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Abstract

We study the computation of approximate pure Nash equilibria in
Shapley value (SV) weighted congestion games, introduced in [19]. This
class of games considers weighted congestion games in which Shapley val-
ues are used as an alternative (to proportional shares) for distributing
the total cost of each resource among its users. We focus on the inter-
esting subclass of such games with polynomial resource cost functions
and present an algorithm that computes approximate pure Nash equilib-
ria with a polynomial number of strategy updates. Since computing a
single strategy update is hard, we apply sampling techniques which al-
low us to achieve polynomial running time. The algorithm builds on the
algorithmic ideas of [7], however, to the best of our knowledge, this is
the first algorithmic result on computation of approximate equilibria us-
ing other than proportional shares as player costs in this setting. We
present a novel relation that approximates the Shapley value of a player
by her proportional share and vice versa. As side results, we upper bound
the approximate price of anarchy of such games and significantly improve
the best known factor for computing approximate pure Nash equilibria in
weighted congestion games of [7].
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1 Introduction

In many applications the state of a system depends on the behavior of individual
participants that act selfishly in order to minimize their own private cost. Non-
cooperative game theory uses the concept of Nash equilibria as a tool for the
theoretical analysis of such systems. A Nash equilibrium is a state in which
no participant has an incentive to deviate to another strategy. While mixed
Nash equilibria, i.e., Nash equilibria in randomized strategies, are guaranteed
to exist under mild assumptions on the players’ strategy spaces and the private
cost functions they are often hard to interpret. As a consequence, attention
is often restricted to pure Nash equilibria, i.e., Nash equilibria in deterministic
strategies.

Rosenthal [26] introduced a class of games, called congestion games that
models a variety of strategic interactions and is guaranteed to have pure Nash
equilibria. In a congestion game, we are given a finite set of players N and
a finite set of resources E. A strategy of each player i is to choose a subset
of the resources out of a set P; of subsets of resources allowable to her. In
each strategy profile, each player pays for all used resources where the cost of
a resource e € F is a function ¢, of the number of players using it. Rosenthal
used an elegant potential function argument to show that iterative improvement
steps by the players converge to a pure Nash equilibrium and hence its existence
is guaranteed.

Note that in congestion games each player using a resource has the same
influence on the cost of this resource. To alleviate this limitation, [24] and [10]
studied a natural generalization called weighted congestion games in which each
player i has a weight w; and the joint cost of the resource is fe - c.(f.), where
fe is the total weight of players using e. The joint cost of resource e has to
be covered by the set of players S, using it, i.e., D ;cg Xie = fe - ce(fe), where
Xie 18 the cost share of player ¢ on resource e. The cost sharing method of the
game defines how exactly the joint cost of a resource is divided into individual
cost shares y;.. For weighted congestion games, the most widely studied cost
sharing method is proportional sharing (PS), where the cost share of a player
is proportional to her weight, i.e., xie = w; - ce(fe). Unfortunately, weighted
congestion games with proportional sharing in general do not admit a pure Nash
equilibrium (see [I6] for a characterization).

Kollias and Roughgarden [19] proposed to use the Shapley value (SV) for
sharing the cost of a resource in weighted congestion games. In the Shapley
cost-sharing method, the cost share of a player on a resource is the average
marginal cost increase caused by her over all permutations of the players. Using
the Shapley value restores the existence of a potential function and therefore
the existence of pure Nash equilibria to such games [19].

Potential functions immediately give rise to a simple and natural search
procedure to find an equilibrium by performing iterative improvement steps
starting from an arbitrary state. Unfortunately, this process may take expo-
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nentially many steps, even in the simple case of unweighted congestion games@
and linear cost functions [I]. Moreover, computing a pure Nash equilibrium in
these games is intractable as the problem is PLS-complete [9], even for affine
linear cost functions [I]. This result directly carries over to our game class with
Shapley cost-sharing. Given these intractability results, it is natural to ask for
approximation which is formally captured by the concept of an p-approximate
pure Nash equilibrium. This is a state from which no player can improve her
cost by a factor of p > 1. Recently, Caragiannis et al. [6] provided an algorithm
to compute p-approximate Nash equilibria for unweighted congestion games un-
der proportional sharing. They also generalised their technique to weighted
congestion games [7].

1.1 Owur Contributions

We present an algorithm to compute p-approximate Nash equilibria in weighted
congestion games under Shapley cost sharing. In games with polynomial cost

functions of degree at most d, our algorithm achieves an approximation factor
asymptotically close to (%)d -poly(d). Similar to [7] our algorithm computes a
sequence of improvement steps of polynomial length that yields a p-approximate
Nash equilibrium. Hence, our algorithm performs only a polynomial number of
strategy updates. We show that our algorithm can also be used to compute
p-approximate pure Nash equilibria for weighted congestion games with pro-
portional sharing which improves the approximation factor of d?*+°(d) in 7] to
(122)" - poly(d).

We note that our method does not immediately yield an algorithm with
polynomial running time since computing the Shapley cost share of a player
and hence an improvement step is computationally hard. However, we show
that there is a polynomial-time randomized approximation scheme that can be
used instead. This results in a randomized polynomial time algorithm that
computes a strategy profile that is an approximate pure Nash equilibrium with
high probability.

In the course of the analysis we exhibit an interesting relation between the
Shapley cost share of a player and her proportional share. In the case of polyno-
mial cost functions with constant degree, each of them can be approximated by
the other within a constant factor. This insight leads to an alternative proof to
[15] for the existence of approximate pure Nash equilibria in weighted congestion
games with proportional cost sharing.

Finally, we derive bounds on the approximate Price of Anarchy which may be
of independent interest as they allow to bound the inefficiency of approximately
stable states.

1Note that in the unweighted case, proportional sharing and Shapley cost sharing coincide.
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1.2 Further Related Work

Congestion games have been introduced by Rosenthal [26] who proved the exis-
tence of pure Nash equilibria by an exact potential function. Games admitting a
potential function are called potential games and each potential game is isomor-
phic to a congestion game [25]. Weighted congestion games were introduced by
Milchtaich [24] and studied by Fotakis et al. [I0]. Based on the Shapley value
[17], the class of weighted congestion games using Shapley values (instead of
proportional shares) was introduced by [I9] and it was shown that such games
are potential games. [14] extends this result by proving that a weighted generali-
sation of Shapley values is the only method that guarantee pure Nash equilibria.
In contrast, proportional sharing does not guarantee existence of equilibria in
general [16]. Further research focuses on the quality of equilibria, measured by
the Price of Anarchy (PoA) [20]. For proportional sharing, Aland et al. [3] show
tight bounds on the PoA. Gkatzelis et al. [I3] show that, among all cost-sharing
methods that guarantee existence of pure Nash equilibria, Shapley values min-
imise the worst PoA. Furthermore, tight bounds on PoA for general cost-sharing
methods were given [II]. For the extended model with non-anonymous costs
by using set functions it was also shown that Shapley cost-sharing is the best
method and tight results are given [I8] 27].

Computing a pure Nash equilibrium for congestion games was shown to be
PLS-complete [9] even for games with linear cost function [I] or games with only
three players [2]. Chien and Sinclair [8] study the convergence towards (1 + €)-
approximate pure Nash equilibria in symmetric congestion games in polynomial
time under a mild assumption on the cost functions. In contrast, Skopalik
and Vocking show that this result cannot be generalized to asymmetric games
and that computing a p-approximate pure Nash equilibrium is PLS-hard in
general [28]. Caragiannis et al. [6] give an algorithm which computes an (2 +¢)-
approximate equilibrium for linear cost functions and an d°(®-approximate
equilibrium for polynomial cost functions with degree of d. Weighted conges-
tion games with proportional sharing do not posses pure Nash equilibria in
general [10]. However, the existence of d + 1-approximate equilibria for poly-
nomial cost functions and %-approximate equilibria for concave cost functions
was shown [I5] and Caragiannis et al. [7] present an algorithm for weighted con-
gestion games and proportional sharing that computes % + e-approximate
equilibria for linear cost functions and d??+°(4)_approximate equilibria for poly-
nomial cost functions.

The computation of approximate equilibria requires the computation of
Shapley values. In general, the exact computation is too complex. Mann and
Shapley |23] suggest a sampling algorithm which was later analyzed by Bachrach
et al. [5] for simple coalitional games and by Aziz and de Keijzer [4] for matching
games. Finally, Liben-Nowell et al. [2I] and Maleki [22] consider cooperative
games with supermodular functions which correspond to our class.
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2  Our Model

A weighted congestion game is defined as G = (N, E, (w;i),c > (Pi)sen > (Ce)ec i)
where N is the set of players, E the set of resources, w; is the positive weight
of player i, P; C 2F the strategy set of player i and c, the cost function of
resource e (drawn from a set C of allowable cost functions). In this work, C
is the set of polynomial functions with maximum degree d and non-negative
coeflicients. The set of outcomes of this game is given by P = P X -+ X Py,
for an outcome, we write P = (Py,...,P,) € P, where P, € P;. Let (P_;, P))
be the outcome that results when player ¢ changes her strategy from P; to P/
and let (Pjy, PJ/V\ ) be the outcome that results when players i € A play their

strategies in P and players i € N \ A the strategies in P’. The set of users
of resource e is defined by S.(P) = {i : e € P;} and the total weight on e
by fe(P) = X ics.(pywi- Furthermore, let SAP) ={i€ A:e € P} and
fAP) = EieSé“(P) w; be variants of these definitions with a restricted player
set A C N. The Shapley cost of a player 7 on a resource e is given as a function of
the player’s identity, the resource’s cost function and her users A, i.e., x.(i, A).
For simplicity, let xie(P) = Xe(4,S.(P)) be an abbreviation if all players are
considered in a state P. Let C,(2) = x-c.(x). Then, the joint cost on a resource
e is given by Co(fo(P)) = fe(P)-ce(f.(P)) and the costs of players are such that
Ce(fe(P)) = Xies.(p) Xie(P). The total cost of a player i equals the sum of her
costs in the resources she uses, i.e. X;(P)=>_ cp Xiec(P). Thesocial cost of the
game is given by SC(P) =3 cp fe(P) - ce(fe(P)) = X ccp Zz‘ese(P) Xie(P) =
> icn Xi(P). Further define the social costs of a subset of players A C N with
SCA(P) =2 2;c4 Xi(P).

The cost-sharing method is important for our analysis, as it defines how the
joint cost on a resource e is distributed among her users. In this paper, the
methods we focus on are the Shapley value and the proportional cost-sharing,
which we introduce in detail.

Shapley values. For a set of players A, let II(A) be the set of permutations
m:A— A{l,...,|A]}. For aw € II(A), define as A<"™ = {j € A: 7(j) < m(i)}
the set of players preceding player i in m and as W ;"™ = Y jeAm(j)<n(s) Wi the
sum of their weights.

For the uniform distribution over II(A), the Shapley value of a player i on

resource e is given by

Xe(i, A) = Er m(a) [Ce (ij + wz) - C. (W;i’”)} .

Proportional sharing. The cost of a player ¢ on a resource under proportional
sharing is given by xfemp(P) = w; - ce(fe(P)). For the rest of the paper, we write
XP(P) =Y, B X2TP(P) to indicate when we switch to proportional sharing.
p-approximate pure Nash equilibrium. Given a parameter p > 1 and
an outcome P, we call as p-move a deviation from P; to P/ where the player

improves her cost by more than a factor p, formally X;(P) > p- X;(P_;, P/). We
call the state P an p-approzimate pure Nash equilibrium (p-PNE) if and only if
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no player is able to perform a p-move, formally it holds for every player i and
any other strategy P/ € P; that X;(P) < p- X;(P-;, P}).
p-approximate Price of Anarchy. Given a parameter p > 1, let p-PNE C P
be the set of p-approximate pure Nash equilibria and P* the state of optimum,
i.e., P* = minp/ep SC(P’). Then the p-approzimate price of anarchy (p-PoA)
. _ SC(P)
is defined as p-PoA = maxpe,-pNE SeGaE

Kollias and Roughgarden [19] prove that weighted congestion games under
Shapley values are potential games using the following potential.

Potential Function. Given an outcome P and an arbitrary ordering 7 of the
players in N, the potential is given by

=3 B (P)=> > xeli-{j:7() <7(0),5 € Se(P)}). (1)

ecE e€E i8S, (P)

A-limited potential. We now restrict this potential function by allowing only
a subset of players A C N to participate and define the A-limited potential as

=Y AP =) Y xeli.{j:7() <7(i).5 € SHP)}).  (2)

ecE e€EEieSA(P)

B-partial potential. Consider sets A and B such that B C A C N. Then the
B-partial potential of set A is defined by

Pp(P) = @4(P) - @M (P) =Y @lp(P) =) @MP)-21P(P). (3)
ecE ecE

If the set B contains only one player, i.e., B = {{i}}, then we write ®{(P) =
PA(P). In case of A = N, ®N(P) = ®5(P) = 3 .5 Pe,5(P). Intuitively,
®4(P) is the value that the players in B C A contribute to the A-limited
potential.

p-stretch. Similar to p-PoA, we define a ratio with respect to the poten-
tial function. Let P be the outcome that minimises the potential, i.e., P =
minprep ®(P’'). Then the p-stretch is defined as

o(P)

p-d = max ——.
Pep-PNE $(P)

(4)

A-limited p-stretch. Additionally, we define a p-stretch restricted to players

in a subset A C N. Let p-PNE4 C P be the set of p-approximate pure Nash
equilibria where only players in A participate. The rest of the players have a
fixed strategy Pny\a. Then we define the A-limited p-stretch as

B ®(P) ®(Pa, Py\a)
p-24= max ——-= max ——s——— - (5)
Pep-PNE4 O(P)  Pep-PNE4 <I>(PA PN\A)
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3 Algorithmic Approach and Outline

Our algorithm is based on ideas by Caragiannis et al. [7]. Intuitively, we parti-
tion the players’ costs into intervals [b1, ba], [b2, 3], . - ., [Bm—1,bm] in decreasing
order. The cost values in one interval are within a polynomial factor. Note that
this ensures that every sequence of p-moves for p > 1 of players with costs in
one or two intervals converges in polynomial time.

After an initialization, the algorithm proceeds in phases r from 1 to m — 1.
In each phase r, players with costs in the interval [b,, +oo] do a-approximate
moves where « is close to the desired approximation factor. Players with costs
in the interval [b.41,b,] make 1 + 4-moves for some small v > 0. After a
polynomial number of steps no such moves are possible and we freeze all players
with costs in [b,, +00]. These players will never be allowed to move again. We
then proceed with the next phase. Note that at the time players are frozen,
they are in an c-approximate equilibrium. The purpose of the 1 4 ~-moves of
players of the neighboring interval is to ensure that the costs of frozen players
do not change significantly in later phases. To that end we utilize a potential
function argument. We argue about the potential of sub games among a subset
of players. We can bound the potential value of an arbitrary g-approximate
equilibrium with the minimal potential value (using the stretch). Compared to
the approach in [7], we directly work with the exact potential function of the
game which significantly improves the results, but also requires a more involved
analysis. We show that the potential of the sub game in one phase is significantly
smaller than b,.. Therefore, the costs experienced by players moving in phase
r are considerably lower than the costs of any player in the interval [by,b,_1].
The analysis heavily depends on the stretch of the potential function which we
analyze in Section The proof there is based on the technique of Section
in which we approximate the Shapley with proportional cost sharing. For the
technical details in both sections we need some structural properties of costs-
shares and the restricted potentials which we show in the next section.

4 Shapley and Potential Properties

The following properties of the Shapley values are extensively used in our proofs.

Proposition 1. Fiz a resource e. Then for any set of players S and i € S, we
have for jujlaj?ajlujiajéailu i? g S:

a. Xe (Z,S) < Xe (LSU {.7});

b. Xe (i, SU{J'}) = Xe (4,5 U {1, 52}), with j' # i and wjr = wj, + wj,,

e Xe (1,8 U {1, 52}) 2 Xe (6, S UL, jb}), with wyy = wy, = “aptie,
d. Xe (i, S) > Xe (il, S\{Z} U {il})+Xe (ig, S\{Z} U {il, ig}), with Wi, = Wi, =

wi

3 -



5 APPROXIMATING SHAPLEY WITH PROPORTIONAL COST-SHARESS

We proceed to the properties of the restricted types of potential defined before.

Proposition 2. Let A and B be sets of players such that BC A C N, P and
P’ outcomes of the game such that the players in A C N use the same strategies
in both P and P’, and z € N an arbitrary player. Then

a. 5(P) < ®p(P), b. ®3(P) = D5(P'), c. ®:(P)=X.(P).

Next, we show that the potential property also holds for the partial potential.

Proposition 3. Consider a subset B C N and a playeri € B. Given two states,
P and P’, that differ only in the strategy of player i, then ®p(P) — ®p(P’) =
X;(P) - X;(P").

The next lemma gives a relation between partial potential and Shapley val-
ues.

Lemma 4. Given an outcome P of the game, a resource e and a subset B C N,

it holds that ®. p(P) < > i p Xie(P) < @ p(P) - (d+1).
Summing up over all resources e € E yields the next corollary.

Corollary 5. Given an outcome P of the game and a subset B C N, it holds
that (I)B(P) S ZieB Xl(P) S (I)B(P) . (d+ 1)

5 Approximating Shapley with Proportional Cost-
Shares

In this section we approximate the Shapley value of a player with her propor-
tional share. This approximation plays an important role in our proofs of the
stretch and for the computation.

Lemma 6. For a player i, a resource e and any state P, the following inequality
holds between her Shapley and proportional cost:

2 p d+3
— xie(P) < . P(P) < —— - vie(P).
d+1x()_xw()_4 Xie(P)

Summing up over all e € F implies the following corollary.

Corollary 7. For a player i and any state P, the following inequality holds
between her Shapley and proportional cost:

2 p
_~ .X. < rrop <~ . X. .

Lemma 8. Any p-approzimate pure Nash equilibrium for a SV weighted con-

gestion game of degree d is a % - p-approximate pure Nash equilibrium

for the weighted congestion game with proportional sharing.
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6 The Approximate Price of Anarchy and Stretch

Firstly, we upper bound the approximate Price of Anarchy for our game class.

Lemma 9. Let p > 1 and d the maximum degree of the polynomial cost func-

tions. Then
p- (2 - 1>-d

7T( p)—

Similar to the p-PoA, we also derive an upper bound on the p-stretch which
expresses the ratio between local and global optimum of the potential function.

p-PoA <

Lemma 10. Let p > 1 and d the mazimum degree of the polynomial cost func-
tions. Then an upper bound for the p-stretch of polynomial SV weighted con-
gestion games is

p-(2T —1)’d~(d+1)'
(I+p)—p

We now proceed to the upper bound of the D-limited p-stretch. To do this,
we use the p-PoA (Lemma [0) and Lemmas [[1] and 2] which we prove next.

Lemma 11. Let p > 1, d the mazimum degree of the polynomial cost functions
and P = minp:cp ®(P’). Then

SO(P) _ _p- (277 1)
SC(P) ~ 2w . (1+p) p
Proof. Let P be an p-approximate equilibrium and P* the optimal outcome.

Let P = minprep ®(P’) be the minimizer of the potential and by definition also
a pure Nash equilibrium. Then we can lower bound the p-PoA as follows,

SC(P) SC(P)

- = > .
pPoA = X SoP) = PEpPNE SC/(P) )
SsC ()< <P(2d+1*1)d
Lemma [ and (@) give that maPXNE Sop) =P PoA < ‘2 T (14p)—p .

Lemma 12. Let p > 1, d the mazimum degree of the polynomial cost functions
and D C N an arbitrary subset of players. Then

(d+1)*-(d+3) SC(P)

Op < —.
b= 8 SC(P)

By Lemma [I1] and Lemma [I2] we get the following desirable corollary.

Corollary 13. For p > 1, d the mazimum degree of the polynomial cost func-
tions and D C N an arbitrary subset of players,

(d+1)2-(d+3) (T— )—d
8 “TH (14 p) -

p-8p <
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7 Computation of Approximate Pure Nash Equi-
libria

To compute p-approximate pure Nash equilibria in SV congestion games, we
construct an algorithm based on the idea by Caragiannis et al. [7]. The main
idea is to separate the players in different blocks depending on their costs. The
players who are processed first are the ones with the largest costs followed
by the smaller ones. The size of the blocks and the distance between them is
polynomially bounded by the number of players n and the maximum degree d of
the polynomial cost functions c.. Formally, we define Xy, = max;en X; (P) as
the maximum cost among all players before running the algorithm. Let BR; (0)
be a state of the game in which only player i participates and plays her best
move. Then, define as Xy = min;eny X; (BR; (0)) the minimum possible cost

in the game. Let v be an arbitrary constant such that v > 0, m = log ())i"‘a )

is the number of different blocks and b, = Xyax - ¢~ the block size for any
r €[0,m], where g=2-n-(d+1)-y73.
The algorithm is now executed in m — 1 phases. Let P be the current state

of the game and, for each phase r € [1, m—1], let P" be the state before phase r.
All players i with X; (P) € [by, +00] perform an s-move with s = (ﬁ — 27) '
(almost t-Qp-approximate moves), while all players ¢ with X; (P) € [by+1, b/]
perform a t-move with ¢ = 1 4+« (almost pure moves). Let BR; (P) be the best
response of player i in state P. The phase ends when the first and the second
group of players are in an s- and t-approximate equilibrium, respectively. At
the end of the phase, players with X; (P) > b, have irrevocably decided their
strategy and have been added in the list of finished players. In addition, before
the described phases are executed, there is an initial phase in which all players
with X; (P) > by can perform a t-move to prepare the first real phase.

For the analysis, let D, be the set of deviating players in phase r and P"™?

denote the state after player ¢ € D, has done her last move within phase 7.

Theorem 14. An «a-approximate pure Nash equilibrium with o € (%)d .

poly(d) can be computed with a polynomial number of improvement steps.

Proof. The main argument follows from bounding the D-partial potential of the
moving players in each phase (see Lemma [I6). To that end, we first prove that
the partial potential is bounded by the sum of the costs of players when they
did their last move (Lemma [T5]).

Lemma 15. For every phase r, it holds that ®p, (P") <> ,., X; (P™).

We now use the Lemma [I5] and the stretch of the previous section to bound
the potential of the moving players by the according block size.

Lemma 16. For every phase r, it holds that ®p, (Pr’l) < % - b,.

It remains to show that the running time is bounded and that the approx-
imation factor holds. For the first, since the partial potential is bounded and
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Algorithm 1 Computation of approximate pure Nash equilibria
Xmax = maxien Xi (P), Xmin = minjen X; (BR; (0)), m = log (f{r;a::)
7>0,g=2-n-(d+1)- 73 by = Xpax - g~V € [0,m]
1

t=1+~,s= (ﬁ—%)
while there is a player i € N with X; (P) > b; and who can perform a t-move
do
P+ (P-;,BR;(P))
end while
for all phases r from 1 to m — 1 do
while there is a non-finished player i € N either with X; (P) € [b;, +]
and who can perform a s-move or with X; (P) € [by41,b;] and who can
perform a t-move do
P+ (P-;,BR; (P))
end while
Add all players i € N with X; (P) > b, to the set of finished players.
end for

each deviation decreases the potential, we can limit the number of possible
improvement steps (see Lemma [I7]).

Lemma 17. The algorithm uses a polynomial number of improvement steps.

We show next that every player who has already finished his movements
will not get much worst costs at the end of the algorithm (see Lemma [I8) and

that there is no alternative strategy which is more attractive at the end (see
Lemma [19]).

Lemma 18. Let i be a player who makes her last move in phase r of the
algorithm. Then, X; (P™') < (1++%) - X; (P").

Lemma 19. Let i be a player who makes her last move in phase v and let P!
be an arbitrary strategy of i. Then, X; (P, P}) > (1 —) - X, (P",,P!).

Next, we bound the approximation factor of the whole algorithm (see Lemma[20).

Lemma 20. After the last phase of the algorithm, every player i is in an «-
approzimate pure Nash equilibrium with o = (1 + O(7y)) - t-Qp.

The polynomial running time and the approximation factor of a = (1 +
O(7))t-Qp follow directly from Lemma[[Tland Lemma20 Last, using Corollary
[[3 we show that o € (%)d - poly(d).

Lemma 21. The approximation factor « is in the order of (%)d - poly(d).

This completes the proof of Theorem [I4l O
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a_
In2

mation factor would require new algorithmic ideas as the lower bound of the
PoA in [12] immediately yields a corresponding lower bound on the stretch.
This algorithm can be used to compute also approximate pure Nash equi-

libria in weighted congestion games (with proportional sharing). Such a game
(d+3)(d+1)
8

We note that a significant improvement below O (( )d) of the approxi-

can now be approximated by a Shapley game losing only a factor of
(by Lemma ), which is included in poly(d).

Corollary 22. For any weighted congestion game with proportional sharing, an

_d_

ln2)d -poly(d) can be computed

a-approximate pure Nash equilibrium with o € (
with a polynomial number of improvement steps.

7.1 Sampling Shapley Values

The previous section gives an algorithm with polynomial running time with re-
spect to the number of improvement steps. However, each improvement step
requires the multiple computations of Shapley values, which are hard to com-
pute. For this reason, one can instead compute an approximated Shapley value
with sampling methods. Since we are only interested in approximate equilibria,
an execution of the algorithm with approximate steps has a negligible impact on
the final result. The technical properties of Shapley values stated in Section [4]
also hold for sampled instead of exact Shapley values with high probability.

Theorem 23. For any constant v, an a-approrimate pure Nash equilibrium
with a € (i

ln2)d - poly(d) can be computed in polynomial time with high proba-
bility.

Proof. We use sampling techniques that follow [21] 23] and adjust them to our
setting.

Algorithm 2 Approximation of the Shapley value by sampling

for all r from 1 to log (2nc+3 -max;en Pi - | E| - (1 + log (f(’fr‘;a;‘)) (d+1)- 7_9)
do
for all j from 1 to k = % do
Pick uniformly at random permutation 7 of the players S.(P) using re-
source e _ _
Compute marginal contribution MCY (P) = C. (Wsi ot wi) _
ce (W55
end for ‘
Let MCio(P) = £ 2% MCJ,(P)
end for
Return the median of all MC.(P)
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Lemma 24. Given an arbitrary state P and an arbitrary but fized constant c,
Algorithm [2 computes a p-approximation of x;.(P) for any player i in polyno-
mial running time with probability at least

-1
1- (nc-n-maxPi-|E|-(1+log<%)> -2-n2-(d+1)-7_9) :

1€EN min

For using the sampling in the computation of an improvement step, a Shapley
value has to be approximated for each alternative strategy of a player and for
each resource in the strategy. In the worst case, each player has to be checked
for an available improvement step.

Lemma 25. Given an arbitrary state P and running the sampling algorithm at
most n - max;en P; - |E| times computes an improvement step for an arbitrary

—1
player with probability at least 1— (nc . (1 + log ();M)) 2n%-(d+1)- 7’9)

min

Lemma [I7 gives a bound on the number of improvement steps. Using the
sampling algorithm for y = 1+, we can bound the total number of samplings:

Lemma 26. During the whole execution of Algorithm[dl the sampling algorithm
for w =14+ is applied at most n-max;en P; - |E|- (1 + log ();M)) 2.n%(d+

1) -~~2 times and the computation of the approzimate pure Nash equilibrium is
correct with probability at least 1 —n~=¢ for an arbitrary constant c.

Summing up, we show that a u-approximation of one Shapley value can be
computed in polynomial running time with high probability (Lemma[24]) and the
sampling algorithm is running at most a polynomial number of times (Lemma

26)). Then Theorem 23] follows. O

References

[1] Ackermann, H., Roglin, H., Vicking, B.: On the impact of combinatorial
structure on congestion games. J. ACM 55(6), 25:1-25:22 (2008)

[2] Ackermann, H., Skopalik, A.: Complexity of Pure Nash Equilibria in
Player-Specific Network Congestion Games. Internet Mathematics 5(4),
323-342 (2008)

[3] Aland, S., Dumrauf, D., Gairing, M., Monien, B., Schoppmann, F.: Ex-
act Price of Anarchy for Polynomial Congestion Games. In: Durand, B.,
Thomas, W. (eds.) STACS 2006, 23rd Annual Symposium on Theoreti-
cal Aspects of Computer Science, Marseille, France, February 23-25, 2006,
Proceedings. Lecture Notes in Computer Science, vol. 3884, pp. 218-229.
Springer (2006)



REFERENCES 14

4]

5]

[6]

7]

18]

19]

[10]

[11]

[12]

[13]

Aziz, H., de Keijzer, B.: Shapley meets Shapley. In: Mayr, E.W., Portier,
N. (eds.) 31st International Symposium on Theoretical Aspects of Com-
puter Science (STACS 2014), STACS 2014, March 5-8, 2014, Lyon, France.
LIPIcs, vol. 25, pp. 99-111. Schloss Dagstuhl - Leibniz-Zentrum fuer Infor-
matik (2014)

Bachrach, Y., Markakis, E., Resnick, E., Procaccia, A.D., Rosenschein,
J.S., Saberi, A.: Approximating power indices: theoretical and empiri-

cal analysis. Autonomous Agents and Multi-Agent Systems 20(2), 105-122
(2010)

Caragiannis, I., Fanelli, A., Gravin, N., Skopalik, A.: Efficient Computa-
tion of Approximate Pure Nash Equilibria in Congestion Games. In: Ostro-
vsky, R. (ed.) IEEE 52nd Annual Symposium on Foundations of Computer
Science, FOCS 2011, Palm Springs, CA, USA, October 22-25, 2011. pp.
532-541. IEEE Computer Society (2011)

Caragiannis, I., Fanelli, A., Gravin, N., Skopalik, A.: Approximate Pure
Nash Equilibria in Weighted Congestion Games: Existence, Efficient Com-
putation, and Structure. ACM Trans. Economics and Comput. 3(1), 2:1-
2:32 (2015)

Chien, S., Sinclair, A.: Convergence to approximate Nash equilibria in
congestion games. Games and Economic Behavior 71(2), 315-327 (2011)

Fabrikant, A., Papadimitriou, C.H., Talwar, K.: The complexity of pure
Nash equilibria. In: Babai, L. (ed.) Proceedings of the 36th Annual ACM
Symposium on Theory of Computing, Chicago, IL, USA, June 13-16, 2004.
pp. 604-612. ACM (2004)

Fotakis, D., Kontogiannis, S.C., Spirakis, P.G.: Selfish unsplittable flows.
Theor. Comput. Sci. 348(2-3), 226-239 (2005)

Gairing, M., Kollias, K., Kotsialou, G.: Tight Bounds for Cost-Sharing
in Weighted Congestion Games. In: Halldérsson, M.M., Iwama, K.,
Kobayashi, N., Speckmann, B. (eds.) Automata, Languages, and Program-
ming - 42nd International Colloquium, ICALP 2015, Kyoto, Japan, July
6-10, 2015, Proceedings, Part II. Lecture Notes in Computer Science, vol.
9135, pp. 626-637. Springer (2015)

Gairing, M., Schoppmann, F.: Total Latency in Singleton Congestion
Games. In: Deng, X., Graham, F.C. (eds.) Internet and Network Eco-
nomics, Third International Workshop, WINE 2007, San Diego, CA, USA,
December 12-14, 2007, Proceedings. Lecture Notes in Computer Science,
vol. 4858, pp. 381-387. Springer (2007)

Gkatzelis, V., Kollias, K., Roughgarden, T.: Optimal Cost-Sharing in
Weighted Congestion Games. In: Liu, T., Qi, Q., Ye, Y. (eds.) Web and
Internet Economics - 10th International Conference, WINE 2014, Beijing,



REFERENCES 15

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

China, December 14-17, 2014. Proceedings. Lecture Notes in Computer
Science, vol. 8877, pp. 72-88. Springer (2014)

Gopalakrishnan, R., Marden, J.R., Wierman, A.: Potential Games Are
Necessary to Ensure Pure Nash Equilibria in Cost Sharing Games. Math.
Oper. Res. 39(4), 1252-1296 (2014)

Hansknecht, C., Klimm, M., Skopalik, A.: Approximate Pure Nash Equi-
libria in Weighted Congestion Games. In: Jansen, K., Rolim, J.D.P., De-
vanur, N.R., Moore, C. (eds.) Approximation, Randomization, and Combi-
natorial Optimization. Algorithms and Techniques, APPROX/RANDOM
2014, September 4-6, 2014, Barcelona, Spain. LIPIcs, vol. 28, pp. 242-257.
Schloss Dagstuhl - Leibniz-Zentrum fuer Informatik (2014)

Harks, T., Klimm, M.: On the Existence of Pure Nash Equilibria in
Weighted Congestion Games. Math. Oper. Res. 37(3), 419-436 (2012)

Hart, S., Mas-Colell, A.: Potential, Value, and Consistency. Econometrica
57(3), 589-614 (1989), http://www. jstor.org/stable/1911054

Klimm, M., Schmand, D.: Sharing Non-anonymous Costs of Multiple Re-
sources Optimally. In: Paschos, V.T., Widmayer, P. (eds.) Algorithms and
Complexity - 9th International Conference, CIAC 2015, Paris, France, May
20-22, 2015. Proceedings. Lecture Notes in Computer Science, vol. 9079, pp.
274-287. Springer (2015)

Kollias, K., Roughgarden, T.: Restoring Pure Equilibria to Weighted Con-
gestion Games. ACM Trans. Economics and Comput. 3(4), 21:1-21:24
(2015)

Koutsoupias, E., Papadimitriou, C.H.: Worst-case Equilibria. In: Meinel,
C., Tison, S. (eds.) STACS 99, 16th Annual Symposium on Theoretical
Aspects of Computer Science, Trier, Germany, March 4-6, 1999, Proceed-
ings. Lecture Notes in Computer Science, vol. 1563, pp. 404-413. Springer
(1999)

Liben-Nowell, D., Sharp, A., Wexler, T., Woods, K.: Computing Shapley
Value in Supermodular Coalitional Games. In: Gudmundsson, J., Mestre,
J., Viglas, T. (eds.) Computing and Combinatorics - 18th Annual Interna-
tional Conference, COCOON 2012, Sydney, Australia, August 20-22, 2012.
Proceedings. Lecture Notes in Computer Science, vol. 7434, pp. 568-579.
Springer (2012)

Maleki, S.: Addressing the computational issues of the Shapley value with
applications in the smart grid. Ph.D. thesis, University of Southampton
(2015)

Mann, I., Shapley, L.S.: VALUES OF LARGE GAMES. 6: EVALUATING
THE ELECTORAL COLLEGE EXACTLY. Tech. rep., DTIC Document
(1962)


http://www.jstor.org/stable/1911054

REFERENCES 16

[24] Milchtaich, I.: Congestion games with player-specific payoff functions.
Games and Economic Behavior 13(1), 111-124 (1996)

[25] Monderer, D., Shapley, L.S.: Potential games. Games and Economic Be-
havior 14(1), 124-143 (1996)

[26] Rosenthal, R.W.: A class of games possessing pure-strategy Nash equilibria.
International Journal of Game Theory 2(1), 65-67 (1973)

[27] Roughgarden, T., Schrijvers, O.: Network Cost-Sharing without
Anonymity. ACM Trans. Economics and Comput. 4(2), 8:1-8:24 (2016)

[28] Skopalik, A., Vocking, B.: Inapproximability of Pure Nash Equilibria. In:
Dwork, C. (ed.) Proceedings of the 40th Annual ACM Symposium on The-
ory of Computing, Victoria, British Columbia, Canada, May 17-20, 2008.
pp. 355-364. ACM (2008)



A PROOFS FOR THE PROPERTIES IN SECTION 7? 17

Appendix
A Proofs for the Properties in Section {4

Proof of Proposition[d. Let k := |S|. By the definition of Shapley values

w@SUED =g Y (e (wig +w) - (W)
1

" mel(su{j})
=LY (o (Wit ) - (i)
well(S)
= Xe(3,5),

proving (a).

For (b) and (c), consider x. (i, S U {j1,72}). Observe, that only for permu-
tations 7 € TI(S U {j1, jo}) where either j; < i < jy or jo < @ < j; the corre-
sponding contribution to x. (¢, S U {j1,j2}) changes if we change the weight of
J1,jo but keep their sum the same. Fix a permutation 7 € TI(S U {j1, j2}) with
J1 < i < jo and pair it with the corresponding permutation 7 where only j; and
Jjo are swapped. Then the contribution of 7 and # to x. (4,5 U {j1, ja}) is

ﬁ- (Ce (WSQ”T +wj, + w) -, (ng’” + wjl))

+Ce (W;” +wj, + w) —Ce (ng’” + ij)) : (7

~—

Since Ce(x + w;) — Ce(z) is convex in x, we get that
1 <i,m <iyw
@ > Fra (Ce (WS T+ wy +wi) -C. (WS ’ +wji)
+Ce (W5 +wyy +wi) = Co (WS +wy))
and

(EZI)S1

(k+2)!

. (Oe (W5<i7ﬂ + Wy, —+ Wi, —+ wl) — Oe (ng,rr + w;, + ’(sz)
+C. (WSQ”T +0+ w) -C. (ng’” - 0)) :
Part (c) and (b) follow, respectively. Part (d) of the proposition is shown in

1. O

Proof of Proposition[d. We prove the different parts separately:
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a. For each e € E, let I.(P) = ®2(P) — @?\B(P). By definition of the
B-partial potential (), we have

¢p(P) = @4(P) — @M\ (P) = Y L(P). (8)
ecE

By the definition of limited potential (2)), for an arbitrary 7, define I.(P),
Ve € E, as

D xeli i 7() < 7(0),5 € SAP)})-
1€S4(P)
> xeli{d:7(G) < 7(0),5 € SNE(P)D). (9)

ieS2\E(P)

Hart and Mas-Collel [17] proved that the potential is independent of the
ordering 7 that players are considered. As mentioned before, ®4(P) is a
restriction of ®(P) where only players in A participate. Thus, indepen-
dence from 7 also applies to the limited potential.

Firstly, we focus on the first term of (@) and choose an ordering where the
players in set A are first. Then we observe that by substituting S (P)
with S.(P), the cost share remains the same. This is due to the fact that
any player coming after the players in set A in the ordering has no impact
in the cost computation. These are the players who belong in set N \ A
(since we assume players in A are first). Therefore, the first term of (3
equals to

D xelin {5 7(5) < 7(0),5 € Se(P)}).

€S8 (P)

Following the same technique for the second term of (@), we choose an
ordering in which the players in A\ B are first. Then we can substitute

Sf\B(P) with SéV\B(P) without affecting the term’s value. Therefore, (@)
is equivalent to

Y xelidi () < 7(0), € Se(P)})-
i€SA(P)
o xeli (i) < 7(0),5 € SVE(P)D). (10)
ies\P (P
For each e € E, define I,(P) to be equal to

> (xelin i 7() 7). € S(P)))-

iesM N (p)

xe(i, 4G 7(G) < 7(0),5 € SMVEP)D). (1)



A PROOFS FOR THE PROPERTIES IN SECTION 7? 19

Note that I.(P) > 0, Ve € E. Intuitively, the first term computes the cost
with respect to all players using resource e, S.(P). Regarding the second
term, if we take away some of these players, i.e., players in B, then due to
convexity the costs of the remaining players either remain the same or are
reduced. This depends on the position players in B had in the ordering.
To simplify, for the rest of this proof, let

Xi' (P) = xe(i,{j : 7(j) < 7(i), 4 € Se(P)}), (12)
i P(P) = xe(i, {7 : 7(j) < 7(i),5 € SV\E(P)}). (13)
Since I’(P) > 0, we get that for each e € E,
I.(P) < I.(P) + I)(P)
which, by (0Q), (II), (I2) and ([@3), is equivalent to
oy - Y V)<

i€SA(P) €SP (P)
< Y e - Y Ve Y (Fe-xNm).
i€SLA(P) ieS2\E(P) iesN\4(p)

(14)
By the assumption B C A C N, we get that (N \ A)U(A\ B) =N\ B.
Thus inequality (I4]) becomes

S e - Y MV Y e - Y M.

i€SA(P) i€SANB(p) i€S.(P) ieSNVE(P)

e

Substituting x» (P) and va\B(P) from ([I2) and ([I3)), we get by (I0) that
the previous is equivalent to

[(P) S &(P) = 2)\P(P) & Y L(P)< ) @(P)-e\P(P).
ecE eckE
By (), we conclude to the desirable ®4(P) < ®p(P).
b. By definition (3] of partial potential, we have
OA(P) = @M (P)— @ME(P) = 3 (04(P) —@N\F(P)).  (15)
ecE
For each e € E and any A’ C A, observe that SA'(P) = SA(P'). Thus
> xeli{j:7() <7(),5 € SE(P)})
i€SA(P)

= Y xe(h, {5 7() < 7(0),5 € SAP)}).

i€SA(PY)
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Similarly, we prove that @A\B(P) = @?\B(P'). Therefore, using ([3)), we
have

O(P) = (@A(P) — 0\F(P)) = o(P).
ecE

c. Let P be an outcome of the game. Her contribution in the potential value
is given by

2.(P) = B(P) - 2N (P) = 37 (2.(P) — 22\ (P)) = SOL(P)

ecE ecE
(16)

where I, (P) equals

Y Xeli{i: (i) < 7(0). € Se(P)})

€S (P)

- Z Xe(ia {j : T(.]) < T(i)aj € SéV\{Z}})

iesi M= (p)

Since the potential is independent of the players ordering, we choose the
7 such that player z is last. Then (8] equals to

D Xelz:{d 1 7() < 7(2),5 € Se(P)}) = > Xe(2,5: j € Se(P))
eckE ecE
= ZXZ@(P) = XZ(P)-
ecE

which completes the proof.

Proof of Proposition[3. By definition of the partial potential (3],

25(P) ~ ®p(P') = B(P) = BN\ (P) — (#(P') ~ @™\ (P')) = a(P) — a(P)
Since the underlying game (considering all players in N) is a potential game
[19], ®(P) - ®(P') = Xi(P) — Xi(P'). O
Proof of Lemmal[4 By definition (), we have

Dp(P) = 0o(P) = @\F(P) = > (0.(P) = @)\P(P)) = L.(P).  (17)
ecE
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where I, (P) equals to

Y xeli (i 7(j) < 7(0). € Se(P)})

i€S(P)
— Y xeli {g: () < 7). € SNV, (18)

iesX VP (p)
Then we break the first term of (I8) to the sum of

Do xeli i 7() < 7(0),j € Se(P)})

ieSN\B(p)

+ Y el {:7(j) S 7(0), € Se(P)}).

i€SB(P)

We choose an ordering 7 in which all players in N \ B come first. Then the
previous sum is equivalent to

Yo xeli{i: () < 7(i).5 € STVE(P))

ieSN\E (p)

+ Y xeli{d i 7() < 7(0),5 € Se(P)}).

1€SE(P)

Substituting the previous to the first term of (I8]) gives

D xeli{d: 7(5) < 7(0),5 € Se(P)}).

1€SE(P)

Combining it with the definition of I.(P) yields to

L(P)= Y xe(i,{j:7(j) <7(i),j € Se(P)})

1€S4(P)
< Y X F€S(P) = D xie(P) = xielP).
1€S4(P) i€SA(P) i€EA

Equation (I7]) completes the proof of the lower bound.
For the upper bound consider a fixed ordering of the players in B. The
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partial potential can be written as
D5(P) = (0o(P) - @Y \F(P))
Z xe (i {7 : 7(9) < 7(0):j € SE(P)}USY\E(P))

€SZ(P)

£ (P)
- /fe”\B<P> celade

z - co(z) I (P)
2[ d+1 ] N\B(P)
_ NP (SN (P) = £V (P) e (£ (P))
d+1
_ fe(P)eolfe(P)  fEN(P) (£ (P))
d+1 d+1

_ ZiewXie(P) IV (P) - e (P)) (19)
N d+1 d+1 ’

where the first inequality follows by repeatedly applying Proposition [Ii(c) and
[I(d) and adding additional players of weight 0 (which do not change the cost
shares). The second inequality holds, since ¢, is a polynomial of maximum
degree d with non-negative coefficients.

Observe, that fN\B (P)-ce( N\B (P)) is the social cost of P on resource e if
only the players in N \ B are in the game. By Proposition[Ii(a), the cost shares
of those players can only increase if the players in B are joining the game, i.e.:

ME(P)-co(fNE(P) < D xielP).
iEN\A

Combining this with (I9) completes the proof of the claim:

b, 5(P) > ZieN Xie(P) . ZieN\B Xie(P) _ ZieB Xie(P)
eBV) =0 d+1 d+1

Proof of Corollary[d. By the definition of the partial potential ([B) and by ap-
plying Lemma [ we directly have

=Y P n(P) <) > xielP) =) Xi(P

ecel ecEieB i€B
and
DXP) =D XieP) =D Xie(P) <> e p(P)-(d+1)
i€B i€BecE ecEi€B eCE

=®p(P)-(d+1).
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O

B Proofs for the Approximation, PoA and Stretch
in Section 5 and

Proof of Lemmald. Since c. is a polynomial of maximum degree d with non-

negative coeflicients, it suffices to show the inequalities for all monomial cost

functions c.(z) = 2", with » = {0,...,d}. Fix some resource e with monomial

cost function and a player i assigned to e, i.e., e € P;. Denote Y = {j #£i:e €
w

P;} and w = w;. Definey =3,y w; and z = 2. By Proposition [l (b), we can
upper bound y;.(P) by replacing Y with a single player of weight y, i.e.,

1 1 1
Xie(P) S 5 ((y + w)r-l-l _ yr-i-l) + 5 _wr+l _ yr+1 . 5 . ((Z + 1)r+1 — 14+ Zr+1)
— gt ZT+1+%'Z<T—;1)'2’j 4

j=1

Similarly, by repeatedly using Proposition[Il (¢) and by adding additional players
of weight 0, we can lower bound x;.(P) by

1 Y 1 1

5 /0 ((I—I—’LU)TJrl _Ir+1) dr = ; . o . ((y+w)r+2 _yr+2 _wr+2)

:y”‘l. 1 -((2+1)T+2—1—2T+2):yr+1- 1 § r+2 .20 =B
r+2 r+2 = J o

The proportional cost of player i, x5 P (P), equals to

r+1
— r __ ,r+1 r_ or4l T .
wece(y+tw)=w-(y+w) =y 2 (24 1) =y 'Z(y’—1)-zﬂ,

j=1
To complete the proof we give an upper bound on XP+;(P) and a lower bound
B e
on W. We haVe,
+1 j +1 j
A B 2T 4 % 2521 (Tj ) L B Zrl % 22:1 (Tj ) . 2]
P - +1 - = T —
Xierop(P) 25:1 (jil) -2 2 Zj:l (jil) -2

which is upper bounded by

7/1 T}rl r+1 d+1
Prop <max |1, max ——— | =max |1, max 5 < —
Xie (P) 1<j<r 2- ( ) 1<5<r -]

j—1
(20)




B PROOFS FOR THE APPROXIMATION, POA AND STRETCH IN SECTION ?7? AND 7724

This implies the lower bound on x.°"(P) in the statement of the lemma. On
the other hand, by first order conditions,

r+1 (r+2 j
B o T+2 Z (T J ) ZJ
P - 1 :
Xzerop(P) Z;:l (jil) - 24
which achieves its extreme values at the roots of

SR n( (L)

j=1 k=1

Claim 27. The function g : z — ZT'H G- k) (TJJ.FQ) (,7)) - 2"t has a
unique positive real root at z = 1.

Proof. We will show that g(z) has a unique positive real root at z = 1, is negative
for z < 1 and positive for z > 1. To this end, by combining coefficients of the
same monomial, we get

)-3 - (’””)(0_2_1)-2“‘1

o=2 j=1

2r+2 r+1
B a0 )

o=r+3 j=c—r—1 J

where by symmetry the coefficient for o0 = r 4+ 2 is 0. Pairing summands j and
o —7j, we get

- EE e (75200

S S a0

Define B(a, j) := (25 — o) - ((Tﬂ)( N (s T )) Now observe that

J o—j—1 o—j/\j—1

L e = 19 [ )

Slnce%# > 1 for all (0,j) where2 <o <r+landl1<j< 074
and for all (0,j) where r +3 < o <2r+2and § < j < r+ 1, we get that
Blo,4) <0 whena <r+1and 5(0,j) > 0 when o0 > r + 3 for all j in the
corresponding range. Descartes’ rule of signs implies that g(z) has at most one

positive real root. Simple arithmetic shows that z =1 is a root of g(z). O
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By the previous lemma, we conclude that XP+§(P) is minimized for z = 1,
ie., -
1 +1 r42
B T—H'Z;:1(Tj)_%ﬂ'(2r+2—2)> 4 4
P = +1 = = = J
Xie " (P) Z;:1 (jil) 2 r+3 - d+3
which completes the proof of the upper bound in the lemma. o

Proof of Lemmal8. Let P be a p-approximate equilibrium in the SV weighted
congestion game. Using the equilibrium condition and Corollary [, we have

d+3 d+3 d+3 d+1

X;P(P) < T'Xi(P)ST'p'Xi(P)S X TP(P)

1T P
O

Proof of Lemmald. Let P be an p-approximate pure Nash equilibrium and P*
the optimal outcome:

SCP) =3 w0 5(P) T 5 3 ST i, Su(P) Ui},

iEN eeP; i€EN ec P}

Due to the convexity of the cost functions, note that the cost share of any
player on any resource is always upperbounded by the marginal cost increase she
causes to the resource cost when she is last in the ordering, x.(i, Se.(P)U{i}) <
Co(fe(P) +w;) — Ce(fe(P)). Thus,

SC(P) <p- Z Z Oe(fe(P) +wi) - Oe(fe(P))

iEN e€ P}

SP' Z Z Ce(fe(P)+wi)_Ce(fe(P))

ecEice€ P}

<p- (Z ColfelP) + £o(P*)) — Ce(fe(P))> . (21)

eclk
The last inequality follows from assumption that C. is a convex function in
players’ weights.

—d
Claim 28. Let \ = 2a%1 . (21 — 1) and u = 9@ — 1, then for x,y > 0

and d > 1, (z +y)?t — 2L < X ydtl 4. pdtL,
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Using this claim that was proven in [I3], (ZI]) becomes

SC(P) < p- (Z A ColfeP7) + i ce<fe<P>>>

eclk
=p-A-SC(P*)+p-pu-SC(P).

Rearranging and substituting the values for A\ and u we get an upper bound on

the p-PoA,
97t (2ﬁ 1)_d (2#1 1)_d
p . — —
p-PoA < poA = = 2
l—p-p g - -(2ﬁ—1) ortt 1—p-—2—+p
P e
—d
2.p (271 —1 A a
p- (2941 —1)

Proof of LemmalIll Let P be a p-approximate equilibrium, P* the optimal
outcome and P = minpep ®(P’) the minimizer of the potential which is by
definition a pure Nash equilibrium. Then the p-approximate price of anarchy
equals to

SC(P) SC(P) Dt @ o(P)

)— p— R E— >
pPoA = WX SoP = PEYPNE SC(P)

max
Pep-PNE SC(P)
By Lemma [9 and Corollary B for A = N, the p-PoA is bounded as follows

P(P)
max ——————— < p- )
PEp-PNE(d + 1) - ®(P) 20T - (14+p) —p

Rearranging the terms gives the desired upper bound of the p-stretch,

1

d(P 2T 1) (d+1

P = max (P) p- QTT -1 (d+ 1)
PEp-PNEQ(P) 29—

T (I4p)—p

d
Tt

Proof of Lemma[I2 To show the lemma we lower and upper bound the D-
partial potential. Let e be an arbitrary resource. By using Lemma [] and
Lemma [6] we get

@ep(P) < 3 xilP) < To0- 3 \R(P) 22)

€D i€D
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By definition of the proportional share x.."°", [22) becomes

(I)E’D(P)S%.Zwi'ce(fe(P)) d+1 fD( ) - Ce(fE(P))
€D

_d+1 f2(P)

2 f(P)

fe( ) Ce(fe(P)) d+1 fe ZXZE

ieN
(23)

Rearranging (23) gives a relation of the per unit contribution to ®p and @,

@n(P) _ d+1 Tiew XuelP)
fewpy = 2 fe(P) 7
and by summing up over all resources e, we get
dp(P) < d+1 SC(P)
Wp — 2 w

where W =3, vwi=> cpfe(P)and Wp =) pwi=3 .p fP(p).
Similar to (IZ'ﬂ), we lower bound the D-partial potential with

4
(I)e,D ZXze Zm sz Ce fe( ))

i€D GD

(24)

4
- Xze
d+1)-(d+3) fu( ZZEN

The first inequality uses Lemma M and the second uses Lemma[Gl Again we get
a per unit contribution to ®p and ® on one resource and in the whole game,

. p(P) S 4 . > ien Xie(P)
fPP) —(d+1)-(d+3) fe(P)
L oo(P) 4 SC(P) 25)

Wp ~(d+1)-(d+3) W

Combining [24) with ([25) and rearranging the terms completes Lemma’s
proof,

<I>D(P) d+1 SC(P) Wp (d+1)-(d+3) W 1
dp (15) 2 w 1 4 SC(P) Wp
_(d+1)?-(d+3) SC(P)

8 SC(P)’ O

C Proofs for the Computation in Section [7|

Proof of LemmalId. Let D: C D, the set of players who still have to perform
their last move after player ¢ in phase r. Then by definition of the partial
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potential Il ®p_ (P") equals to

| D _ |Dr|
N (P - HN\Dr (P") = Z ((I)N\D:(Pr) HN\D;! (P") ) Z @N\D (P").
i=1

(26)

For each player 1, her strategy in state P is identical to her strategy in P"°.
By Proposition 2 (@ (D) and 2] (@), we upperbound (26]) by

| Dr| |Dr| |D-| |Dr|

Z oMy =3 oM\ (P < 30, (P) = 3 X (P

=1 =1 i=1

Proof of Lemmall6l. We show the lemma by contradiction. Thus, assume that
®p, (Pr_l) > % -by. Let S,, T,- C D, be the set of players whose last move is
an s-move and a t-move, accordingly, such that S, UT, = D,. First, we focus
on the players in S,. Let ¢ € S, be an arbitrary player. By definition of an
s-move, player i decreases her costs in her last move during phase r by at least
(s—1)-X; (P”). By Proposition [3 any such improvement step also decreases
the i-partial potential by the same amount. Summing up over all players ¢ €
S, we get a lower bound on the total decrease of the D,-partial potential
between states P"~" and P": ®p (P""') = ®p (P") > (s—1)- Y ,cq Xi(P™").
Rearranging, we upper bound the partial potential as follows,

©p, (P) < p, (P71 = (s —1)- Y Xi(P™)

i€S,
<®p, (P77 —(s—1) <Z X;(P™) ZXi(P”')>
i€D i€y
<®p, (P77 = (s—1) <ZX P”—nb)
€D,
< ®p, (P —(s—1)-(®p, (P")—n-by)
< @p (P = (s=1) (®p, (P") =~ @p, (P"1))
<(A4(s=1)-7)-®p, (P ") = (s—1)-@p, (P,

where the third inequality follows from the fact that the cost of a player i € T,
is upper bounded by the block border b,, the fourth inequality by Lemma
and the fifth one by the assumption. Rearranging the terms gives

1+ (s—=1) -~

Op, (P) <
S

-®p (P77, (27)
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Let P be an intermediate state between P"~! and P such that all players
in S, have already finished their s-move and play their strategies in P", while
the moving players in T} play their strategies in P"~!. Consider a player i € T.
The difference in her cost after her t-move is at most b,.. This is due to the fact
that her initial cost is at most b, (by the block construction) and the minimum
cost she can improve to is zero. Then, by Proposition Bl the difference in
the cost of player ¢ equals to the difference in the i-partial potential, that is,
®;(P) — ®;(P") = X;(P) — X;(P'") < b,. Summing up over all players in T},
we get that the difference in the D,-partial potential among states P and P"
can be at most n - b.. Then, we get the following upper bound on the partial
potential in state P,

14+(s—1)-v

®p, (P) < ®p, (P")+n-b, <
S

. (I)DT(PT_l) 4 - (I)DT (Pr—l)

1—7 1
- (T+2 7) - ®p, (P71 < (§+2'”Y> - ®p (P™7Y),

where the second inequality holds by ([27) and our assumption. Substituting s,
we get
1

®p, (P) < —=—-®p, (P71,
Qb

which contradicts Corollary I3 O

Proof of LemmallZ. At the beginning of the algorithm’s execution, the sum of
all players’ costs is at most n - Xyax. By Corollary Bl the potential is also upper
bounded by the same amount. In the initial phase, each deviating player makes
a t-move, therefore her cost improves by at least (¢ — 1) - b (since her cost is at
most b1). The potential function also decreases by at least (¢ — 1) - by in each
step. Using the definition of by, we get that (t — 1) -b; = - g~ - Xpnax. Using
both observations, we can compute the maximum number of improvement steps
in the ﬁgs(t phase, 5 @+1)
" - Amax —1 -1 4N 2 —4
7'971'Xmax—n7 g=n-v -3 =2-n°-(d+1) -~

Consider an arbitrary phase r» > 1. By Lemma[I6, ®p (P"!) < % - b,. Again,
we look at the possible cost improvement in a deviation which equals to the
potential decrease in this step. In this case, the cost improvement is at least
(t —1) - byy1. By definition of b,,1, we have that (t —1) b1 = b, - g1 ~.
Similar, the maximum number of 1mpr0vement moves in this phase is

'br d 1 -3
v _ng 2 RNy 2 gy
br.g—l./y 72 72

In total, we have at most 2-n?-(d+1)-y~ —l—log( m‘“‘)~2-n2~(d+1)-~y*5:

(1 + log ( "‘f"‘)) -2-n%2.(d+1)-77? improvement steps. O
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Proof of LemmalI8 We first show by contradiction the following. For j > r,
the increase in the cost of player i from an arbitrary state P7 to state P7t! is
upper bounded by Z (d+1) - bjy1. Thus, assume that X; (Pj+1) -X; (Pj) >

(‘iﬂ) bj+1. Since player i does not deviate during phase 7 + 1, the increase

in her cost is caused by other players deviating to the resources she uses. Thus,
there exists a set of resources £’ C F such that each resource in E’ is used by
player i and by at least one player in D;;; at state P/*!. This yields to

. (d+1
Z Xie (P7HY) > no(d+1) bit1
ecE’ v
EGEE’ fe(PjJrl) : Ce(fe(PjJrl))
d+1
SCDj+1(Pj+1) n

b
d+1 >7 A

; n
PJ+1) > ; . bj+1-

=

>3 b

= (I)Dj+1(

The last step uses Corollary[l Since the potential decreases during the execution

of the algorithm, we get ®p, ., (P’) = ®p,, (P’*) > 2-b;;1, which contradicts

Lemma [[6 Therefore X; (P7+1) < X; (P7) + @ -bj+1 and we use this to

show the lemma as follows,

n-(d+1)
Y

X; (P < X (P2 + b1

m—1
-(d+1
SXi(PT)—I—M Z b
v j=r+1
m—1
(d+1 _
ZXz(PT)"Fin ( ) ZXmax'g]
v j=r+1
m—1
(d+1 »
:Xi(pT)_’_L) Zbr-gT]
v j=r+1
n-(d+1)
Y
(d+1)

< Xi(P) + 2:bp g7

< Xi (P) + - Xi (P7)

( d+1)> X(PT)*(1+’}/2)-XZ'(PT>.

O

Proof of Lemma[Id Similarly to previous lemma, we first show by contradiction
the following. For two arbitrary successive phases j and j 4+ 1 and an arbitrary
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alternative strategy P/ of player i, X; (PjJ.rl P’) > X; (Pii, Pl’) - @ bt
Pi') -X; (PJ'|r1 P’) '('f;rl) -bj11. Since player i

—i

Thus, assume that X; (P]

o
does not deviate during phase j + 1, the increase in her costs is caused by other
players deviating to the resources she uses. Thus, there exists a set of resources
E’ C F such that each resource in E’ is used by player i and by at least one
player in D;; at state P/T!. Therefore

Z Xie (P71,PI> ﬁ “bjr1 = Z Xie (PZZ-,Pi) > @ bt

eckE’ ecE’

Following exactly the same steps as in proof of Lemmal[I8] the previous yields to

a contradiction of Lemma [[6 Thus, X; (Pf{l, le) > X; (Pﬁz7 P’) - @ )
bjt+1, which we use to show the lemma’s statement as follows,
X; (P P) > X; (P72, P)) - %ﬂ) b1
m—1
> X; (Pr,, P]) - w Z b
v j=r+1
m—1
=X; (piwpl) _ w . Z Xmax'g_j
v j=r+1
m—1
— X, (P",,P}) — n-(d+1) 3 g
i j=r+1
> X, (P, P)) _M.Q.br.g*1
‘n-(d+1)
by, (pr, Pl — 24Dy pr
X, (P pp) - 20 ey
£ X; (PL, P)) =9 X (PT)
<3
> X (P, Pl) - % - X; (P")
> X; (PiZ,PZ) v Xi (PiZ,P) =(1-7)-X (PﬁZ,Pz)

The second last inequality holds due to the s-approximate equilibrium for player
iin PT. O

Proof of Lemmal20. Let i be an arbitrary player who took her last move in
phase r and let P/ be an arbitrary other strategy of player i. We use Lemma [I§
and Lemma [I9] and the fact that player ¢ has no incentive to make a s-move in
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phase r (by definition of the algorithm):

X (P )

<
Xi (Pz_lvpi/) B

By minimizing the first part, we can get arbitrary close to 1. For the second
part, we need to fix a v with v < ﬁ Therefore, the expression can be
simplified to o = (1 + O(7)) - t-Qp. O

Proof of Lemmal21l By Lemma and Corolarry I3, we get that our main
factor o (from Lemma [20) equals to

2, (2@ — 1)~d
(o) G dry LoD
2t (144)—t

where v is a small positive constant and ¢t = 1 + 7. Observe that factor « is
essentially in the order of
d
1
o (Y
2741 — 1

We now claim that the order of the above is (%)d - poly(d). To prove this,
d

it is enough to show that —— is assymptotically similar to ) Applying
d+1

2 —
L’Hospital’s rule, this follows from the fact that

: % _ 1
d—o0 2# -1 d—o0 Qﬁ In(2) 111(2)
T+
which completes the proof. O

D Proofs for the Sampling in Section [7.1]

Proof of Lemma[24 The beginning of the proofs follows from the analysis in [21].
Let X be the marginal contribution of player i in a random permutation. Since
C. is a polynomial of degree d and monotone, we have X > 0. By the definition
of the Shapley value, x;.(P) = E[X]. By the definition of the cost functions,
the maximum possible value of X is achieved when i is the last player in the
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ordering, this happens in 1/|S.(P)| fraction of the permutations. X achieves
the maximum value with probability at least 1/|S.(P)| and the maximum value
is at most |Se(P)| - xie(P) because of the expectation and the bounds of the
values.

To upper bound the variance of X we define a second random variable Y
which is |S.(P)| - xie(P) with probability 1/n and 0 otherwise. Then,

Var(X) < Var(Y) = B[Y?] = B[Y]* = (|Se(P)| = 1) - xue(P)?

Since MCie(P) = + Y5 | MCL(P), E[MCi.(P)] = E[X] = Xe(P) and the
single permutations are independent of each other, we get Var(MC,.(P)) =

w+(x) < +(ISe(P)] = 1) - xie(P)?. Using Chebyshev’s inequality, we get

MCoo(P) -, . Var(MCic(P))
PrIMCic(P) = Xie(P)| = pxie(P)] < Yie(P)2 12
(ISe(P)] = 1) - xae(P)? _ |Se(P)[ —1
- kXie (P)? 2 o kep?

Let k = W, then MC;.(P) is a p-approximation for x;.(P) with
probability at least 3/4. If we repeat this

X
log ( 2n°™3 . B (141 ) ) (d+1) 470
og (207 ey 1 (14105 (22 ) - @ 1) 07

min

times, using the median value of all runs and applying Chernoff bounds, we
directly get a result with failure probability at most

1
nc~n~maxi€N73i-|E|-(l—i-log(%)) -2-n2~(d—|—1)~”y*9.

Proof of Lemmal[23. The result follows directly by applying the union bound:

Pr(3ie N :3P/ € Py:3e € P/ : [MCic(P-i, P)) — Xie(P-i, P{)| > p1- Xie(P-i, F})]

1
<n-maxP;-|E|-
iEN nc-n-maXieNPi-|E|-(1+10g(%)) 2.n2(d+1)-4°

1
ne - (1+10g(%)) -2-n2-(d+1) -9

<
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Proof of Lemmal[26. The result follows directly by applying the union bound:
Pr[3 an improvement step in which the sampling fails] <
(1+10g(%)) 2.n?(d+1)-47°

B nc-(l—klog())i#)) 2-m2(d+1) -~y

ax
min

1
< —.
= e
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