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Abstract

We present an efficient algorithm for computing O(1)-approximate pure Nash equilibria in weighted
congestion games with polynomial latency functions of constant maximum degree. For games with linear
latency functions, the approximation guarantee is ‘3+—2‘/5 + O(~) for arbitrarily small v > 0; for latency
functions of maximum degree d, it is d2¢+°(9). The running time is polynomial in the number of bits
in the representation of the game and 1/v. The algorithm extends our recent algorithm for unweighted
congestion games [7] and is actually applied to a new class of games that we call U-games. These are
potential games that “approximate” weighted congestion games with polynomial latency functions, e.g.,
the existence of pure Nash equilibria in W-games implies the existence of d!-approximate equilibria in
weighted congestion games with polynomial latency functions of degree d. The analysis exploits the
nice properties of the potential functions of W-games.
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1 Introduction

Among other solution concepts, the notion of the pure Nash equilibrium plays a central role in Game Theory.
Pure Nash equilibria in a game characterize situations with non-cooperative deterministic players in which
no player has any incentive to unilaterally deviate from the current situation in order to achieve a higher pay-
off. Unfortunately, it is well known that there are games that do not have pure Nash equilibria. Furhermore,
even in games where the existence of equilibria is guaranteed, their computation can be a computationally
hard task. Such negative results significantly question the importance of pure Nash equilibria as solution
concepts that characterize the behavior of rational players.

Approximate pure Nash equilibria, which characterize situations where no player can significantly im-
prove her payoff by unilaterally deviating from her current strategy, could serve as alternative solution
concepts' provided that they exist and can be computed efficiently. In this paper, we study the complex-
ity of computation of approximate pure Nash equilibria in weighted congestion games and prove the first
positive algorithmic results for such games. Our main result is a polynomial-time algorithm that computes
O(1)-approximate pure Nash equilibria under mild restrictions on the game parameters.

Problem statement and related work. In a weighted congestion game, players compete over a set of
resources. Each player has a positive weight. Each resource incurs a latency to all players that use it; this
latency depends on the total weight of the players that use the resource according to a resource-specific, non-
negative, and non-decreasing latency function. Among a given set of strategies (over sets of resources), each
player aims to select one selfishly, trying to minimize her individual total cost, i.e., the sum of the latencies
on the resources in her strategy. Typical examples include weighted congestion games in networks, where
the network links correspond to the resources and each player has alternative paths that connect two nodes
as strategies.

The case of unweighted congestion games (i.e., when all players have unit weight) has been widely
studied in literature. Rosenthal [26] proved that these games admit a potential function with the follow-
ing remarkable property: the difference in the potential value between two states (i.e., two snapshots of
strategies) that differ in the strategy of a single player equals to the difference of the cost experienced by this
player in these two states. This immediately implies the existence of a pure Nash equilibrium. Any sequence
of improvement moves by the players strictly decreases the value of the potential and a state corresponding
to a local minimum of the potential will eventually be reached; this corresponds to a pure Nash equilibrium.
For weighted congestion games, potential functions exist only in the case where the latency functions are
linear or exponential (see [17, 20, 25]). Actually, in games with polynomial latency functions (of constant
maximum degree higher than 1), pure Nash equilibria may not exist [20]. In general, the problem of deciding
whether a given weighted congestion game has a pure Nash equilibrium is NP-hard [15].

Potential functions provide only inefficient proofs of existence of pure Nash equilibria. Fabrikant et al.
[18] proved that the problem of computing a pure Nash equilibrium in a (unweighted) congestion game is
PLS-complete (informally, as hard as it could be given that there is an associated potential function; see
[21]). This negative result holds even in the case of linear latency functions [1]. One consequence of PLS-
completeness results is that almost all states in some congestion games are such that any sequence of players’
improvement moves that originates from these states and reaches pure Nash equilibria is exponentially long.
Such phenomena have been observed even in very simple weighted congestion games (see [2, 16]). Efficient
algorithms are known only for special cases. For example, Fabrikant et al. [18] show that the Rosenthal’s
potential function can be (globally) minimized efficiently by a flow computation in unweighted congestion
games in networks when the strategy sets of the players are symmetric.

The above negative results have led to the study of the complexity of approximate Nash equilibria. A

! Actually, approximate pure Nash equilibria may be more desirable as solution concepts in practical decision making settings
since they can accommodate small modeling inaccuracies due to uncertainty (e.g., see the arguments in [12]).



p-approximate pure Nash equilibrium is a state, from which no player has an incentive to deviate so that
she decreases her cost by a factor larger than p. In our recent work [7], we present an algorithm for com-
puting O(1)-approximate pure Nash equilibria for unweighted congestion games with polynomial latency
functions of constant maximum degree. The restriction on the latency functions is necessary since, for more
general latency functions, Skopalik and Vocking [27] show that the problem is still PLS-complete for any
polynomially computable p (see also the discussion in [7]). Improved bounds are known for special cases.
For symmetric unweighted congestion games, Chien and Sinclair [11] prove that the (1 + €)-improvement
dynamics converges to a (1 + €)-approximate Nash equilibrium after a polynomial number of steps; this
result holds under mild assumptions on the latency functions and the participation of the players in the
dynamics. Efficient algorithms for approximate equilibria have been recently obtained for other classes of
games such as constraint satisfaction [5, 24], anonymous games [14], network formation [3], and facility
location games [8].

In light of the negative results mentioned above, several authors have considered other properties of the
dynamics of congestion games. The papers [4, 19] consider the question of whether efficient states (in the
sense that the total cost of the players, or social cost, is small compared to the optimum one) can be reached
by best-response moves in weighted congestion games with polynomial latency functions. In particular,
Awerbuch et al. [4] show that using almost unrestricted sequences of (1 + €)-improvement best-response
moves, the players rapidly converge to efficient states. Unfortunately, these states are not approximate Nash
equilibria, in general. Similar approaches have been followed in the context of other games as well, such as
multicast [9, 10], cut [13], and valid-utility games [23].

Our contribution. To the best of our knowledge, no efficient algorithm for approximate pure Nash equilib-
ria is known for (any broad enough subclass of) weighted congestion games. We fill this gap by presenting
an algorithm for computing O(1)-approximate pure Nash equilibria in weighted congestion games with
polynomial latency functions of constant maximum degree. For games with linear latency functions, the ap-
proximation guarantee is HT\/E +O(7y) for arbitrarily small 7y > 0; for latency functions of maximum degree
d, it is d?¥+°(@) The algorithm runs in time that is polynomial in the number of bits in the representation of
the game and 1/~.

Our algorithm is applied to a new class of games that we call ¥-games. W-games are potential games
and, in a sense, approximate weighted congestion games with polynomial latency functions. ¥-games of
degree 1 are linear weighted congestion games. Each weighted congestion game of degree d > 2 has a cor-
responding W-game of degree d such that any p-approximate equilibrium is a d!p-approximate equilibrium
for the former. As an intermediate new result, we obtain that weighted congestion games with polynomial
latency functions of degree d have d!-approximate pure Nash equilibria.

The algorithm has a simple general structure, similar to our recent algorithm for unweighted congestion
games [7], but has also important differences that are due to the dependency of the cost of each player on the
weights of other players. Given a W-game of degree d and an arbitrary initial state, the algorithm computes
a sequence of best-response player moves of length that is bounded by a polynomial in the number of bits in
the representation of the game and 1/~. The sequence consists of phases so that the players that participate
in each phase experience costs that are polynomially related. This is crucial in order to obtain convergence
in polynomial time. Within each phase, the algorithm coordinates the best-response moves according to two
different but simple criteria; this is the main tool that guarantees that the effect of a phase to previous ones is
negligible and, eventually, an approximate equilibrium is reached. The approximation guarantee is slightly
higher than a quantity that characterizes the potential functions of W-games; this quantity (which we call
the stretch) is defined as the worst-case ratio of the potential value at an almost exact pure Nash equilibrium
over the globally optimum potential value and is almost 3+T\/g for linear weighted congestion games and
dd+o() for W-games of degree d > 2. Our analysis follows the same main steps as in our recent paper [7]
but uses significantly more involved arguments due to the definition of ¥-games.



We remark that, following the classical definition of polynomial latency functions in the literature, we
assume that they have non-negative coefficients. This is a necessary limitation since the problem of com-
puting a p-approximate equilibrium in (unweighted) congestion games with linear latency functions with
negative offsets is PLS-complete [7].

Roadmap. We begin with preliminary general definitions in Section 2. Section 3 is devoted to W-games
and their properties. We present our algorithm in Section 4 and its analysis in Section 5. We conclude with
open problems in Section 6.

2 Definitions and preliminaries

In general, a game can be defined as follows. It has a set of n players \'; each player u € N has a set of
available strategies X,,. A snapshot of strategies, with one strategy per player, is called a state. Each state
S € J],en Xu incurs a positive cost ¢, (S) to player u. Players act selfishly; each of them aims to select
a strategy that minimizes her cost, given the strategies of the other players. Given a state S and a strategy
sl, € %, for player u, we denote by (S_,, s,) the state obtained from S when player u deviates to strategy
s,,. For a state S, an improvement move (or, simply, a move) for player u is the deviation to any strategy
s, that (strictly) decreases her cost, i.e., ¢, (S_y, 8,) < ¢u(S). For p > 1, such a move is called a p-move
if it satisfies ¢, (S_y, s),) < %ps). A best-response move is a move that minimizes the cost of the player
(of course, given the strategies of the other players). So, from state S, a move of player u to strategy s,
is a best-response move (and is denoted by BR,,(S)) when ¢, (S_y, s,,) = mingey, ¢, (S_y, s). A state S
is called a pure Nash equilibrium (or, simply, an equilibrium) when ¢, (S) < ¢,(S_y, s,) for every player
u € N and every strategy s,, € 3, i.e., when no player has a move. In this case, we say that no player
has (any incentive to make) a move. Similarly, a state is called a p-approximate pure Nash equilibrium
(henceforth called, simply, a p-approximate equilibrium) when no player has a p-move. Also, a state is
called a p-approximate equilibrium for a subset of players A C N if no player in A has a p-move.

A weighted congestion game G can be represented by the tuple (N, E, (wy)uen's (Zw)uens (fe)ecE)-
There is a set of n players N and a set of resources E. Each player u has a positive weight w,, and a set of
available strategies ¥,,; each strategy s,, in 3, consists of a non-empty set of resources, i.e., s, C 27. Each
resource e € I has a non-negative and non-decreasing latency function f. defined over non-negative reals,
which denotes the latency incurred to the players using resource e; this latency depends on the total weight
of players whose strategies include the particular resource. For a state S, let us define N, (S) to be the multi-
set of the weights of the players that use resource e in S, i.e., No(S) = {w, : v € N suchthate € s,}.
Also, we use the notation L(A) to denote the sum of the elements of a finite multi-set of reals A. Then,
the latency incurred by resource e to a player u that uses it is fo(L(Ne(S))). The cost of a player u at
a state S is the total latency she experiences at the resources in her strategy s,, multiplied by her weight,
ie., cu(S) = wu Y ey, fe(L(Ne(S))). We consider weighted congestion games in which the resources
have polynomial latency functions with (integer) maximum degree d > 1 with non-negative coefficients.
More precisely, the latency function of resource e is fe(z) = Zgzo ae,kxk with a.; > 0. The special
case of linear weighted congestion games (i.e., with latency functions of degree 1) is of particular interest.
In general, the size of the representation of a weighted congestion game is the number of bits required to
represent the parameters a j, of the latency functions, the weights of the players, and their strategy sets. In
weighted congestion games in networks, the network links are the resources. Each player u aims to connect
a pair of nodes (sy,t,) and her strategies are all paths connecting s,, with ¢,, in the network. Note that
the representation of such games does not need to keep the whole set of strategies explicitly; it just has
to represent the parameters a. , the weight and the source-destination node pair of each player, and the
network.

Unweighted congestion games (i.e., when w, = 1 for each player u € N') as well as linear weighted



congestion games are potential games. They admit a potential function ® : [], 3, +— R™, defined over all
states of the game, with the following property: for any two state S and (S_,, s,,) that differ only in the
strategy of player w, it holds that ®(S_,, s,) — ®(S) = cu(S—u, 8},) — cu(S). Clearly, local minima of the
potential function corresponds to states that are pure Nash equilibria. Potential functions for the two classes
of games mentioned above have been presented by Rosenthal [26] and Fotakis et al. [17], respectively.
Unfortunately, weighted congestion games with polynomial latency functions of degree at least 2 are not
potential games and may not even have pure Nash equilibria [20].

We complete this section by presenting two technical inequalities; these are extensively used in our
proofs and are included here for easy reference.

k
Lemma 1 (Minkowski inequality) >"7_; (a; + 3;)* < ((Zle af)l/ My (>, Bf)l/ k) , for any inte-
gerk > 1and oy, By > 0.

Claim 2 For every a € (0,1) and z > 1, it holds that z2* — 1 > a(z — 1)z~ L.

Proof. The function h(z) = z® is concave in [1,4o00). This means that, for every z > 1, the line
connecting points (1,1) and (z,h(z)) has slope higher than the derivative of A at point z, i.e., Zzajll >
az%~ !, Equivalently, 2% — 1 > a(z — 1)z% L. O
3 U-games

Our aim in this section is to define a new class of games which we call ¥-games and study their properties.
We will need the following interesting family of functions which have also been used in [6] in a slightly
different context.

Definition 3 For integer k > 0, the function U, mapping finite multi-sets of reals to the reals is defined as
Jollows: Vi.(0) = 0 for any integer k > 1, Uo(A) = 1 for any (possibly empty) multi-set A, and for any
non-empty multi-set A = {a, ag, ..., ay} and integer k > 1,

k
U=k Y J]ea

1<di <...<dp<lt=1

So, U (A) is essentially the sum of all monomials of total degree k on the elements of A. Each term in
the sum has coefficient k!. Clearly, U;(A) = L(A). For k > 2, compare W (A) with L(A)* which can
also be expressed as the sum of the same terms, albeit with different coefficients in {1, ..., k!}, given by the
multinomial theorem.

We are ready to define W-games. A W-game G of (integer) degree d > 1 can be represented by the tuple
N E, (W) ueNs (Bw)uens (Gek)ecE k=0,1,...4)- Similarly to weighted congestion games, there is a set of
n players A and a set of resources E. Each player u has a weight w,, and a set of available strategies ¥,;;
each strategy s,, € X, consists of a non-empty set of resources, i.e., s, C 2E Each resource e is associated
with d 4+ 1 non-negative numbers a. j for k = 0,1, ...,d. Again, for a state S, we define N,(S) to be the
multi-set of weights of the players that use resource e at state .S. Then, the cost of a player u at a state .S is
defined as

d
eu(S) =wu Y Y aerTr(Ne(S)).
ecsy k=0
Of course, the general definitions in the beginning of Section 2 apply to ¥-games. With some abuse in
notation, we also use O to refer to the pseudo-state in which no player selects any strategy and BR,,(0) to
denote the best-response of player u assuming that no other player participates in the game.



Clearly, given a weighted congestion game with polynomial latency functions of maximum degree d,
there is a corresponding W-game with degree d, i.e., the one with the same sets of players, resources, and
strategy sets, and parameter a. j for each resource e and integer k = 0, 1, ..., d equal to the corresponding
coefficient of the latency function f.. Observe that W-games of degree 1 are linear weighted congestion
games. As we will see below, in a sense, a ¥-game of degree d > 2 is an approximation of its corresponding
weighted congestion game.

We remark here that a different approximation of weighted congestion games has been recently con-
sidered by Kollias and Roughgarden [22]. Given a weighted congestion game, they define a new game by
answering the following question: how should the product of the total weight of the players that use the
resource times its latency be shared as cost among these players so that the resulting game is a potential
game? Their games use a different sharing than the weight-proportional one used by weighted congestion
games. In contrast, our approach is to define an artificial latency on each resource e (by replacing the term
ae 1 L(Ne(S))F with a, i (Ne(S)) in the latency functions) so that weight-proportional sharing yields a
potential game. This guarantees the relation between approximate equilibria in weighted congestion games
and W-games presented in Lemma 7 below, which is crucial for our purposes.

3.1 Properties of V-games
The following lemma is proved in (the full version of) [6] and is extensively used in our proofs.

Lemma 4 For any integer k > 1, any finite multi-set of non-negative reals A, and any non-negative real b
the following hold:

a. L(A* < Ui (A) < kIL(A)F d V(AU {b}) — U(A) = kb¥,_1 (AU {b})
b. Uj_1(A)F < Wp(A)FT e. Up(A) < kU (AT, 1(A)

k
e Up(AU{BY) = Sig Giimb! Wa—e(A) £ W(AU{b}) < (Tr({bH)VF + Wi (4)1VF)
We now present a very important property of W-games.

Theorem 5 The function ®(S) =), ZZ —0 Zi’; Uy 11(Ne(S)) is a potential function for ¥-games of de-
gree d.

Proof. Consider a player u, a state S in which u plays strategy s,, and state (S_,,, s},) where u has deviated
to strategy s/,. Using the definition of the potential function, we have

d
O(S) = B(Sursl) = DD ,fi’“l\lfkﬂ Yy o W1 (Ne(S-us 1)
e k=0 e k=0
= Z Z kot Urr1(Ne(S)) — ‘I/kJrl(Ne(S—u?S;)))
e€sy\s), k=0
d
2 > o (W (Ve(8) = Waa (Ne(S—u. 1))
e€sh \sy k=0
d
= Z Zae,kwquk( Z Zae Wy U (Ne(S—u, sy))
e€sy\sh, k=0 eEsu\suk 0
d
= Wy Z Zae,k\pk( — Wy Z Zae k\Ilk S—u; u))
e€sy k=0 e€s!, k=0

= &u(9) — eu(S_y,s,).



The third equality follows by Lemma 4d and the facts that N.(S) = N.(S_, s},) U{w,, } for every resource
e € sy, \ s, and Ne(S_y,s),) = Ne(S) U {w,} for every resource e € s/, \ s,. The last equality follows by
the definition of ¢,,. O

As a corollary, we conclude that the Nash dynamics of W-games are acyclic; hence, these games admit
pure Nash equilibria. Recall that U-games of degree 1 are linear weighted congestion games; for this specific
case, Theorem 5 has been proved in [17].

In the following, we study the relation between the approximation guarantee of a state for a ¥-game and
its corresponding weighted congestion game with polynomial latency functions. The proof of the next claim
follows easily by Lemma 4a.

Claim 6 Consider a weighted congestion game with polynomial latency functions of degree d and its cor-
responding VU-game. Then, for each player u and state S, c,,(S) < ¢,(S) < dley(9).

Proof. We will use Lemma 4a and the definitions of ¢, (S5) and ¢,(5). Let s, be the strategy of player u at
state .S. Using the first inequality of Lemma 4a, we have

d d
cu(S) = wu DY ackL(N(S)F < wi DY ek Ui(Ne(S)) = éu(S).

ecsy k=0 ecsqy k=0

Also, using the second inequality in Lemma 4a, we have

d d d
eu(S) = wu DD ackTr(Ne(S) Swu Y Y ac kb L(N(S)* < dlwy > Y ackL(Ne(S))

ecsy k=0 ecsy k=0 ecsy k=0

= dley(9).

Using Claim 6, we can obtain a relation between approximate equilibria as well.

Lemma 7 Any p-approximate pure Nash equilibrium for a V-game of degree d is a d!p-approximate pure
Nash equilibrium for the corresponding weighted congestion game with polynomial latencies.

Proof. Let S be p-approximate equilibrium for a W-game of degree d, u a player and s/, a strategy of u
different than her strategy s, in S. Using the p-approximate equilibrium condition for player u and Claim
6, we have

cu(S) < eu(S) < peu(S_u,sl,) =dlp-cu(S_u,s)).
O

Since pure Nash equilibria always exist in W-games, the last statement (applied with p = 1) implies the
following.

Theorem 8 Every weighted congestion game with polynomial latency functions of maximum degree d has
a d!-approximate pure Nash equilibrium.



3.2 Subgames and partial potentials

We now define restrictions of the potential function of U-games. Given a state S and a set of players A C N,
we denote by IV, EA(S ) the multiset of the weights of players in A that use resource e in S. Then, we define

ZZ 2ok B (NA(S))

We can think of ®4 as the potential of a subgame in which only the players of A participate.

We also use the notion of the partial potential to account for the contribution of subsets of players to the
potential function. Consider sets of players A and B with B C A C N. Then, the B-partial potential of the
subgame among the players in A is defined as

dA(S) = d4(S) — dNB(9).

When A = A, we remove the superscript from partial potentials, i.e., ®5(S) = ®% (S). Also, when B
is a singleton containing player u, we simplify the notation of the partial potential to CIDZ‘(S). Furthermore,
observe that 4(S) = ®4(9).

The next four claims present basic properties of partial potentials.

Claim 9 Let S be a state of a V-game and let B C A C N. Then, ®4(S) < ®p5(S).

Proof. Let £ > 1 be an integer and consider a resource e which is used by at least one player of B in

S. By the definition of Wy, observe that Wy (NA(S)) — \Ilk(Nf\B(S)) is equal to k! times the sum of all
monomials of degree k& among the elements of N/*(S) that contain at least one element in N2 (.S). Similarly,

Uy (Ne(S)) — Ug(Ne N\B (9)) is equal to k! times the sum of all monomials of degree £ among the elements
of N(S) that contain at least one element in NZ(S). Since N2 (S) C N (S), we have that

UR(NA(S)) = We(NNP(S)) < Wr(Ne(S)) — Tu(N)VE(S).

The inequality holds trivially (with equality) if no player from B uses resource e in S. Using this inequality
and the definition of the partial potential, we have

PA(S) = @A) - eNE(S) ;Z b (U (NA(S) = 0 (N (S))

<Yy

e k=0
= ®p(9).

(W1 (Ne(8) = Trpa (N (8))) = @(8) — 2VVE(S)

O

Claim 10 Let A C N be a set of players and let S and S’ be states such that each player in A uses the
same strategy in S and S’. Then, for every set of players B C A, @g(S) = @g(S’).

Proof. Observe that N (S) = NA'(S’) for each resource e and any A’ C A. By the definition of the
potential of the subgame among the players of A’, we have ®4'(S) = ®4'(S"). Then, by the definition of
the partial potential, 74 (S) = ®4(S) — @A\E(S) = dA(F') — ANB(S') = B4(S). O

Claim 11 Ler S be a state of a V-game and let u be a player. Then, ®,,(S) = ¢,(9).



Proof. Let s, be the strategy of player w in .S. We use the definition of the partial potential, the definitions
of the potential for the original game and the subgame among the players in A/ \ {u}, Lemma 4d, and the
definition of ¢, (.S) to obtain

d
u(S) = @(8) - @NUH(S) = 3737 (Wi (Ne(8)) = Waa (N (8)))
e k=0
d d
= 22 (T (Ne(8)) = Wi (NNHSE)) = w0 30D ae s Wr(Ne(S))
e€sqy k=0 e€sqy k=0
= ().

O

Claim 12 Let u be a player and A C N a set of players that contains u. Then, for any two states S and S’
that differ only in the strategy of player w, it holds that ® 4(S) — ® 4(S’) = ¢, (S) — é,(5").

Proof. We have
DA(S) = Da(S) = @(S)— @VVS) — 0(S') + &NV(S) = B(S) — B(S') = u(S) — cu(S).

The first equality follows by the definition of the A-partial potential, the second one follows by Claim 10
since each player in A/ \ A uses the same strategy in S and S’ and the last one follows by Theorem 5. O

In particular, Claim 12 implies that the A-partial potential can be thought of as a potential function
defined over all states in which each player in A/ \ A uses the same strategy.

We proceed with the following interesting property that shows that the potential function of ¥-games is
cost-revealing. It also implies that the potential of a state lower-bounds the total cost of all players.

Lemma 13 For every state S of a V-game and any set of players A C N, it holds that ® o(S) <
ZueA éu(S)

Proof. Let A = {u1,ug,...,u4}. Let Ag = 0 and Ay = {uy,...,us} fort = 1,2,...,|A|. Then, using the
definition of the partial potential and Claims 9 and 11, we have

4]
2u(5) = @(8) — PV() = Y (e (5) - V()
t=1
4] 4]
— Z@{X\At 1 <Z<I>Ut :ZCU(S).
t=1 u€A

3.3 The stretch of the potential function

An important quantity for our purposes is the stretch of the potential function of ¥-games; a general defini-
tion that applies to every potential game follows.

Definition 14 Consider a potential game with a positive potential function ® and let S* be the state of min-
imum potential. The p-stretch of the potential function of the game is the maximum over all p-approximate
pure Nash equilibria S of the ratio ®(S)/®(S*).



The next two statements provide bounds on the p-stretch of the potential function of W-games of degree
1 (i.e., linear weighted congestion games) and d > 2, respectively.

Lemma 15 For every p € [1,11/10], the p-stretch of the potential function of a linear weighted congestion
3+\f
+6(p—1).

game is at most

Proof. Let S* be the state of minimum potential and S be a p-approximate equilibrium. For each player u,
we denote by s, and s}, the strategies she plays at states S and S*, respectively. Using the p-approximate
equilibrium condition ¢, (S) < p - ¢, (S—y, s5), the definition of the cost of player u, and the definition of
function ¥, we obtain

Z CU(S) < pwy Z (ae,l\Il1<Ne(S—uﬂ SZ)) + ae,O)

*
ecsy,

< pwy Z (ae,1W1(Ne(S) U{wy}) + aep)

ecsy,

= pwy Z (e, 1 U1 (Ne(S)) + ae 1wy + aep).

ecsy,

By summing over all players, by exchanging sums, and using the definition of N, (S*), we obtain

Zcu(s) < pzwuz ae,llpl(Ne(S))+Ge,1wu+ae,0)

e€sy,

= pz ael\lll Z Wy + Qg1 Z U) + Ge0 Z Wy,

u:e€sy, ueEsy, u:e€sy,

= pz e V1(Ne(S))W1(Ne(S)) + aea Z w3+ae,0qjl(Ne(S*))

ueesy,

We now apply the inequality zy < 5 (3\/%/15 ) y2 + V5 \/g 22 that holds for any pair of non-negative = and y on

the rightmost part of the above derivation to obtain

> culS)

pz (\;5—\/15 a1 W1 (Ne(S%))? +

S

-2
o191 (NL(9))? + ae wi—i—ae Uy (N(S5*
5 /5! 1(Ne(5)) 1u€§€:s 0W1(Ne(57))

IA

55 * *
= 02 | e MO 3wt |+ aon(s)

_ Z 735 e (NS - Y w? ﬁi/nga&lwl(zve(s»?.

Now, observe that ¥q(N,(S*))? D wees w? for every resource e. Furthermore, Wq(N,(S*))?

v



D uees:, w2 = Wy(N,(S*)). Hence, we have

S culS)

< PZ (ﬂae,l\I}Q(Ne(S*» +a670\1/1(N6(S*))> ! f?/épzae»llpl(NE(s))Q

4(3 - V/5)
V5 Py (a;’l Wa(Ne(S7)) + aep%(Ne(S*))) + L:/;pzae,l\lil(Ne(S)F

2(3 —/5) 3—
55 o, VB2
= mﬂé(s ) + - \/gpz;ae,l‘lfl(Ne(S))2- ey

We now use the definition of ®(.5), the fact that for every player u and resource e € s,, it holds that
wy, < VU1(Ne(5)), and the definition of the cost of player u. We have

o(5)

= 2 (5 WaN(S) + aco¥i (Ne(S)))

= Z(a;’l Y (wa Wi (Ne(S)) + w}) +aco Y wu)

< Z(% Z ((6—2\/5)wu\111(N( ) + (2V5 — dw )+aeo Z wu>

= 3—\/7 Zwuz ael\Ill(N( ))—|—an \/7 22&61 Zw
f—2 Zaeo Z Wy,

= 3- 52% V5 —2 Za612w+\/_—22a602wu

By applying inequality (1) to the rightmost part of this derivation, we obtain

3(S)

IN

52\/5/)(19(5*)4-(\/5—2)/)2@@71\1/1( \/_ 2 Zael Z U)

U:EESy,

+(VE=2)) " ac oW1 (Ne(S5))

2

5_*/5p<1>(5*)+(2\/5—4)pz <a;1 ( 2+ Z >+aeo‘111(N (S)))

UeESy,

o (s) + @VE =)0 Y (SN + 0 (N.(5)

5—VH
= Q*fpcb(s*) + (2V5 — 4)p®(S).
The last inequality implies that ®(.S) is not larger than mf%%@(s*) which can be easily proved to
be at most (3+T\/g+6(p— 1)> ®(S*) when p € [1,11/10]. O

Lemma 16 The p-stretch of the potential function of a V-game of degree d > 2 is at most p(p + 1)%(d +

1)d+1'
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Proof. Consider a p-approximate equilibrium S of a ¥-game and let S* be the state of minimum potential.
We denote by s,, and s, the strategy of player u at states .S and S*, respectively.

By Lemma 13, the p-approximate equilibrium condition ¢,(S) < p - ¢,(S—_y, s;), and the definition of
the potential function, we have

J®(5) ;

IN
I
o>
£
2

= Zwu Z Zae k\IJk S—u; u))

e€sy k=0

= Zzaek Z wu\pk S—ua u))

e k=0 ue€sy,

We now use the fact that N.(S_,, s)) € N(S) U {w,}, Lemma 4c, and the fact that ;11 (N.(S*)) >
(t+ 1)), ces wh to obtain

Los) < ZZaek > waT(Ne(S) U {wa})

p e k=0 u:e€sy,
k

- ZZaek Z “Z ‘I/k tN(S))wth
e k=0 ue€sy, t= 0

= ZZaekZ “(Ne(8) D witt
e k=0 t= 0 ue€sy,

< Zzaekz t+1) T Wt (Ne(S5)) Wep1(Ne(S7))
e k=0 t= 0

k1
= ZZ ]:ikl Z < ’ 1— ! > Wpt1-t(Ne(S)) Wi (Ne(S7)).
e k=0 t=1

Using Lemma 4b (observe that it implies that ¥;(A) < Wy, (A) R for any non-negative integer ¢t < k+ 1
and multi-set of reals A), the binomial theorem, inequality o* + 8 < (a + B)* for every a, 3 > 0 and
A > 1, and the definition of the potential function, we obtain

k+1

ZZ ek Z( k+1 >\Ilk+1(Ne(S))kZi1t‘I’k—s—l(Ne(S*))il

1
5209

IN

- X Z 2 (e (V)7 + B (a5 H) T wa ((5)))

1

ZZ kaj‘kl (lpkﬂ (Ne (S))# + ‘I’k+1<Ne(S*))m)d+l — (S

IN

We now apply Minkowski inequality twice on the double sum at the rightmost part of this last inequality

12



and use the definition of the potential function to obtain

1 1 d+1
d d+1 d a+1
(1+1/p)2(5) < 3 ( kai’“lmﬂwe(s») + (Z k“i’“lwmuve(s*)))
e k=0 k=0
T d 2\
< (ZZ k“i’“lmﬂ(Ne(s))) + (ZZ kaikl U1 (Ne(S )))
k=0 e k=0
= (@)@ + (@(s )
The above inequality yields
(@) < ! (®(5%)7 . @

~1
By Claim 2, we have (1 + 1/p)ﬁ -1> (pﬁ (p+ 1)ﬁ (d+ 1)) . Using this observation, inequality
(2) implies that

d(S) < plp+1D)Yd+1)e(sY)
as desired. O

In the rest of the paper, we denote by 6,4(p) the upper bounds on the p-stretch given by Lemmas 15 and

16, namely 6, (p) = 3+T‘/5 +6(p — 1) and 04(p) = p(p + 1)%(d + 1)1, The next lemma extends these
bounds to partial potentials.

Lemma 17 Consider a V-game of degree d and a state S which is a p-approximate pure Nash equilibrium
for a set of players R C N. Then, ®(S) < 04(p)Pr(S*) for any state S* such that each player in N'\ R
uses the same strategy in S and S*.

Proof. In our proof, we will use the property

k
wiaum) = (] ) neanm ®

t=0

for every two multi-sets of positive reals A and B. To see why (3) holds, observe that the product
Uy +(A)U(B) equals (k — t)!t! times the sum of all products of monomials of degree k — t with ele-
ments of A with monomials of degree ¢ with elements of B.

Given state S in the original game, we define the U-game (R, (wy)ucr, (Xu)ucRs (Ge,t)ecE t=0.....d)
with

d

_ k

Qe =) ek ( X ) W (NMVE(S)).
k=t

Observe that the parameters a. ;, depend only on the strategies of players in N\ R in S.

Now, given any state S’ in the original game, we denote by S’ the state in the new game in which each
player in R uses the strategy she uses in S’. We also use the notation ¢, for the cost of a player u € R in the
new game and @ for its potential function.

13



We will first show that ¢,(S") = ¢,(S5) for every state S” of the new game such that each player
u € N'\ R uses the same strategy in S’ and S . Consequently, since state S is a p-approximate equilibrium
for the players in R in the original game, state S is a p-approximate equilibrium in the new game. We have

d
u(S) = wu ) D G Ui(Ne(S) —wuZZ% Zaw( )\Ifk (NIE(5))

e€sy t=0 ecsy t=0
d
TS ( ) U (NORSNTNES)) = 0 303 Wi (N (7))
e€sy k=0 t=0 e€sy k=0
= (9.

The first equality follows by the definition of &,(S’), the second one follows since N.(S5") = N (S’) and
by the definition of . j, the third one follows by exchanging the sums and since each player in A/ \ R use

the same strategy in states .S and .S’ (hence, NN\R(S) = Né\[\R(S’)
(3), and the last one follows by the definition of éu(97).
We now show that ®(S”) = ®r(S”). We have

HS) = TP )

), the fourth one follows by equality

e t=0
d d
- ;;le(Nf(S’));ae,kmh_xwy\f%s»
- ZZ t Z (511) me (e (82

k+1

= ZZ o Z( ) B (SN

a k41 Eal
= ZZ o (Z( ; )%H<N£\R<s’>>wt<zv£<s'>>—\ka(M\R(s')))
e 0

k+1
d
- szaiquj"’“ ZZ ()
e k=0 e k=
= ®(5) — 2MV(S)
= Pg(9").

The first equality follows by the definition of ®(S"), the second one follows since N,(S’) = NF(S’) and
by the definition of @ x, the third one follows by exchanging the sums and since each player in V' \ R use
the same strategy in states .S and S’, the fourth one follows by simply changing the counter in the rightmost
sum, the fifth one is obvious, the sixth one follows by property (3), and the last two ones follow by the
definition of the (partial) potentials.

Since the state S is a p-approximate equilibrium for the new game, the bounds on the p-stretch estab-
lished in Lemmas 15 and 16 imply that ®(S) < 64(p)®(S*). By our last equality above, we obtain that
Pr(S) < 04(p)Pr(S*) and the proof is complete. O
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4 The algorithm

In this section we describe our algorithm (see the table below). The algorithm takes as input a ¥-game G of
degree d with n players, an arbitrary initial state S of the game, and a small positive parameter . It produces
as output a state of G. The algorithm starts by initializing its parameters, namely ¢max, Cmin, M, ¢, ¢, and p
(lines 1-6). It first computes the minimum possible cost ¢,,;, among all players and the maximum cost ¢yax
experienced by players in the initial state S. Then, it sets the parameter m equal to log (¢max/Cmin); in this
way, m is polynomial in the number of bits in the representation of the game (i.e., polynomial in the number
of bits necessary to store the parameters a. j and the weights of the players). Then, the parameter q is set

-1
close to 1 (namely, ¢ = 1 + -y) and parameter p is set close to 64(¢) (namely, p = (#@ — 27) ). Recall

that 64(q) is the bound on the g-stretch of the potential function of W-games of degree d in the statements of
Lemmas 15 (for d = 1) and 16 (for d > 2).

input : A WU-game G of degree d with a set N of n players, an arbitrary initial strategy .S,
and vy > 0 withy € (0,1/10]ifd =1 and v = #(2)’ otherwise
output: A state of G
1 Crin < MiNyep éu(ofm BRU(O))’
2 Cmax ¢ MaXyen 6 (9);
Im < IOg (émax/émin);
4 g<2(1+m1+ ’y‘l))dddn’y_3;
5 g 14

-1
1 :
7 fori <+ Otom dob; + ¢raxg™"
9 while there exists a player v € N such that ¢,,(S) € by, 4+00) and
Cu(S—u, BRy(S)) < éu(S)/q do
10 | S« (S_u,BRu(9));

11 end

12 F+ 0

13 for phase i <+ 1tom — 1 do

14 | while there exists a player uw € N\ F such that either ¢,(S) € [b;, +00) and
Cu(S—u, BRy(S)) < éu(S)/por éy(S) € [bit1,bi) and é,(S—y, BRu(S)) < ¢u(S)/q
do

15 | S (S—u, BRu(S));

16 end

17 | F—FU{ueN\F:é(S)e€b,+00)};

18 end

Algorithm 1: Computing approximate equilibria in ¥-games.

Then, the algorithm runs a sequence of phases; within each phase, it coordinates best-response moves
of the players. This process starts (line 7) by computing a decreasing sequence of boundaries bg, b1, b2, ...,
b, that will be used to define the sets of players that are considered to move within each phase. Then, it
executes phase 0 (lines 8-10). During this phase, as long as there are players of cost at least b; that have a g-
move, they play a best-response strategy. Hence, after the end of the phase, all players with cost higher than
b are in a g-approximate equilibrium. Then, the algorithm uses set I to keep the players whose strategies
have been irrevocably decided; F is initialized to () in line 11. Phases 1 to m — 1 (lines 12-17) constitute the
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heart of our algorithm. During each such phase ¢, the algorithm repeatedly checks whether, in the current
state, there is a player that either has cost higher than b; that has a p-move or her cost is in [b;11, b;) and has
a g-move. While such a player is found, she deviates to her best-response strategy. The phase terminates
when no such player exists and the algorithm irrevocably decides the strategy of the players that have cost
at least b;. These players are included in set F’; at this point, they are guaranteed to be at a p-approximate
equilibrium. Subsequent moves by other players may either increase their cost or decrease the cost they
could experience by deviating to another strategy. As we will show, these changes are not significant and
each player will still be at an almost p-approximate equilibrium at the end of all phases. The fact that plays a
crucial role towards proving such a claim is that, at the end of each phase ¢, any player with cost in [b;11, b;)
is guaranteed to be in a g-approximate equilibrium. Note that b,,, < ¢nin and, eventually, all players will be
included in set F'.

We remark that the sequence of the phases is similar to the one in our algorithm for unweighted conges-
tion games with polynomial latency functions of constant degree d in [7]. However, there is an important
difference. In that context, each player is considered to move during only two consecutive phases; these
phases are defined statically based only on the characteristics of the particular player. The main reason that
allows this is that the cost that a player may experience by following a specific strategy may change by at
most a polynomial factor (namely, at most n%) during the execution of the algorithm. This is not the case in
the context of U-games since the fact that the cost of a player depends on the weights of the other players
does not satisfy this polynomial relation. So, in the current algorithm, the players that are considered to
move within each phase are decided dynamically based on the cost they experience during a phase. In this
way, a player may (be considered to) move in many different phases.

In Section 5, we will prove the following statement.

Theorem 18 The algorithm computes a pq-approximate equilibrium for every V-game of constant degree

-1

d, where p1 = 3+T\/5 + O(7) and pg € dOW) . The running time is polynomial in v~ and in the number

of bits in the representation of the game.

Combined with Lemma 7, Theorem 18 immediately yields the following result for weighted congestion
games.

Theorem 19 When the algorithm is applied to the V-game corresponding to a weighted congestion game
with polynomial latency functions of constant degree d, it computes a state which is a pgq-approximate
equilibrium for the latter, where p1 = % + O(7) and pgq € d?>H+00),

S Analysis

This section is devoted to proving Theorem 18. Throughout the section we consider the application of the
algorithm on a W-game of degree d and denote by S the state computed by the algorithm after the execution
of phase ¢ for7 = 0,1, ...,m — 1. Also, we use R; to denote the set of players that make at least one move
during phase ¢. Our arguments are split in three parts. First (in Section 5.1), we present a key property
maintained by our algorithm stating that the R;-partial potential is small when the phase 7 > 1 starts. Then
(in Section 5.2), we use this fact together with the parameters of the algorithm to prove that the running
time is polynomial. The proof of the approximation guarantee follows in Section 5.3. Recall that the players
whose strategies are irrevocably decided during phase j > 1 are at a p-approximate equilibrium at the end
of the phase. The purpose of the third part of the proof is to show that for each such player, neither her
cost increases significantly nor the cost she would experience by deviating to another strategy decreases
significantly after phase j. Hence, the approximation guarantee in the final state computed by the algorithm
is slightly higher than p.
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We remark that the analysis follows the same general steps as in our recent paper on unweighted con-
gestion games [7]. However, due to the definition of U-games and the dependency of players’ cost on the
weights, different and significantly more involved arguments are required, especially in the first and third
step.

5.1 A key property

In order to prove the key property maintained by our algorithm, we will need the following lemma which
relates the I;-partial potential to the cost they experience when they make their last move within phase .

Lemma 20 Let ¢(u) denote the cost of player uw € R; just after making her last move within phase i > 1.
Then,
Dp,(5) < ) ).
ueR;

Proof. Rename the players in R; as ui, ug, ..., u|g,| so that u; is the j-th player that performed her last
move within phase i > 1. Also, denote by S*/ the state in which player u; performed her last move. Let

RLR” = () and Rg = {ujy1, ujt2.-, g, } for j = 0,1,2,..., |R;| — 1. Then,

|Rs| _ | R
CI)Ri(Si) _ (I)(Si)_@N\Ri(si):Z((I)N\RZ(SZ) (I)/\/\RJ 1 Sz ) Z(I)N\R
j=1
|R;| |R;|
= Y e\ i) Z (59 =S éu).
j=1 j=1 uER;

The first three inequalities follow by the definition of the partial potential functions and the definition of sets
Rj The fourth inequality follows by Claim 10 since players in N\ Rj do not move after state S*/ and until
the end of the phase. The inequality follows by Claim 9 and the last equahty follows by Claim 11 and the
definition of ¢(u). O

We are ready to prove the main lemma of this subsection.
Lemma 21 For every phase i > 1, it holds that ®p, (S <y~ Inb;

Proof. For the sake of contradiction, we assume that ® g, (S*~!) > v~ Inb; and we denote by P; and Q;
the set of players in R; whose last move was a p-move and g-move, respectively. Since each player in P;
decreases her cost by at least (p — 1)é(u) during her last move within phase ¢ (see Claim 12), we have

CI)R7<SZ) < cI)Ri(Si_l) - (p - 1) Z é(”)
uekl;

By Lemma 20 and the fact that each player in (); experiences a cost of at most b; when she makes her last
move within phase ¢, we have

> éu) = Br(S) - Y éu) = Bg,(S) — nb;.
ueP; uER);
Using the last two inequalities and our assumption, we obtain that
®r (") < PR(S'7Y) —(p—1)®R,(S) + (p — L)nb;
< (14 (=125 — (0~ D), (S)
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which implies that
i 1 i—1
(I)Ri(s ) < 1_7 +7 (I)Ri(s )

Now, consider state S*~! and let X; and Y; be the sets of players in R; with cost at least b; and smaller
than b;, respectively. Notice that, by the definition of phase i — 1, S*~! is a g-approximate equilibrium for
the players in X;. We construct a new ¥-game of degree d among the players in A/ as follows. The new
game has all resources of the original game; the parameters a. j for these resources are the same as in the
original game. In addition, the new game has a new resource e,, for each player u € Y;; the parameters for
this resource are a., 0 = b;/w, and a, = 0 for k = 1, ..., d. Each player in N\ 'Y; has the same set of
strategies in the two games. The strategy set of player u € Y; consists of the strategy s,, she uses in S*~! as
well as strategy s!, U {e, } for each strategy s/, # s, she has in the original game.

Let Si~! be the state of the new game in which all players play their strategies in S°~!. Clearly, state
S~ is a g-approximate equilibrium for the players in X;. Also, at state S°~!, each player u € Y; expe-
riences a cost equal to the cost she experiences at state S°~! of the original game, i.e., smaller than b;. In
the new game, any deviation of u would include resource e, and would increase the cost of player u to at
least wyae, 0 = b;. Hence, S*! is a g-approximate equilibrium for the players of Y; as well. We use ® to
denote the potential of the new game. Since the players use the same strategies in states S*~! and S*~! and
the parameters a. ;, of the original resources are the same in both games, we have @, (S 1) = @, (S°71).

Now, let S? be the state in which each player in A"\ Y; uses her strategy in S* and the strategies for the
players in Y; are defined as follows. Let u be a player of Y; and s/, be the strategy she uses at state S° of the
original game. Her strategy in state S* of the new game is s/, U {e, } if s/, # s, and s, otherwise. Observe
that, by the definition of the partial potential, we have that the partial potential ® g, (S?) of the new game at
state S* is by at most 3, cy- e, 0¥1(Ne, (5%)) < nb; higher than the partial potential of the original game
at state S° (due to the contribution of the additional resources to the potential value). Hence,

1
0a(q)

So, we have identified a state S~! of the new game which is a g-approximate equilibrium for the play-
ers in R; and another state S’ such that the players in V' \ R; use the same strategies in S*~! and S and
DR, (STY) > 04(q)Pr,(S?). This contradicts Lemma 17 and, subsequently, it also contradicts our assump-
tion g, (S?~1) > v~ !nb;. The lemma follows. 0

L A 1 . 1 _ _
B (3) < Bn(s)tub< (542 ) (s = (34 2) B = e (5,

5.2 Bounding the running time

We will now use Lemma 21 and the properties of ¥-games to prove that the algorithm terminates quickly.

Lemma 22 The algorithm terminates after a number of steps that is polynomial in the number of bits in the

representation of the game and vy~ ".

Proof. Clearly, if the number of strategies is polynomial in the number of resources, computing a best-
response strategy for a player u can be trivially performed in polynomial time (by the definition of ¢,). This
is also the case for weighted congestion games in networks (where the number of strategies of a player can
be exponential) using a shortest path computation. So, it remains to bound the total number of player moves.

At the initial state, the total cost of the players and, consequently (by Lemma 13), its potential is at most
Nnémax. Each of the players that move during phase 0 decreases her cost and, consequently (by Theorem
5), the potential by at least (¢ — 1)b; = g~ 'émax. Hence, the total number of moves in phase 0 is at
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most nv‘lg. For ¢+ > 1, we have @Ri(Si) < nbm_1 (by Lemma 21). Each of the players in R; that
move during phase ¢ decreases her cost and, consequently (by Claim 12), the R;-partial potential by at least
(¢ — 1)bi11 = b;g~'~. Hence, phase i completes after at most ngy~2 moves. In total, we have at most
mngy~2 moves. The theorem follows by observing that g depends polynomially on m, n, and v~ 1. O

5.3 Proving the approximation guarantee

It remains to prove that our algorithm computes approximate equilibria. Our proofs will exploit Lemma 21
as well as the following lemma which relates the cost of a player in a state to the partial potential of two
different subgames.

Lemma 23 Consider a V-game of degree d, a player u and a set of players R C N\ {u}. Then, for every
state S and every € > 0, it holds that

eu(8) < (1+ @YV (S) + g0, N (S),
where & = (14 1/e)4d? — 1.
Proof. In order to prove the lemma, we will need the following technical claim.
Claim 24 For any o, 8 > 0 and integer d > 1, it holds that (a+ )T < (1+€)adt! + (14 1/€)%ad?pd+1.
Proof. Consider the function h(a) = (a + B)%*! — (1 + €)adt!. By setting its derivative equal to 0, we
obtain that it is maximized for o = ((1 + e)l/d - 1)_1 to the value ———t¢—— 39+l By Claim 2, we

((1+e)t/d-1)
have that (1 4 ¢)'/¢ — 1 > —=- Hence, h(a) < (1 + 1/€)?d?p4H! as desired. O

d(1+e )

Now, let k£ be an integer such that 1 < k < d + 1, A a multiset of reals, and b > 0. Using Lemma 4f,
inequality o + $* < (a + 3)* for every o, 3 > 0 and A > 1, and Claim 24, we have

WAL ()~ 0s(A) < (] () - ()

1 1\ d+1
< ()T + (A7) - wi(4)
< 1+ 0Ui({b}) + EWi(A). 4)
Also, let @ = N\ (RU {u}) and define
d
dep = D, kaikl < " jl ) Vi1 4(NE(S))
k=max{t—1,0}

for each resource e and t = 0,1, ...,d + 1. Also, let P be a possibly empty set such that P C R U {u}. By
the definition of function Wy, and by exchanging the sums, we have

PPUQ(S) = ZZ R (NFU9(S))
e k= 0

=ZZ

eko

d+1 d
S NZCACIIED SEEECY (Ll LRI

e t=0 k=max{t—1,0}
d+1

= > 6 W(NE(S)). Q)

e t=0

Qe Z < k1 ) U (NP () i1 (NE(S))
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By Claim 11 and the definition of the partial potential we have ¢,(S) = ®,,(5) = ®(S) — N\ (9).
Using the alternative expression for the potentials ®(S) and ®V\{}(S) (i.e., equality (5)) as well as in-
equality (4), we obtain

d+1
eu(S) = 303 G (WR(NEI(8)) — wi(NE(S)))
e k;d:—:)l
= 30D G (W (NHS)) - w(NE(S)))
ecsy I;—:&
D03 G (14 ORI () + EW(NE(S))).

ecsy k=1

IN

The second equality follows since Wo(A) = 1 for every (possibly empty) multiset of reals A. Using the fact
again together with the fact ¥y (()) = 0 for & > 1, as well as the definitions of the potentials, we obtain

d+1 d+1
GlS) < (1) D3 ek (WR(NIV(S)) = Wr(®)) + & D0 D b (RR(NE(S)) — (0))
eesud]ir:l[) eEleiTO
< (YD ek (WRNEHS)) = ) + 6D D b (RR(NE(S)) = (0))
e k=0 e k=0

— (1+¢) (@N\R(S) _ @N\(RU{U})(S)> te (@N\{u}(S) _ @N\(Ru{u})(g))
= (1+®VI(S) + ey N (s)
and the proof is complete. O

Using Lemmas 21 and 23, we will show that neither the cost of a player increases significantly after
the phase at the end of which her strategy was irrevocably decided (in Lemma 25), nor the cost she would
experience by deviating to another strategy decreases significantly (in Lemma 26).

Lemma 25 Let u be a player whose strategy was irrevocably decided at phase j. Then, ¢,(S™ 1) <
(1+27)éu(S9).

Proof. For every i > j and € > 0, we apply Lemma 23 for strategy S°, player u, and the set of players R;
that move during phase ¢ to obtain

(S < (1+ @) \(sh) + e (s
= (1 + 6)(1)5\1%«;(51'71) + geq)%\{u}(sz)
< (14D, (S + DR, (SY)
< (14 € (SThH + DR (ST,

The equality holds by Claim 10 since the players in A/ \ R; do not move during phase 7. The second
inequality follows by Claim 9. The last one follows by Claim 11 and since the R;-partial potential decreases
during phase .

We now set € = (1 4 4)%/™ — 1. This implies that (1 4+ €)™ = 1 + ~. Also, by Claim 2, we get
e> (14 Y1 > (m(1+~~1))~! and, by the definition of the parameters g and 7, & = (1 +m(1 +
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A~ H)da? —1 < Qi < Using the above inequality together with these observations, we obtain

< oy -
m—1
Eu(S™TY) < (™M (S) + 6 Y (14 ™ DR (ST
i=j+1
m—1
< (146"e(S) + (1+ 676 > Pr(S7
i=j+1
m—1
< (T4 + (T+7)é Y nbiy™
i=j+1
. ’I’I’L—l—j .
= (1+7eu(S) + (1 +7"emb; Y g7
< (1 47)eu(S?) +2(1+ 7 éenbjg™
< (1+7)éu(S7) + b
< (14 29)éu(87)

The second inequality is obvious, the third one follows by Lemma 21 and by the relation between € and ~,
the equality follows by the definition of b;, the fourth inequality follows since g > 2 which implies that
Zi>1 g_i < 29_1, the fifth one follows by our observation about &, above, and the last one follows since,
by the definition of the algorithm, the fact that the strategy of player u is irrevocably decided at phase j
implies that é,(S7) > b;. O

Lemma 26 Let u be a player whose strategy was irrevocably decided at phase j and let s,, be any of her
strategies. Then, ¢,(S™1,s!) > (1 — 27)éu(S7,,8.,).

Proof. For every ¢ > j and € > 0, we apply Lemma 23 for state (Si:ul, s,,), player u, and the set R; of
players that move during phase ¢ to obtain

(S0 s < (L@ VE(STL ) + ey (ST 8
= (14 @) V(S 50) + 6By (5T
< (1+6>(I)u<slu7 u)+€€(I)R (SZ l)
= (1+6> U(Sl—u7 u)+§€¢)Rz(SZ 1)

and, equivalently,

(S, 2 (S ) - e (5,
The first equality in the derivation above follows by Claim 10 since the players in A/ \ R; use the same
strategies in states (Sl_ul, s!) and (S, s") and since all players besides u use the same strategies in states
(81, s!) and S, The second inequality follows by Claim 9 and the last equality follows by Claim 11.
We now set € = (1 +~)Y/™ — 1. This implies that (1 +¢)~™ = (1 +7)~' > 1 — ~. Also, by
Claim 2, we get e > L(1 + 7)1/m—1 > (m(1 +~7 1))t and, by the definition of the parameter g,

&= 1 +m 4+l -1 < 92771 Using the above inequality together with these observations, we
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obtain

m—1
Ca(STN ) = (e e (ST, ) — 6 Y (L4 €)M RR (ST
i=j+1
> (1+¢€) ¢, ( s Su) — &e Z Dp.( (S
i=j+1
m—1
> (1=y)eu(S,, 8,) =& > nbiy™!
i=j+1
m—1—j
= (1_7)6 ( —u’ u) 5671’)’ 1bj Z g -
> (1*7)éu(‘5’iu73u) 26eny” lbjg !
> (1 —7)éu(S7,,5%) —72b;
> (1= 7)eu(S,, ) —eu(S7)/p
> (1-29)eu(S%,,5))

The second inequality is obvious, the third inequality follows by Lemma 21 and by the relation between ¢
and ~, the equality follows by the definition of b;, the fourth inequality follows since g > 2 which implies
that ) .4 g~" < 2¢g71, the fifth inequality follows by our observation about &, above, the sixth inequality
follows since v < 1/p and é,(S7) is higher than b; when the strategy of player u is irrevocably decided at

the end of phase 7, and the last inequality follows since player v has no incentive to make a p-move at state
S, O

We are now ready to use the last two lemmas in order to prove the approximation guarantee of the
algorithm. This will complete the proof of Theorem 18.

Lemma 27 Given a V-game of degree d, the algorithm computes a pq-approximate equilibrium with py <
% + O(7) and pg < d+o(d),

Proof. Consider the application of the algorithm to a W-game and let u be any player whose strategy is
irrevocably decided at the end of phase j of the algorithm. Also, let s/, be any other strategy of this player.
By Lemmas 25 and 26 and since, by the definition of the algorithm, player u has no incentive to make a
p-move at state S7, we have

éu(S™71) (1+27)  éu(9) 142y 1 N
Eu(S™1, 8L) = (1=27) (7,5 = 1—2y (94(1+7) 27) '

u’u

Hence, the right-hand side of the above inequality upper-bounds the approximation guarantee of the algo-

rithm. For d = 1, the parameter ~y takes values in (0, 1/10]. Since y € (0,1/10] and 61 (1+~) = 3+‘[ +6y
(see Lemma 15), by making simple calculations, we obtain that the algorithm computes a p1- appr0x1mate
equilibrium with

3+V5

p1 < 5 + 1107.

-1
For larger values of d, the algorithm uses v = #(2). Observe that (W — 27) > %Gd@). Also,

observe that v < 1/34 and hence % < %. By using the value for 6,4(2) from Lemma 16, we have that the
algorithm computes a pg-approximate equilibrium with pg < 3¢+ (d 4 1)+ ¢ ddto(d), O
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6 Open problems

Our work reveals several open questions. The obvious one is whether approximate equilibria with a better
approximation guarantee can be computed in polynomial time. We believe that our techniques have reached
their limits for linear weighted congestion games. However, in the case of superlinear latency functions,
approximations of weighted congestion games by potential games different than W-games might yield im-
proved approximation guarantees. Another interesting open question is whether a different algorithm that
bases its decisions on the cost experienced by the players in the original game can compute an approximate
equilibrium for weighted congestion games with superlinear latency functions. We conjecture that this is
possible with an extension of our algorithm, probably at the cost of a slightly worse approximation guaran-
tee. We believe that W-games can still play a role in the analysis of such an algorithm. However, there are
technical difficulties that we have not managed to overcome yet.
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