NATIONAL RESEARCH UNIVERSITY

HIGHER SCHOOL OF ECONOMICS

Vasily V. Gusev

COOPERATIVE CONGESTION
GAMES

BASIC RESEARCH PROGRAM
WORKING PAPERS

SERIES: ECONOMICS
WP BRP 245/EC/2021

This Working Paper is an output of a research project implemented within NRU HSE’s Annual Thematic Plan for

Basic and Applied Research. Any opinions or claims contained in this Working Paper do not necessarily reflect the

views of HSE




Vasily V. Gusev!

Cooperative congestion games

This paper studies a model for cooperative congestion games. There is an array of cooperative
games V and a player’s strategy is to choose a subset of the set V. The player gets a certain
payoff from each chosen game. The paper demonstrates that if a payoif is the Shapley or the
Banzhaf value, then the corresponding cooperative congestion game has a Nash equilibrium
in pure strategies. The case is examined where each game in V has a coalition partition. The
stability of the vector of coalition structures is determined, taking into account the transitions
of players within a game and their migrations to other games. The potential function is
defined for coalition partitions, and is used as a means of proving the existence of a stable
vector of coalition structures for a certain class of cooperative game values.

JEL Classification: C60, C62, C71

Keywords: potential games, Nash stability, coalition structure, congestion games

'National Research University Higher School of Economics. International Laboratory of Game Theory and
Decision Making. E-mail: vgusev@hse.ru



1 Introduction

There is a rich choice of sectors where economic actors can do business. Since the power
and working capacity of economic agents are limited, each agent focuses on the sectors they
prefer. Rosenthal (1973) suggested a congestion game to model this situation. There is a
certain set of resources in the congestion game, and the payoff function for each resource
depends on how many players have chosen it. It has been established that a congestion game
has a Nash equilibrium in pure strategies. Holzmann (1997) found sufficient conditions under
which a strong Nash equilibrium exists in the congestion game. If a resource payout depends
not on the number of players, but on the sum of their weights, then the game is called a
weighted congestion game. The existence of Nash equilibrium in such games was studied in
Ackermann et al. (2009), Fanelli and Moscardelli (2011), and Harks et al. (2001). The price
of anarchy for some classes of congestion games was found in Aland et al. (2011), Correa et
al. (2008), and Chau and Sim (2003). A class of games in which a resource payout depends
on the number of players and on the player’s strategy was considered in Milchtaich (1996).

Economic actors with common objectives often form commercial alliances to maximize
profit. If several agents have chosen the same resource, they can collaborate. A cooperative
congestion game is suggested in this paper to model such a situation. Suppose there is a set
of cooperative games V. Any player’s strategy is to choose a subset of V. Players cooperate
within each game. The payolf from the game v,v € V depends on the set of players it was
chosen by. A significant distinction of the cooperative congestion game from the classical
congestion model is that the payoff function of the game v depends on the set of players, not
on their number.

A question of interest is the existence of an equilibrium in a cooperative congestion game.
[t is demonstrated that if a player’s payolf in each cooperative game is the Shapley value or the
Banzhal value, then the corresponding cooperative congestion game has a Nash equilibrium
in pure strategies. The existence of a Nash equilibrium in pure strategies is guaranteed by
the defined potential function.

A player’s payoff in a congestion game is the sum of the numbers of the form ¢;(k), where
k is the number of players who have chosen the resource j. If there are n players and m
resources in a congestion game, then there is a total of m - n parameters which express the
players’ payoff functions. The number of such parameters in a cooperative congestion game
equals m - 2". As demonstrated, payoff functions can be obtained for a congestion game by
applying a special procedure to find characteristic functions in a cooperative congestion game
with the Shapley value.

Unless the characteristic function of the cooperative game is monotonic, players would
not always benefit from a grand coalition. In this case, a coalition partition can be formed
in the cooperative game. A Nash-stable vector of coalition structures was defined taking
into account solo migrations of players within the game and migrations of players into the
coalitions from other games. To prove the existence of a Nash-stable vector of coalition
structures, the definition of the potential function is reformulated in the paper. The potential
function in this case is defined on the set of vectors of coalition partitions rather than on the
set of the players’ strategy profiles. This approach was used by Gusev and Mazalov (2019)
to prove that a Nash-stable coalition partition exists in any cooperative game with respect to
the Aumann-Dreze value.

Hart and Mas-Colell (1989) introduced the following definition of the potential function



for a cooperative game,

S (P(N,v) = PN\ {i},v)) = v(V).
ieN

This definition of the potential function is not bound to the existence of a Nash-stable
coalition partition. The notions of potential functions defined by Monderer and Shapley (1996)
are used.

The structure of the paper. The second section describes a cooperative congestion game.
The third section proves the existence of a Nash equilibrium in the cooperative congestion
game for some values of the cooperative game. A cooperative congestion game with a vector
of coalition structures is described in the fourth section. After that, the axiomatic system for
a cooperative congestion game with the Shapley value is suggested. Proofs are given in the
Appendix.

2 Cooperative congestion model

The congestion model is a tuple (N, M, {S;}ien, {c;j}jem), where N is the set of players,
M ={1,2,...,m} is the set of resources, S; is the set of strategies of player i. An element of
the set S; Vi € N is a non-empty subset of set M. The function ¢; : R — R is the payolf from
the resource j,j € M. Denote S =57 X ... X S5,,5_; =51 X ... x Sj_1 X S;11 X ... x S,,.

The congestion game is a normal-form game, (N, {S;}ien, {w;}ien),

ui(s) = cj(k;(s)),

JES;

where k;(s) is the number of players who chose resource j from strategy profile s,s € S.
There exists a Nash equilibrium in the congestion game. This is guaranteed by the existence
of a potential function

kj(s)
P(s)= > ) k)

€ U s; k=1
JE NS

The cooperative congestion model is a tuple (N, V,{S;}ien, {¢(v) }vev). The sets N and
Si,i € N have the same meaning as in the congestion game, Vi € N, Vs; € S; : s; C V. The
set V= {v1,v9, ..,vm b0 1 28 — Rov;(0) = 0 V5 € {1,2,...,m} is an array of cooperative
games and ¢(v) is the value of the cooperative game v, v € V.

The cooperative congestion game with the value ¢ is a normal-form game (N, {S; }ien, {hi bien),
in which the payoff functions have the form

hi(s) = Z@i(Nv(5)7U)7i €N,

VES;

where N,(s) = {ilv € s;,i € N} is the set of players who chose game v from the strategy
profile s,s € S.

A cooperative game in a cooperative congestion model can be regarded as a resource.
Player 7,7 € N chooses a set of cooperative games s;,s; € S;, that maximizes his/her payoff



hi(s). A significant distinction of the cooperative congestion game from the classical con-
gestion game is the payofl from a resource. The payoff in the former depends on the set of
players N,(s), while in the latter it depends only on the number of players k;(s).

1 2 3 4 5
1 2 3

Fig. 1. Choice of cooperative games by players.

Example 1. Let N = {1,2,3},V = {v1,vs,...,v5} and ¢ be the value of the cooperative
game defined for any game in V. Suppose the players’ strategy profile has the form

S = (51732753) ({017/0277}3} {7}271}371}4} {U37U47U5}>

Then, the players’ payoffs in the cooperative congestion game have the form:

hi(s) = p1({1},v1) + p1({1, 2}, 01) + 1 ({1, 2, 3}, v1),
hQ(S) = ‘pQ({l» 2}7U2) + 902({17 2, 3}a US) + @2({27 3}>U4)7

h3(5) = 903({17 27 3}7 U3) + 903({27 3}71)4) + 903({3}71)5)'

3 Existence of a Nash equilibrium

In this section we find the values ¢ for which there exists a Nash equilibrium in the coopera-
tive congestion game.

Theorem 1. Let the value p of the cooperative game [ulfill the following two conditions:
1. Linearity property. For any games v, w and real numbers a,b the equality p(av+bw) =
o(v) +b-p(w) is true.

2. For any player i,i € N the equality ¢;(vr) = {f(OT)’ z ; g:; is true, where vy is a

unanimity game.
Then, a cooperative congestion game with the value ¢ is a potential game, and the

potential function has the form

-y ¥ g A(v) = 37 (~)FI Ty (R),

UE U si KCNy(s RCK
N K;s@

See Appendix for proof.

Theorem 1 leads to the following corollaries.



Corollary 1. A cooperative congestion game with the Shapley value is a potential
game.

Corollary 2. A cooperative congestion game with the Banzhaf value is a potential
game.

See Appendix for proof of Corollaries 1 and 2.

Corollaries 1 and 2 indicate the following. Let there be a set of cooperative games V =
{v1,v9,...,u,}, and the strategy s;,s; € S; of player i,i € N be the choice of a subset of V.
Suppose the game v,v € s; gives player i the Shapley value. Then, the cooperative congestion
game has a Nash equilibrium in pure strategies. If the payoff of the player i,i € N in the
game v,v € s; is the Banzhaf value, then the corresponding cooperative congestion game also
has a Nash equilibrium in pure strategies. What matters is that the games from Corollaries
1 and 2 are potential games. Any assertion valid for potential games holds for the games in
question.

What is interesting about Theorem 1 and its corollaries is that the characteristic functions
from the set V can take arbitrary values. There are no monotonicity or superadditivity
restrictions. It is usually assumed in a congestion game that the function ¢;,j € M is
monotone decreasing. If, however, ¢; is not a monotone decreasing function, then the existence
of a potential function guarantees the existence of an equilibrium. The monotonicity restriction
is usually associated with the solution’s application or self-evidence. Suppose, for instance,
that ¢; is monotone increasing, whereas the payofl functions for the rest of resources are
monotone decreasing. In such a case, players would most probably choose the resource j. The
more players choose j, the greater the payolfl they get in this case. The proposition below
shows the relationship between a congestion game and a cooperative congestion game with
the Shapley value.

Proposition 1. A congestion game is a cooperative congestion game with the Shapley
value if v;(K) = |K|-¢;(|K|)Vj € M, VK C N, K # 0.
See Appendix for proof.

Proposition 1 proclaims that the class of congestion games is a subclass of cooperative
congestion games with the Shapley value. Substituting the numerical values of characteristic
functions into h;(s),i € N,s € S, one can generate potential non-cooperative games.

4 Coalition partitions in a cooperative congestion game

4.1 Notations

Let us introduce some notation needed to define a cooperative congestion game with a vector
of coalition structures. We denote by II(K) the set of coalition partitions of the set K, K C
N,II(D) = 0, i.e.

I(K) = {{Bl, By, ..., B}

l

j=1
Let II%; be the set of all vectors of coalition structures,

Iy ={(x", 7% .., 7™E3K CN: 7 €ll(K),j=1,2,...,m} .
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Take a set X in the subset 1T, X C Y. Let 7 € X, 7 = (x!, 72, ...,7™). Player i can
be part of several coalition partitions 7 at the same time. To isolate elements of m, we
use the notation 7 = (7, 7_;) = (77, 7', 7_;,). To isolate elements of the coalition structure
m,j = 1,2,..,m, we use a similar notation 7/ = {A, 7’ ,} = {A,B,W{A’B}. The set of
coalition structures in which player ¢ is included is

Yi(mr)={m/3Ben’ i€ B,j=1,2,...m}.

Let 7/ € Y;(r). Denote by 77 (i) the coalition from 77 that contains player i and 7/ — i =

{mi(i)\ {i}, 7’ (i)}. Two sets are introduced:

i

Dy() = (i ()\ (i}, AU (i} YA€ nd or A=},

M) = {p = { =i (AU} ) msa} | € X € Kl 7' Kl |

Coalition structures from the set D;(n7) are obtained from 7/ by moving player i to
another coalition within the game, or when player i forms a coalition of his/her own. The set
of coalition structure vectors M;(w) appears from = when player ¢ moves from one coalition
partition to another. Player i can move from coalition partition 7/ to «’ if such a move is
allowed, and if player i is not a member of 7!, i.e. p € X, 7! & Y;(7).

4.2 A stable vector of coalition structures

It used to be believed that if players have chosen one and the same game, they form a grand
coalition within the game. In this section, the case is considered where a coalition partition
of players exists in every cooperative game from V.

Definition 1. The cooperative congestion game with a vector of coalition structures
in our case will be a tuple (N,V,X,H), where N = {1,2,...,n} is the set of players,
V ={vy, vy, ...,u,} is the set of cooperative games and X C IV, H : X — R™.

The set of players’ strategy profiles S is given for a normal-form game. Knowing the S of
the cooperative congestion game, the corresponding set X can be constructed to perform the
transition from a normal-form game to a coalition partition game.

Example 2. Let N = {1,2,3} and V' = {vy, v, ...,v5}. Suppose that coalition partitions of
players in each game have the form

m = {1} {23}, 7 = {{2}, {8}}, 0 = {{1.2}, {8}}, =" = {{1,3}}, =" = {{1.2.3}}.
Let the payoff of player i from the cooperative game v;,7 = 1,2,...,5 be ¢;(?(i),v;). Then,

the payolfs of players in the cooperative congestion game with a vector of coalition structures
have the following form:

Hy(m) = er({1}01) + 1({1, 2}, vs) + 01 ({1, 3}, va) + 1 ({1, 2, 3}, vs),

HZ(W) = 302({27 3}701) + 902({2}702) + 902({17 2}7 v3) + 902({17 2? 3}7U5)7



Hy(m) = ¢3({2, 3}, v1) + @3({3},v2) + w3({3}, v3) + p2({1, 3}, v4) + 93({1, 2,3}, v5).

Player 1 is absent from the coalition partition for game v, but present in the coalition
partitions of other games. The form of coalition structure vectors is defined by the set X.

Definition 2. The vector m,m € X is said to be Nash-stable in the game (N,V, X, H) if
Vi € N,VrJ € Y;(m) the [ollowing inequalities hold:

Hy(n?,w_5) > Hy(p?,m—5) Vp? € Dy(n?),

Hyi(m) > Hi(p) Vp € My(~).

Depending on the set X, any player can be present in several games at the same time.
Each player can only be part of one coalition from the coalition partition 77,5 = 1,2, ..., m.
The first inequality from Definition 1 indicates that there is no benefit for any player from
moving to another coalition within the game they are in. What follows from the second
inequality is that solo players would not gain from changing one cooperative game for another
on their own. The next theorem is an extension of Theorem 1.

Theorem 2. Let the value ¢ satisfy the restrictions from Theorem 1. Then, there exists
in a Nash-stable vector of coalition partitions in the game (N,V,X, H) with the payoff
functions

Hi(m) = Hy(x',7°,..7™) = > @i(w/(i),v),i € N.
I €Y;(m)
See Appendix for proof.
The proof of Theorem 2 is based on the existence of the following potential function

P(r) =Y "> > fE)Ax(v).

j=1 Beni KCB
K20

Suppose players in each cooperative game from V have formed a coalition partition and
a player’s payoff in the coalition partition depends on the coalition they belong to. Then, if
the payolf is the Shapley value or the Banzhafl value, there exists a stable vector of coalition
structures in the cooperative congestion game.

4.3 Numerical example

Let N ={1,2,3} and V = {vy,vs}. The values v; and v, are given in Table 1.
Set X has the form

X ={(z",7*)|r' e I(K),n* e I(N \ K), K C N}.

The coalition partitions from X tell us that any player from N can be present only in one
game from V. Take a cooperative congestion game (N, V, X, H) with the Shapley value and a
vector of coalition partitions. Let us find the vector of stable coalition structures. According

7



Table 1: Values of vy, vs.

KA {20 | {33 [ {12} | {1,3} | {2,3} | {1,2,3}
ST 2179 8 I 2 8
G187 [ 10 | 4 I 6

to Theorem 2, such a vector exists. To find it, we calculate the highest value of the potential

function
XYY

7j=1 Beni KCB
K#0

)\K U]
K|

in Table 2. The potential function for some 7 is calculated as follows,

P E2:8) = Ay () + Ay () + A () + 1202,
P{2:3)).{13)) = Ay (0n) + A (o) + 2280 4y o),
PLA2,811.0) = Auy(0n) + A (o) + Ay (on) + 222
PO {011, 12.31)) = Ay (e2) + A () + Ay 02) + 22202
Table 2: Values of potential function
7r P(rxV) P(r x V)
OO Qe | o
(0, {{1},{2,3}}) 9 ({{1,2}},{{3}}) 12 1/2
0103 | 14 {Re) | 18
0,161 {1.2) | 1612 | ({13}, {2) | 13172
(0.112.31) | 95/6 | ({2101, {{1)})| 12
(). (025, 13}) | 16 ({231 {{1}3}) | 7172
(23 | 9 | ({1 2B | 12
N LB | 10| [{aLEan) | 712
(2 Lsh) |8 | ({Rh{Lae) | T2
BN LY | 18 | ([(BL2)0) | 14172
({{33}. {{1,2}}) | 181/2 ({{1,2,3}},0) 8 1/2

The highest value of the potential function is 18 1/2. Hence,
m = (r', %) = ({{3}}, {{1,2}})

is a Nash-stable vector of coalition structures. Players’ payoffs have the form

Hy (") =11/2,Hy(7*) =81/2, H3(n") = 9.

8



Any player’s payoff would not be augmented by the player’s departure from the coalition they
belong to.

A stable array of cooperative games can be found without finding the potential function
maximum. Instead, one can map the sequence of the best responses and find its limit. The
existence of a potential function guarantees that the sequence of best responses converges to
a stable vector of coalition structures.

5 Axiomatic system

This section suggests the axiomatic system for a cooperative congestion game with the Shap-
ley value. Denote by vy a cooperative game in which the worth of any coalition equals zero,
i.e. vo(K)=0VK C N. Let us list some axioms.

Decomposition (D). Let s,s,s" € S. If s;\ {vo} = (s;Us]) \ {vo} Vi € N and (Ucp 57) N
(UieN 5”) € {0, vo}, then

h(s1, 89, .y Sn) = h(S}, 85, ..., 8.) + h(s], sy, ...,s) Vi € N.

The (D) axiom is an analog of the additivity property. This axiom implies that a player’s
payoff in one cooperative game has no effect on his/her payoff in another cooperative game.
E.g., let N ={1,2,3} and h possess the decomposition property, then

h({vi, va}, {v1, vs}, {v2, vs, 0a}) = A({v1, v2}, {vi}, {v2}) + A({vo}, {vs}, {vs, va}).
Linearity* (L). Let s € S,s; € {v,v} Vi € N and v = avy + Pvy. Then
h(s) = ah(s’") + Bh(s"),

where s',s" € S and (s; =v) & (s, = vy and s = v9), (s;i =vy) & (s, = s/ = vp).

The (L) axiom is analogous to the linearity property. For example, let N ={1,2,3} and h
has the (L) property and v = awv; + Svs. Then,

h({v}, {v}{vo}) = a-h({vi}, {on}, {vo}) + B - h({va}, {va}s {vo}).

Symmetry* (S). Let s; = s;, and players i,k are symmetrical for any v,v € s; U sy, i.e.
v(KU{i}) =v(KU{k}) VK C N\ {i,k}. Then,

hi(sis Sk, 5—ik) = hi(Siy Sk, S—ik) VS—ik € S_ik-
If two players i, k have chosen the same games, and in each of the chosen games i and k

are symmetrical, then they get identical payoffs.

Null Player* (NP). Let Yv € s; player i is a null player for v, i.e. v(K U{i}) =
v(K)VK C N\ {i}. Then,
hl'(Sl', S,i) =0 \V/SLi S S,i.



[f a player is the null player in any chosen game, then his/her payoff is 0.
Efficiency* (E). Let s = (s1, S, ..., $,) € S, then

D hils 82,0 80) = Y 0(Ny(s)).

i€EN vE U s4
1EN

The sum of players’ payoffs for each profile s,s € S is the sum of the values of the grand
coalitions of the chosen games.

Theorem 3. Let V be the set of all cooperative games for N players, S; =2V Vi € N.
The value h : S — R" satisfies the axioms (D), (L), (S) (NP), (E) iff

=2 . |K|

ves; KCNy(s
ieK

See Appendix for proof.

The Shapley value on a set of cooperative games is determined uniquely by the classical
additivity, null player, symmetry and efficiency axioms. As the cooperative congestion game
is a normal-form game, the respective axioms are revised, and now only the payoff functions
of the cooperative congestion game with the Shapley value satisfy these new revised axioms.

Conclusions

The new results expand the theory of congestion games. In the proposed cooperative con-
gestion model, the resource is a game. Within the game v,v € V, players can form a grand
coalition or a coalition partition. The paper offers a transition from the strategic to the coali-
tional form of the game. With this transition, the definition of the potential function is revised
for coalition partitions. The derived potential functions guarantee that an equilibrium exists
in the cooperative congestion game with the Shapley value or the Banzhaf value.

Finding a stable vector of coalition structures is a complicated computational problem.
The total number of partitions of the set NV is O(n™). In order to reduce the complexity, one
cooperative game can be decomposed into simpler cooperative games, where a stable partition
is easier to find. Another option is to apply dynamic methods of solving discrete optimization
problems, see Yeh (1986).

The potential game theory is quite advanced. The definition of a potential game is given
according to the players’ payoff functions. The broadest class of potential games has been
described by Voorneveld (2000). Having formulated a suitable definition of the potential
function, one can prove the existence of a stable coalition partition in cooperative congestion
games.

There are weighting, continuous congestion games. The price of anarchy in such games
has been studied. In the future, such notions can also be introduced for cooperative congestion
games, and their properties can be investigated.
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Appendix

Proof of Theorem 1. Let v € V. Let v be represented as a linear combination of unanimity

games,
v = Z Ak (V) - vg

KCN
K20

Considering propositions 1 and 2, the following sequence of equalities is true,

Z )\K(U) UK = Z )\K( gOl ’UK Z f

KCN KCN KCN

K#0 K#0 iEK

Then, the payolf of the player 7,7 € N in the cooperative congestion game has the following
form,

:Z%‘(Nv Z Z (K

VES; vES; KCNy(s)
€K

Let us demonstrate that P(s) is a potential function for the cooperative congestion game
in question. Let us simplify the difference of the players’ payolf functions,

hi(si,5-4) — hi(s}, s-i) = Z Z fK) Ak Z Z JE) Ak (v)

vES; KCNy(si,5-4) vesh KCNy(s),s—;)
ieK ieK

=N Y @ - Y Y FE)k().

ves;\s, KCNy(si,5_;) vesi\s; KCNy(s},5_)
€K ieK

Then, the following property is used to simplify the difference of potential functions.
Let s;,8, € S;. If v € s\ s}, then N,(s},s_;) = Ny(si;,s—;) \ {i} and if v € &)\ s;, then
Nv(sia S—i) - Nv(sfh S—i) \ {Z}

It is assumed in the following that K # (). In this case, the sequence of equalities is true,

P(siys—i)=P(si,s-) = ) Y. SEk) = Y Y. JUE)Ak()

vesiU U 85 KCNu(siss— veslU U s; KCNy(shs s
2 JEN\{i} J = v( 2 ’L) 1 JEN\{i} J = v( i z)

= Yoo FEMN) = > FE)Ak(v)

vesi\s; \KCNy(s:,5_:) KCNy(s;,5-4)

-y Yo I = > fE)Ak(v)

vesi\s; \ KCNy(s},s_;) KCNy(si,5—4)

= Yo I - > FE) k()

ves;\s, \KCNy(ss,5_4) KCNy(ss,5—1)\{i}

11



> Y. fEPk) = Y fK)Ak ()

vesi\s; \KCNy(s},5_4) KCNy(sh,s—i)\{i}
= > D A = D Y fK)Ak ()
v€s;\s; KCNy(si,5_4) vesi\s; KCNy(s},5_)
€K €K

= hi(si, 5_) — hi(si,s_;) Vs;, 8. € Sy, Vs_; € S,
Hence, P(s) is a potential function for the given cooperative congestion game.
N
Proof of Corollary 1. Let ¢ be the Shapley value. Then ¢ possesses the linearity property,

1 T-
and p;(vr) = {'g’ Z Z T’. The conditions of Theorem 1 are fulfilled, so the assertion being
proved is true. The payoff of the player ¢ in the cooperative congestion game with the Shapley
value, and the potential function have the following form,

DI ECED DS |K|

vES; KCNy(s) vE U s; KCNy(s
ieK i€ K;é@

N

Proof of Corollary 2. Let ¢ be the Banzhaf value. Then ¢ possesses the linearity property,
1 ; .

and ;(vy) = 2”6*1’ 22? The conditions of Theorem 1 are fulfilled, so the assertion

being proved is true. The payoff of the player ¢ in the cooperative congestion game with the
Banzhaf value, and the potential function have the following form,

SIDYE N OIS 2|K|1

vES; KCNy(s) ve U s; KCNy(s
€K N K;éﬂ)

]

Proof of Proposition 1. Consider a cooperative congestion game with the Shapley value,
Vo= {v1,v9, ..., o0 },0;(K) = |K| - ¢;(|K]),j € {1,2,...,m}. Denote by I(s;),7 € N the set
of indexes of cooperative games from s;. E.g., if s; = {UQ,U37U4} then I(s;) = {2,3,4}. All
players in any cooperative game from V' are symmetrical. In this case, the value h;(s) can be
simplified as follows,

= @i(Nu(s),0) = D ei(INy(9)]) = D eilkyls)).
vEs; JEI(si) JEI(si)

Hence, any congestion game can be represented as a cooperative congestion game with a
special form of characteristic functions.
O

12



Proof of Theorem 2. To prove the theorem, we introduce the definition of a potential cooper-
ative congestion game with a vector of coalition structures. The game (N, V, X, H) is called a
potential game if there exists a potential function P: X — R and Vi € N,Vr € X,Vr? € Y;(r)
the following equalities are valid,

Hi(n?,7_;) — Hi(p!,m_j) = P(x/,m_;) = P(p!,m_;) ¥p' € Di(n),

Hi(m) — Hi(p) = P(n) — P(p) Vp € M;(7).

The vector of coalition structures that maximizes the potential function is Nash-stable.
Since ¢ satisfies the conditions of Theorem 1,

Z Zf JAk(v)),7 € N.

mieY;(r) KCri(7)
i€ K

We demonstrate that for the game in question P(7) is the potential function,

S IP P}

j=1 Bexi KCB
KZ0

Let 7 € X, 7 = (a7, 7_;) and p € D;(n?), o' = {#7(i) \ {i}, AU {i}, = j)’A}.Then,

Hi(n?,7_;) — Hi(p?, 7))

= D JEDw)+ Y Zf )k (vg)

KCmi (i) mIeY;(m)\{n7} KCTr‘i
1eK K

| D> FE)Ak(vy) + > FUE)Ak(vy)

KCAU{#} wI€Y;(m)\{mi} KCm9 (i)
€K €K
Z JE () = 3, S Aw(vy).
KCﬂ'] KCAU{Z
ZEK €K

Simplifying the difference of potential functions,

P(m) — P(p)
S DD SEIGIOIES 9 OB DRSS
Beni KCB g=1 Bend KCB
K#0 9#37 K#0
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—(ZZﬂ M) + 3 Y Y Aw)

Bepi KCB g=1 Bend KCB
K#0 9#3 K#0

= Z f )\K U] Z f )\K(Uj) -+ Z Z f )\K Ug

KCmi(i KCA Ber? KCB
K;eq) K#0 —md(i),A K#0

- S FEMk)+ D FEA) + DY > FIE) Ak (vy)

KEm @V} KA} Ber KB

= Z F(K) Ak (vj) — Z JE) Ak (v;)

KCri (i) KCmi (i)\{i}
K#0 K#0

— | Y FUE)A(v) = Y FE) Ak (v))

KCAU{} KCA
K#0 K#0
Z F(K) Ak (v;) Z FE) Ak (vj) = Hy(n? m_y) — Hi(p,7_y).

KCTrJ KCAU{Z}

Now let 7 € X, = (nf, !, 7_j,), {m? — i, {AU {i}, 7' 4}, 7_;,}. The difference of payoff
functions has the following form,

H;(m Z FEK) Ak (v5) Z J(EK) Ak (vr).

KCWJ KCAU{Z}
GK i€

We transform the difference of potential functions,

P(m) — P(p)
(sz )‘KUJ"‘ZZJC AKUz—FZZZf /\Kvg)
= b ik {de i

Beni—i KCB Be{Au{i},mt }KCB g=1 Ben9 KCB
K#0 K#0 g#3,l K#0

(Z D TEN(w)+ > Y K AKvl+ZZZf AKUQ)

= Z J(EK) Ak (vj) — Z JE) Ak (v))

KCri(i KCmi(i)\{i}
K;ﬁw K#0
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- Z f( )\KUZ Zf )\KUJ

KCAU{i} KCA
K20 K70
Z FE) Ak (v)) Z f(K)Ak(v) = Hy(m) — Hi(p)
KCT(J KCAU{i}
’LGK 1eK

By definition, P is a potential function, hence a stable vector of coalition structures exists
in the game. L

Proof of Theorem 3. The payoff of a player in a cooperative congestion game with the Shapley
value satisfies the axioms of the theorem. Let us demonstrate that the axioms uniquely define
the players’ payoffs. Lets € S. Taking into account the axiom (D), the value h;(s) can be
transformed as follows,

Z hi(sy, S5, ...y S1),

ve U s;
iEN
where
{v} wves;
{vo} v s
We represent v as v = ) .-y Ak (v)vk. Applying axiom (L), the value of h;(s}, s}, ..., sp)
K#0
has the form
hi(s}, s5, ... Z A (V) - hi(s75, 855, ..., 82K,
KCN
570

where

S

=t vE

Given the axioms (NP), (S), (E), the value h;(s7%, s5%, ..., st%) is calculated as follows,

1€ K,v € s;;
otherwise.

1
hi(sV% g9 . svK) = { IK]
(3 1 »°2 » ’“n 0

Therefore, the following sequence of equations is true,

voLU _ VK VK
E : h’i(817527"'7 n = § § )‘K 31 yS9 5 ey Sy )

veE U s; ve U s; KCN
iEN €N g4g
=2 2 AK
vES; KCNy(s)
€K

The game v can be represented in the form of a linear combination of unanimity games
uniquely. The value h;(s]%,s5%,...,s'%) Vi € N VK C N,K # () is also defined uniquely.

°) TL
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Hence, only payoifs of players of a cooperative congestion game with the Shapley value
satisfy the above axioms.
N
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