]) The price of anarchy of any ¢-layered network congestion game with re-

source delays equal to their loads, is at most 8 exp (log’igm +1).

A recent development which is complementary to the last theorem is the following which we
state without a proof:

Theorem 9 ([16]) The price of anarchy of any unweighted, single commodity network con-

gestion game with resource delays (de(x) = ae - &,a¢ 2> 0),cp, is at most 24 exp (1(};{% +1).

AsMore specifically, the optimal dual solution is obtained from p} by setting z = 29mi“(p}). Since L(p}) =
0™ (p}) and C(p}) = L(p})Whiot, the objective value of this solution is 260" (p})Wior — C(p}) = C(p})-
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8 The Pure Price of Anarchy in Congestion Games

In this last section we overview some recent advances in the Pure Price of Anarchy (PPoA)
of congestion games, that is, the worst-case ratio of the social cost of a PNE over the social
optimum of the game.

The case of linear resource delays has been extensively studied in the literature. The
PPoA wrt the total latency objective has been proved that it is 3+2\/5, even for weighted
multicommodity network congestion games [4, 7]. This result is also extended to the case of
mixed equilibria. For the special case of identical players it has been proved (independently
by the papers [4, 7]) that the PPoA drops down to 5/2. When considering identical users
and single-commodity network congestion games, the PPoA is again 5/2 wrt the maximum
latency objective, but explodes to ©(y/n) for multicommodity network congestion games ([7]).
Earlier it was implicitly proved by [15] that the PPoA of any weighted congestion game on a
layered network with resource delays identical to the congestion, is at most 3.

9 Conclusions

In this survey we have presented some of the most significant advances concerning the atomic
(mainly network) congestion games literature. We have focused on issues dealing with ex-
istence of PNE, construction of an arbitrary PNE when such equilibria exist, as well as the
price of anarchy for many broad subclasses of network congestion games.

We highlighted the significance of allowing distinguishable players (ie, players with dif-
ferent action sets, or with different traffic demands, or both) and established some kind of
“equivalence” between games with unit-demand players on arbitrary networks with delays
equal to the loads and games with players of varying demands on layered networks.

Still, there remain many unresolved questions. The most important question is a com-
plete characterization of the subclasses of games having PNE and admitting polynomial time
algorithms for constructing them, in the case of general networks.

Additionally, a rather recent trend deals with the network-design perspective of congestion
games. For these games [3, 2, 20] the measure of performance is the price of stability, ie,
the ratio of the best NE over the social optimum of the game, trying to capture the notion
of the gap between solutions proposed by the network designer to the players and the social
optimum of the game (which may be an unstable state for the players). This seems to be a
rather intriguing and very interesting (complementary to the one presented here) approach
of congestion games, in which there are still many open questions.
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