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Abstract

We analyze the quality of several equilibria for generalized market sharing games. Generalized market sharing
games model 7 selfish players selecting subsets of a finite set of items, where the payoff of an item is divided
among all players choosing that item. Market sharing games are a special case of this, where the available subsets
are restricted by budget constraints. Market sharing games were studied by Goemans et al. [6], who showed that
the price of anarchy is at most 2 by showing that those games belong to the class of games known as valid utility
games, as defined by Vetta [24].

We show that generalized market sharing games are valid utility games as well, yet sharpen the bounds on the price
of anarchy further to show that it is exactly equal to 2 — % We do this using a smoothness argument, allowing this
price of anarchy to extend to different equilibria. These tight bounds also hold for special cases such as symmetric
or singleton. Furthermore we study the sequential version of the game and define a class of games called shared
misery games. For this class of games we set up a framework which can be used to provide upper bounds on the
sequential price of anarchy. Among other results, this shows that any subgame perfect equilibrium in a symmetric
singleton congestion game is also a Nash equilibrium in the simultaneous variant of the game. For symmetric
singleton generalized market sharing games, this means that the sequential price of anarchy is also 2— % Lastly, we
show that for an egalitarian social function the sequential price of anarchy differs significantly. Here the sequential
price of anarchy is n, yet the symmetric singleton variant has a sequential price of anarchy of 1.



1 Introduction

Game theory is the study of mathematical models of cooperation or conflict between rational decision makers.
These rational decision makers are called players, and their decisions are called their strategies. Game theory is a
relatively new branch of mathematics, it was not formally developed before 1944, when John von Neuman pub-
lished his book “Theory of Games and Economic Behavior” [19]. Since then game theory has grown considerably
and is now used in many fields, including economics, psychology and computer science.

Goemans et al. [6] studied market sharing games. A market sharing game consists of players and resources. Each
player chooses a subset of these resources. The players receive payoff from all the resources they choose, but have
to share the payoff if multiple players choose the same resource. Each resource has a fixed payoff available and
this payoff is divided equally among all players choosing the resource. To determine which subset of resources a
player can choose, all players have a budget and all resources have a cost that a player needs to pay for using that
resource. The sum over the costs of all resources chosen by a player may not exceed that player’s budget. Each
player wants to maximize his own payoff. The sum over the payoff of all players is called the social value. The
social value is equal to the total payoff of the resources chosen.

There is only a finite number of resources available. Competition over these resources can make a system inef-
ficient, since every player only tries to maximize his own payoff, not the social value. A state in which no player
can improve his payoff unilaterally is called a Nash equilibrium. A Nash equilibrium can have significantly less
social value than the optimal solution. The inefficiency a Nash equilibrium might cause is measured with the price
of anarchy, which is the worst case ratio of the social value of an optimal solution over the social value of a Nash
equilibrium.

Recently, it has been brought up that sequential games might provide better quality equilibria. In a sequential
game players pick their strategies after each other, instead of simultaneously. A solution of a sequential game
where all players take the strategies of all other players into account and pick to maximize their own payoff is
called a subgame perfect equilibrium. The inefficiency a subgame perfect equilibria might cause is measured with
the sequential price of anarchy, which is the worst case ratio of the social value of an optimal solution over the
social value of a subgame perfect equilibrium equilibrium.

In this work we investigate a more general setting of market sharing games where the budget and cost constraints
are replaced with a strategy set for each player, which contains all possible sets a player can choose. This allows us
to model more situations. These games are called generalized market sharing games. For these games we analyze
the quality of a Nash equilibria and subgame perfect equilibria. We measure the efficiency of these equilibria with
the price of anarchy or sequential price of anarchy. Furthermore we investigate special cases such as symmet-
ric games, where all players have the same strategy sets, and singleton games, where all players only choose one
resource.



2 Related work and contribution

Generalized market sharing games are a subclass of congestion games. A congestion game consists of players,
resources and payoff functions. Each player chooses a subset of the resources and pays costs or receives payoff
based only upon which resources he has chosen. Each resource has its own payoff function, and the payoff a re-
source gives to a player depends only on the number of players choosing that resource. Congestion games were
introduced by Rosenthal in 1973 [22] and he proved they all have at least one pure Nash equilibrium.

We use the price of anarchy and the sequential price of anarchy to measure the potential inefficiency of Nash
equilibria and subgame perfect equilibria respectively. The price of anarchy was introduced by Koutsoupias et
al. [13] in 1999 as a way of measuring the cost to society due to players acting selfishly . The sequential price of
anarchy was introduced in 2012 by Paes Leme, Syrgkanis and Tardos [14]. They claimed that for many games “the
subgame perfect equilibrium of their sequential version is a much more natural prediction, ruling out unreason-
able equilibria, and leading to much better quality solutions." To substantiate these claims, they gave bounds on
the sequential price of anarchy for four classes of games, which were an improvement over the price of anarchy.
Bilo et al [2] showed that these claims were a bit too optimistic, and that their results only hold for generic games,
which are are games where no ties occur. Following these papers there have been results showing that the sequen-
tial price of anarchy is lower than price of anarchy in some cases and higher in other cases.

The price of anarchy has been studied for many types of games. A first bound on the price of anarchy in gen-
eralized market sharing games comes from showing that they are valid-utility systems. Valid utility systems were
introduced by Vetta in 2002 [24]. A utility system is a game with a submodular social function, where the payoff
a player receives is at least as great as the loss of social value if the player does not participate, while the rest of
the players do not change their strategies. If the sum over the payoff of the players is smaller or equal to the social
value, then it is a valid utility system. Vetta showed that for any valid-utility system the price of anarchy is at most 2.

The sequential price of anarchy has only been studied for a handful of games. De Jong and Uetz investigated
the sequential price of anarchy in linear congestion games and showed that the sequential price of anarchy is
smaller than the price of anarchy for 2 and 3 players, but might grow larger for more players [9]. Furthermore they
showed that the sequential price of anarchy is 4/3 for the symmetric singleton linear congestion games. An exten-
sive overview of the results and literature on the sequential price of anarchy can be found in another work by de
Jong [11].

The maximum coverage problem is a well studied problem in computer science and operations research. Gen-
eralized market sharing games can be seen as the maximum coverage problem in a game theoretic setting. The
maximum coverage problem consists of resources and sets of these resources. The goal is to cover as many re-
sources as possible using at most 7 sets. The difference with generalized market sharing games is that there is only
one player, and any collection of 7 sets is possible. In generalized market sharing games each player has his own
sets to choose from and plays only for his own interest.

Market sharing games are another adaptation of the maximum coverage problem. In market sharing games play-
ers have a budget to buy a subset of items. All items have fixed costs and values, and the value of an item is evenly
distributed among all players that chose this item. The Market sharing games were analyzed by Goemans et al. in
2006 [6], and they proved that the price of anarchy is bounded from above by 2 by showing that market sharing
games are valid-utility systems, and gave a lower bound example to show that this is tight when the amount of
players is taken to infinity.

There also exist models that do not distribute the value of an item completely. Gairing investigated covering
games [5], which are games where players can choose a subset of resources. All resources have a fixed value, but
this value does not need to be divided equally or even completely among all the players choosing the resource. The
only restrictions on the payoff functions are that the payoff function must e non-increasing payoff in the amount
of players choosing a resource, and the total payoff provided to all players by one resource cannot extend the value



of that resource. Gairing investigated which payoff functions would provide the best price of anarchy, and deter-
mined a symmetric payoff function which improved the price of anarchy from 2 to -4 = 1.58.

Expanding further, Marden and Wierman investigated welfare distribution games [16], where the total value of
a resource would depend on the set of players choosing it. They examined different ways to divide the value of
a resource, similar to what Gairing did with covering games. Here the payoff each player can get from each item
depends on which specific players would also choose that item. The game which are closest to generalized market
sharing games as studied in this research, are anonymous equally shared welfare distribution games. The only
difference is that items might increase in value when chosen by multiple players.

In a recent paper Paccagnan and Marden also showed results for set covering games [20, 21], in which they ex-
tended the work of Gairing on covering games. Here resources still have a fixed value and payoff must be divided
equally among the players choosing the resource, but they let go of the restrictions that the payoff function must
be non-increasing and that the total value divided from one resource must be less than the value of that resource.
The social value is still equal to the sum over the values of the resources chosen. Paccagnan and Marden compare
different payoff functions, including the Shapley value payoff functions, dividing the total value of the resource
among the players choosing the resource, and the new payoff functions found by Gairing [5]. They show that even
without the restrictions used in covering games the payoff function found by Gairing still provides the lowest price
of anarchy of % ~ 1.58. Furthermore they use simulations to show that this new payoff function provides better
Nash equilibria in practice.

An important difference between market sharing games and covering games is the difference in strategies that
are possible. Market sharing games use player budgets and resource costs, while other covering games provide a
collection of sets to choose from. These lead to different possible strategy sets. Another approach was presented
by set packing games, which were introduced by de Jong and Uetz in 2017 [11]. Set packing games do not take
into account budget and item cost, but provide each player with a specific set of possible strategies, that has to be
downwards closed. This means if a certain set is possible, any subset of that set is also a feasible strategy. Further-
more, set packing games also assume every item can be chosen only once. De Jong and Uetz investigated that the
quality of equilibria of set packing games of both the simultaneous and sequential version of the game and proved
that the sequential price of anarchy is only -4 = 1.58, while the price of anarchy is 2.

These games based on the maximum coverage problem can be used to model competing players, but they can
also be used to approximate maximum coverage problems, which are hard to solve in a centralized manner. Goe-
mans et al. [6] used market sharing games to model caching in a wireless networks, but they can also be used for
vehicle-target assignment problems [15] or sensor allocation problems [1]. In these problems a finite number of
vehicles or sensors have to be allocated to certain locations. However, these are difficult problems to solve and it
might take too much time to find the optimal solution. An approximation can be made by having every vehicle or
sensor act as a selfish player. All of these players try to optimize their own payoff. The social value of the market
sharing game then represents the value of the solution in the original maximum coverage problem. The optimal
solution is still hard to find, but can be approximated with a Nash equilibrium.

In this work we also consider bottleneck games, which are games where each player chooses a subset of resources
and a player’s payoff is determined solely by the resource which provides him the least payoff. Linear bottleneck
congestion games were studied before by de Keijzer, Schifer and Telelis [12], who investigated the price of anarchy
and strong price of anarchy, and showed that the strong price of anarchy is 2 for symmetric games, but cannot be
bounded by a constant in general.



Utilitarian social function Egalitarian social function
Game PoA SPoA Section Game Pure PoA  SPoA | Section
General 2- % =n 5 General n n 9
2 player % % 6 Symmetric 2— % =2- % 9
3 player 3 <1.816... 6 Singleton >c >c 10
Singleton symmetric | 2 - % 2- % 7,8 Singleton symmetric 1 1 7,9

Figure 1: Main results for generalized market sharing games

Our contribution

First we define generalized market sharing games in Section 4 and show that they are a generalization of market
sharing games. Furthermore we show there always exists a pure Nash equilibria by proving that generalized mar-
ket sharing games are potential games and show that the price of anarchy is at most 2 by proving that generalized
market sharing games are valid utility systems.

Next, we look into the price of anarchy in Section 5. We provide direct proofs for a matching upper and lower
bound of 2 - % on the price of anarchy. We also give a direct proof for mixed strategies to show that the price of
anarchy stays the same. We extend these results to other equilibria by showing that the robust price of anarchy is
2— % as well.

In Section 6 we investigate the sequential version of the game and study how sequential play influences the equilib-
ria by investigating the sequential price of anarchy. In many cases the sequential price of anarchy is more difficult
to bound than the simultaneous version. Here we attempt a variety of proof ideas. Our main result for this section
follows from a linear program, showing that the sequential price of anarchy is higher than the price of anarchy for
three players, and giving a strong indication that this might be the case for any number of players larger or equal
to three.

One of the main results of our research is described in Section 7. Here we define a class of games called shared
misery games. For this class of games we set up a framework which can be used to provide upper bounds on the
sequential price of anarchy for any shared misery game. For symmetric games we can specify the results even
further. We show that any subgame perfect equilibrium in a symmetric singleton congestion game is also a Nash
equilibrium in the simultaneous variant of the game. Furthermore we show that these subgame perfect equilibria
are optimal for an egalitarian social function.

We show that singleton generalized market sharing games are shared misery games in Section 8 and apply the
results found in Section 7. This leads to a price of anarchy of 2 — % for singleton generalized market sharing games
and a sequential price of anarchy of 2 - % for symmetric singleton generalized market sharing games. Furthermore
we proof that the sequential price of anarchy of 2— % holds for generic singleton generalized market sharing games
as well.

The results for shared misery games also have implications for generalized market sharing games with an egal-
itarian social function. This objective function does not sum over the payoff gained by the players, but only takes
the player with the least amount of payoff into account. In Section 9 we look into these games and show that the
price of anarchy and sequential price of anarchy are 1 for the singleton symmetric variant, by using the results for
shared misery games.

Lastly, we look into bottleneck games in Section 10 and show that the price of anarchy and sequential price of
anarchy cannot be bounded by a constant, even in the singleton variant.

A summary of bounds proven in this research can be found in Figure 1.



3 Preliminaries

3.1 Games

In this section we introduce concepts and notation that we use throughout this work.

Definition 3.1 Strategic-form game.

A game in strategic-form, also known as normal-form or matrix form, is a tuple (N, Sy,...,S,,Cy, ..., Cy) that con-
sists of a finite set NV of players 1,..., n, and for each player i, a finite set S; of pure strategies and a payoff function
Ci:S1x--+x8§,—R.

In a strategic form game each player i chooses a strategy o; from a finite strategy set S;. We examine two kinds of
strategies, pure strategies and mixed strategies. A pure strategy of player i is any action player i can make and a
mixed strategy of player i is a probability distribution on the set of pure strategies of player i. The set of all pure
strategies for player i is called the strategy set S; of player i.

Pure strategies are a subset of mixed strategies, since every pure strategy can be written as a probability distri-
bution where one strategy is chosen with with probability 1. In each section, we make clear whether we investigate
only pure strategies or allow both kinds of strategies.

The outcome of a game is determined by the strategies of all the players. The vector with the strategy of each
player is called a strategy profile.

Definition 3.2 Strategy Profile.
A strategy profileis an ordered set o = (01,...,0,) of strategies o; € S;.

Given a strategy profile o, define o0_; := (01,...,0i-1,0i+1,...,0) as the strategies of all players except i. Now
that we have the strategies defined, we formalize the types of games. There are many sort of games, but we con-
sider mainly two variants, namely simultaneous games and sequential games.

Definition 3.3 Simultaneous game.
A simultaneous game is a game where all players choose their strategy at the same time, without knowledge of the
strategies of other players.

A classical example of a simultaneous game is rock-paper-scissors, where both players decide what to do at the
same time, without knowing what the other player is going to play. We assume perfect information, which means
that each player is aware of the strategies of the other players, which in the case of rock-paper-scissors could be
rock, paper and scissor all with % chance. While the players are aware of the strategy set in advance, they do not
know which strategy is played before they choose their strategy. Unless specified otherwise, we assume a game is
simultaneous.

By imposing an order on the players, we obtain a sequential game. For clarity in the coming definition, we de-
note a pure strategy from the simultaneous game as an action.

Definition 3.4 Sequential game.
A sequential game is a game where all players choose their strategy in some order, say 1,...,n. All players have
knowledge of the actions chosen by all players before them.

Consider the sequential version of rock-paper-scissors, where the players take turns choosing their actions. No
matter what action the first player chooses, the second player can choose his action accordingly such that he al-
ways wins. In a sequential game a strategy more complex than in a simultaneous game, as it must specify one
action for all possible combinations of actions of preceding players.



3.2 Quality of equilibria

All players get payoff depending on their strategy and the strategies of the other players. In strategy profile o =
(o1,...,0n), player i plays strategy o; and the other players play o_;. The payoff player i receives is denoted as
w;(o;,0_;). To judge the quality of a strategy profile, we look at the social value it provides. The social value is
determined by the social function.

Definition 3.5 Social function.
The social function is a function that maps the strategy profile to R. The two variants we consider are:

e Utilitarian (U(0)): The sum of payoff over all players, i.e. U(g) = Z?:l w;(o;,0-;)

* Egalitarian (C(0)): The minimum payoff over all players, i.e. C(0) = min;e(y,.. . wi(0;,0-;)

.....

For cost minimization games, the egalitarian social function is equal to the maximum cost over all players instead.
Unless specified otherwise, we use a utilitarian social function. An optimal solution for a game is a solution which
gives the highest social value. This is the social optimum.

Definition 3.6 Social optimum.

In any game, a social optimum is a strategy profile g "7

that maximizes the social welfare function.

However, the players are not interested in the social value, they are only interested in their own payoff. We
assum that they make decisions to maximize their own payoff. Therefore we investigate equilibria where no player
can improve his payoff. For a simultaneous game, that is a Nash equilibrium [18].

Definition 3.7 Nash equilibrium.
For any game a Nash equilibrium oNF = (O'iv E ...,00F)is a strategy profile where no player can improve his payoff
unilaterally by choosing a different strategy, i.e. for any player i and any other strategy o’; € S;:

NE _NE 1 _NE
wi(o;",0-7)zwi(0;,02;) ey

We call (1) the Nash property. A Nash equilibrium consisting of only pure strategies is called a pure Nash equilib-
rium.

Any Nash equilibrium in a simultaneous game is also a Nash equilibrium in the sequential version of that game,
but that does not mean that no player can improve his payoff. Sometimes a player can play a different action caus-
ing the players after him to play different actions as well, causing him to end up with more payoff. In a sequential
game an equilibria where no player can improve his payoff by switching strategies is a subgame perfect equilibrium.

Definition 3.8 Subgame perfect equilibrium.
A subgame perfect equilibrium (SPE) is a strategy profile 057% = (¢$PF, ..., ¢$PF) in a sequential game, that induces
a Nash equilibrium in every subgame of the original game.

All games considered here are games with perfect information. This means that in a subgame perfect equilib-
rium every player knows the actions of all players before them and knows what actions all players after them will
choose, for each action they can play. Each player selects utility-maximizing actions at each level of the game tree.
Therefore all subgame perfect equilibria can be determined with backwards induction.

Nash equilibria and subgame perfect equilibria are the two major equilibria we look at, but there are many kinds
of equilibria possible. We also show results for two other kinds of equilibria, correlated equilibria and coarse corre-
lated equilibria.



Definition 3.9 Correlated equilibrium
Given is a probability distribution p over all possible outcomes. In this equilibrium a central authority selects a
strategy profile according to the probability distribution p and recommends each player the corresponding strat-
egy privately. When the players are recommended their strategy they are unaware of the strategies recommended
to the other players, but are aware of probability distribution p. This probability distribution p is a correlated equi-
libriumif no player i can improve his expected payoff by switching from the recommended strategy o; to another
strategy 0, i.e.
Y plolodwi(a,0-) =) pllowi@;,o-),  Vi,aj @
g o

where p(olo;) where is the conditional probability for o assigned by p, when o; is recommended to player i.

Definition 3.10 Coarse correlated equilibrium

A coarse correlated equilibrium is a probability distribution p over all possible outcomes. Similar to correlated
equilibria, a central authority selects a strategy profile according to the probability distribution p. However, players
need to decide whether they will follow the recommended strategy before they know what the strategy is. There-
fore, in a coarse correlated equilibrium it only needs to hold that no player i can improve his expected payoff by
choosing another strategy o', without even knowing what the recommended strategy would be, i.e.

Y p@wiloi,0-) =) p@wc,o-), VYio; 3)
o o
where p(o) where is the probability for o assigned by p.

Every correlated equilibrium is also a coarse correlated equilibrium. Nash equilibria have been used to predict
behavior of players in many different applications. However, the social value of a Nash equilibrium may be much
lower than the social value of the optimal solution. The price of anarchy (PoA) [13] is a way to measure the ineffi-
ciency of a system due to players behaving selfishly.

Definition 3.11 Price of anarchy.
For any game I, the price of anarchy is the ratio between the social value of the optimal solution 0°”T and the
worst Nash equilibrium oVE, i.e.

w(o.OPT)

PoA(l)= max ————
) oNEegNE() w(oVE)

4)
where oVE (I) denotes the set of all Nash equilibria in the game I. The price of anarchy of any class of games C is
defined as:
PoA(C) =sup PoA(I) (5)
IeC
For cost minimization games the price of anarchy we take the maximum over w(oN)/w(a°T) instead. We write
PoA if the game or class of games is clear from the context.

To measure the inefficiency of subgame perfect equilibria in sequential games, there is a similar ratio called the
sequential price of anarchy.

Definition 3.12 Sequential price of anarchy.
For any sequential game I, the sequential price of anarchy (SPoA) is the ratio of the value of an optimal solution
aOPT over the social value of a worst subgame perfect equilibrium o577, i.e.

W(UOPT)

SPoA(I) = max ———
(D oSPE¢gSPE(1y w(oSPE)

(6)
where o3P (I) denotes the set of all subgame perfect equilibria in the game I. The sequential price of anarchy of
any class of games C is defined as:

SPoA(C) = sup SPoA(I) (7)
IeC

10



For cost minimization games we again take the maximum over w(o>"F)/w(c9"T) instead. We write SPoA if the
game or class of games is clear from the context.

Definition 3.13 Price of stability.
For any game I, the price of stability is the ratio between the social value of the optimal solution 0T and the best
Nash equilibrium oV, i.e.

w(o.OPT)

PoA(l)= min ——
2 oNEegNE() w(oNE)

(8)
where oVE (I) denotes the set of all Nash equilibria in the game I. The price of stability of any class of games C is
defined as:

PoA(C) =supPoA(I) 9
IeC

3.3 Classes of games

One well known class of games is congestion games, introduced by Rosenthal in 1973 [22].

Definition 3.14 Congestion games

A congestion game is a tuple (N, R, (Si)ien, () jer) where N = (1,..., n) denotes the set of players, R = {1,...,m}
the set of resources, S; the strategy space of player 7, and p; the payoff or cost function of resource j. Each player
chooses a subset of resources o; € S; and receives payoff from all the resources according to their payoff functions.
The payoff function of a resource is only dependent on the number of players choosing that resource.

Definition 3.15 Symmetric games
A symmetric game is a game where all players have the same strategy space, i.e for all players i, j € N, it holds that
S;=8;.

Definition 3.16 Generic games
A generic game is a game where no two different strategies could give a player the same cost or payoff, i.e. for any
two different strategies o;,0", it holds that w;(0,0-;) # w;(0};,0-;) ¥ 0,0%,0_;.

Definition 3.17 Singleton congestion games
A singleton congestion game is a game where all strategies only consist of a single resource, i.e. |o;| =1 for all
i,0;€8;.

Definition 3.18 Anonymous games
A anonymous game is a game where the payoff of a player is not dependent on his identity. i.e. for any two players
i and j and any strategies o, 0 _ it holds that w; (o, 0_¢) = wj(ok,0_k).

In this work we mainly investigate generalized market sharing games, but study a few other games as well. We
define all of these games in their respective sections, but also note them here for easy reference.

Definition 3.19 Market sharing games

A market sharing game is a tuple (N, R, (b;);en, (¢} jer,(q;) jer) Where N = (1,...,n) denotes the set of players,
R=1{1,...,m} the set of resources, b; the budget of player i, c; the cost of resource j and ¢g; the value of resource j.
Lastly there is a bipartite graph G = (NU J, E) in which an edge between player i and market j means that player i is
capable of servicing market j. A player i can choose a subset o; of markets if player i can service all these markets
and the total cost of these markets is within the budget of player i, i.e. }jes, C;j < B;. The payoff of a market is
shared between all players who service that market.

In market sharing games, the strategies of players are determined by budgets of players and costs of resources.
This might be restrictive in some applications, and therefore we consider the following generalization to arbitrary

11



strategy sets:

Definition 3.20 Generalized market sharing game.

A generalized market sharing game is a tuple (N, J, (S;)ien, (w}) jey) where N = (1,..., n) denotes the set of players,
J=11,..., m} the set of items, S; the finite set of pure strategies of player i, and w; the value of item j. Each player
chooses a subset of items and the value of an item is shared between all player choosing that item.

Definition 3.21 Valid utility systems
There are three conditions for a game to be a valid utility system:

¢ The social function is submodular and nondecreasing

* The payoff a player receives is at least as great as the loss of social payoff if the player does not participate,
while the rest of the players do not change their actions

* The sum of the payoff for the players must be less or equal to the social function

Definition 3.22 Set packing games

There is a set N of n players, and a finite ground set J of items. Each item j € J has a value w;. For S < J, we let
w(S) := X jes Wj. Each player i has a strategy set S; < 2/ which is downward closed, i.e., if o; € S;, then T; € S; for
all T; < 0;. For a strategy profile o = w;(0;,0-;) the payoff for player i is defined as :

wilo;) ifoinor=¢forallk#i

—00 otherwise (10)

wi(Ui,U—i)={

Definition 3.23 covering games.

There is a set N of n players, and a finite ground set J of items. Each item j € J has a value w;. For S ¢ J, we let
w(S) := ¥ jes wj. Each player i has a strategy set S; < 2/, The payoff of an item is shared between all players who
chose that item.
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4 Introducing generalized market sharing games

In this section we formally define generalized market sharing games and show some of their properties. First we
show the difference to market sharing games as defined by Goemans et al. [6] and fix some more notation. Next we
show that every generalized market sharing game has a pure Nash equilibrium, by proving that every generalized
market sharing game is a potential game. This is done by providing the potential function. Furthermore we prove
that generalized market sharing games are valid utility systems, which yields that the price of anarchy is at most 2.

4.1 Generalized market sharing games

Market sharing games were investigated by Goemans et al. in 2006 [6], who used them to model non-cooperative
caching in wireless networks. Market sharing games are defined as follows:

Definition 4.1. Market sharing games

There is a set N of n players and a set J of m markets. Each market j has a payoff w;, and a cost ¢;. Each player has
a budget b;, which they can use to service markets. Lastly there is a bipartite graph G = (N U J, E) in which an edge
between player i and market j means that player i is capable of servicing market j. A player i can choose a subset
o; of markets if player i can service all these markets and the total cost of these markets is within the budget of
player i, i.e. ¥ jco, Cj < B;. The payoff of a market is shared between all players who service that market.

Goemans et al. [6] studied the efficiency of market sharing games if all players try to maximize their individual
gain by looking into the price of anarchy. They proved an upper bound on the price of anarchy of 2, and a lower
bound example that shows the bound is tight as n goes to infinity.

In market sharing games, the strategies of players are determined by budgets of players and costs of resources.
That might be restrictive in some applications. For instance, the price to service a certain market may differ per
player. Or some combination of markets is easier to service for logistical reasons. There might even be political
reasons, which causes a player to have to choose between two markets, by not allowing the player to service them
both. The following example provides a game which cannot be modeled with budget constraints.

Example 4.2. Consider a game with 2 players and 3 items. Each item has value 1. Player one can pick either
items 1 and 2 both, or only item 3. Player two can pick either items 2 and 3 both, or only item 1.

Figure 2: Graphic representation of the game in Example 4.2. Squares represent items. Player one can pick one of
the solid circles, player two can pick one of the dashed circles.

Example 4.2 is a game that cannot be modeled as a market sharing game. Since both players have access to all
items, it would only be possible to turn this into a market sharing game if the strategy set of one of the players was
equal to or a subset of the strategy set of the other player. This is not the case here, since they both have a unique
strategy available that the other player does not have. Therefore it is impossible to turn this into a market sharing
game.

In order to allow games like Example 4.2 to be modeled, we introduce generalized market sharing games.
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Definition 4.3 Generalized Market sharing games

There is a set N of n players, and a finite ground set J of items. Each item j € J has a value w;. For S € J, we let
w(S) := X jes wj. Bach player i has a strategy set S; < 2/ which is downward closed, i.e., if o; € S;, then T; € S; for
all T; < 0;. The payoff of an item is shared between all players who chose that item.

Generalized market sharing games are similar to market sharing games. Both are congestion games with players
and resources where the payoff of an item is shared evenly among all players who chose that item. The difference
lies in the strategy sets that are allowed. Instead of the budget and cost per resource, generalized market sharing
games only have the restriction that the strategy set must be downwards closed. This allows situations such as
Example 4.2 to be modeled.

It is interesting to note that the strategy sets of market sharing games are also always downwards closed, all costs
are positive so a subset of a strategy always fall within the budget as well. So every market sharing game can be writ-
ten as a generalized market sharing game. The reverse does not hold, as was shown with Example 4.1. Therefore we
can say that generalized market sharing games are a generalization of market sharing games, and this means that
any upper bound found on the price of anarchy and its variants also applies to the corresponding market sharing
game.

14



4.2 Potential Game

Before we say anything about the quality of Nash equilibria, we first prove that generalized market sharing games
always have a pure Nash equilibrium. We do this by giving a potential function, which is a function that strictly
increases whenever a player changes his strategy to improve his own payoff. A potential function is called an exact
potential function if it increases with the same amount as the players payoff. A game where a potential function or
exact potential function can be defined are called potential games or exact potential games respectively. We show
that generalized market sharing games are exact potential games by giving an exact potential function. An exact
potential function is formally as follows:

Definition 4.4 Exact potential function
A function ¢ : 0 — R s called an exact potential function if:

Gloi,0-)—Plo},0-) =w(0;,0-;) —w;(0},0_;) Yo;,0;€8;,Yo_;€S_;. (11)

Theorem 4.5 Generalized market sharing games are exact potential games.

Proof. An exact potential function for generalized market sharing games can be constructed in the following man-
ner: Let n;(o) be the number of players choosing item j in strategy profile o, i.e. n;j(o) = |{k|j €0y kell... n}}|
Define for given strategy profile o = (01,...,0,):

1 1
i(O)=wj+-wj+-wj+-+
$j(0)=wj+Jwj+w; n;(0)

dlo)=) ¢jl0) (13)
jeJ

wij (12)

Here ¢p(0) is an exact potential function since every time a player increases his payoff, the value of the potential
function increases with the same amount. If one player switches his strategy from o; to o}, the potential function
changes as follows:

1 1
(0, 0_)—plo;,0-;) = - w;- wi=w(,o_;)—w;ic;,o_;) (14)
¢ i i plo; i jeg\ai nj(0)+1 ) jeai\a'l. nj(a) J i i AT i
So the change in the potential function equals the change in payoff for player i. |

Corollary 4.6 Generalized market sharing games always have a pure Nash equilibrium.

This follows from Monderer and Shapley [17], who showed that every potential game has at least one pure Nash
equilibrium. This is because there are a finite amount of items and strategies, therefore the potential function at-
tains its maximum for some o. In this maximum no player can improve its payoff, otherwise the function could
improve as well. This means that the strategy which gives this maximum is a pure Nash equilibrium. Since every
generalized market sharing game has a potential function, every generalized market sharing game must have a
pure Nash equilibrium.
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4.3 Valid utility system

To find a first bound on the price of anarchy, we show that generalized market sharing games are valid utility sys-
tems. Valid utility systems are a class of games introduced by Vetta in 2002 [24], for which he proved an upper
bound on the price of anarchy of 2. By showing generalized market sharing games are valid utility systems, this
upper bound also holds for generalized market sharing games. The proof we give is similar to the proof used by
Goemans et al. for market sharing games [6].

Valid utility systems require the social function to be a set function. Before we proof that generalized market shar-
ing games are valid utility systems, we have to change the notation of the social function to a set function. We also
change the notation of the strategy profile o to a single set. We do this by defining a corresponding set function
and a corresponding strategy profile, which are only different in notation.

A strategy profile o = (01,...0,) describes what strategy all players choose and determines which items are chosen
by which players. The social function U, (o) determines the social value that the strategy profile o provides and
since we use a utilitarian social function, it is defined as the sum over the payoff of all the players. This is equal to
the sum over the value of all the items that were chosen at least once, i.e. Uy (o) = Z?:l wi(0;,0-;) =Y jeo Wj.

For any strategy profile o, we define a corresponding set H, = {(k, i)|1 < k < n, i € 0} called the pair set for ¢. It has
an element for each item choice of each player. For the social function U, we define a corresponding set function
U; . The corresponding set function is identical to the original social function U, (), with the exception that it uses
the pair set H, as input instead of the strategy set . This means that for any strategy set o with a corresponding
pair set Hy, the social function and the corresponding set function give the same result, i.e. U, (0) = U;,(Hy). Now
we can replace U, (o) with U; and o with H, and still have the same game with all the same outcomes. Now that
we have a set function, we can define what a submodular function is.

Definition 4.7 Submodular function

Given a universe H, a function of the form f: 2 — R is called a set function, where 2/ denotes the power set of
H. A set function f is submodular if f(®¢) = 0 and for any two sets A,B < H, f(A)+ f(B) = f(AnB) + f(AUB).
Furthermore, f is a nondecreasing function, if for any two sets X, Y with X € Y € H, it holds that f(X) < f(Y).

This definition of a submodular function is not always easy to use. Therefore we give an equivalent definition
of a submodular function: A set function f is submodular if for any subsets A, B, such that A < B and any element
i ¢ B, it holds that:

FAUD - F(A) = fF(BUD - f(B). (15)

Now that we have the corresponding set function, the pair set and the definition of submodular, we can prove that
generalized marker sharing games are valid utility systems.

Definition 4.8 Valid utility systems
There are three conditions for a game to be a valid utility system:

¢ The social function is submodular and nondecreasing

¢ The payoff a player receives is at least as great as the loss of social payoff if the player does not participate,
while the rest of the players do not change their actions

¢ The sum of the payoff for the players must be less or equal to the social function
Theorem 4.9 Generalized market sharing games are valid utility systems.

Proof. We prove this by showing the social function of generalized market sharing games satisfies all 3 conditions.
For the utilitarian social function U, (0), we have U} (o) as the corresponding set function.
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e First we show that the social function is submodular and nondecreasing. For that we need two strategy
profiles o = (01,...,0,) and ¢’ = (0},...,07,) with H, € H,/. Each element of the pair set H, represents a
player choosing a certain item, so H, < H,» means that in ¢’ every player still chooses all the items they
chose in g, but they might choose some additional items, i.e. 0; U;.Vl' .

For any two strategy profiles o, ¢’ with H, € H,, it holds that:

UHp)= Y wj=Y wi+ Y, wjzy wj=U(Hy),

jea' jeo je(o'no) jeo

since all items have nonnegative values. Thus the social function is nondecreasing.

To show that the social function is submodular, we use the equivalent definition in (15). Take again two
strategy profiles 0,0’ with H, € H,. Let (i, k) be an element with (i, k) ¢ H,. Adding (i, k) to H,» means
item k gets added to the strategy of player i. If item k was not chosen by any other player before, then the
social function increases with value wy. If it was chosen before, the value of the social function stays the

same:
wy ifkeo’

s . _ S ;) =
U’ (Hg U (i,k)) = U”(Hy1) { 0 else

The same holds for o. Since H, € H,/, it holds that if the item was not chosen in ¢’, then it was not be chosen
in o either. This means that if the social value increases with wy, for ¢’, it must increase with wy, for o as well.
This gives:

U*(Hy U (i,k)) = U*(Hyr) 2 U (Hy U (i, k) — U° (Hy),

so the social function U} is submodular.

* Let player i be the player which does not participate. The loss of social payoff when player i does not partic-
ipate is equal to the value of all the items that were only chosen by player i. The value that player i gained
from the items also chosen by other players is not lost, since it will now be divided among those other play-
ers. Since player i gets the full value of all the items only he chooses, his payoff must be at least equal to the
value of all those items:

Uo)-Ul-)=Y wj— Y wj= Y  wj<wio;o-;)

jeo jeo_; jeloinoZ))

This means the payoff of player i is equal or higher than the loss in social payoff when he does not participate,
so the second condition holds.

¢ Since the social function is defined as the sum of the payoff for the players, the third condition follows im-
mediately.

Corollary 4.10 PoA < 2 for generalized market sharing games.

It follows that the price of anarchy is at most 2, since Vetta [24] proved this must hold for all valid utility systems.
By providing this bound through valid utility systems we have kept the proof very general. This way this proof can
be used for many different variants of generalized market sharing games. For instance, the proof does not even
contain the way the value of an item is shared, so as long as the total value of an item is shared somehow among
the players choosing it, the price of anarchy does not exceed 2. In the next section we improve this upper bound
for generalized market sharing games.

17



5 Exact price of anarchy for generalized market sharing games

In the last section we showed that the price of anarchy of generalized market sharing games is at most 2. In this
section we provide direct proofs for the price of anarchy for pure and mixed strategies and show that the price of
anarchy is exactly equal to 2— % by providing tight bounds. Furthermore we generalize these results by proving that
the robust price of is exactly equal to 2 — %, which means that these results even extend to correlated equilibria and
coarse correlated equilibria. Lastly we discuss what these results mean for market sharing games and set packing
games.

5.1 Exact price of anarchy for pure and mixed strategies

In this subsection we show that the price of anarchy of generalized market sharing games is 2— % by directly proving
a tight upper bound and lower bound. We start off with pure strategies and afterwards generalize the proof to show
it still holds for mixed strategies.

5.1.1 Exact price of anarchy for pure strategies

We begin by giving the upper bound on the price of anarchy for arbitrary generalized market sharing games with
pure strategies.

Lemma5.1 PoA <2 - % for generalized market sharing games with pure strategies.

Proof. Take any instance with Nash equilibrium oV¥ and optimum 0?7, and let V%, and 097, for i = 1...n, be
the items selected by player i in the Nash equilibrium and the optimum, respectively. Let w(o) =YX, w;(0;,0-;).
Furthermore let SVF be all items chosen in the Nash equilibrium and S°?7 all items chosen in the optimum. For
any S< J, let S = J\S be the complement of S in J. Lastly let w(S) = YjesWj.

In a Nash equilibrium no player can improve his payoff by switching to another strategy. The strategy player i chose
OPT s still available to him, but because it is a Nash equilibrium, it cannot give player i

in the optimal solution, o ;

more payoff. So we have for all players i that w;(0V%,0_;) = w;(09"T,0_;). Furthermore, since we consider pure
strategies, we can split the set of items into three relevant categories: items chosen in the optimal strategy, items
chosen in the Nash equilibrium and items chosen in both. We disregard items chosen in neither, since they are not

relevant for the proof.

- AN
— / — \\
SOPT A GNE | SOPT A gNE | gNE GOPT |
1
Optimal solution Nash equilibrium

Figure 3: Splitting relevant items into three categories. The solid set of items represents the optimal solution, the
dashed set of items represents the Nash equilibrium S

The strategy of any player consist of the items they choose. We split these strategies into different parts in the same

way. The optimal strategy of player i consists of the items chosen by player i that are only chosen in the opti-

mal strategy, 0P

SN SNE, and the items that are chosen both in the optimal solution and the Nash equilibrium,
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7" 1 SNE. This gives us the following lower bound on the social value of Nash equilibrium oV%:

(O'NE UNE) (16)

w(oNE /

"
'M=

I
—

OPT _NE
wila; " ,02;))

%

~
1l
—

Il

Il
—

(w,-(U?PTnSNE,vaf) + wi(U?PTmSNE,UIYiE))

Since all items in O'OP T'n SNE are not chosen by any players in the Nash equilibrium, player i must receive full

value if he chooses those items and the rest of the players plays their Nash strategies. Therefore it must hold that
w; (O'?PT N SNE,oﬂvf) > w; (U?PT n SNE,UE)fT). Additionally, the payoff of player i can be made at most 7 times as
bad by the strategy of other players. This Would only happen if every other player chooses all the same items as
player i. It follows that w; (097" n SNE,oNVE) = 2 w;(09PT n'S,09PT). Using this we can continue the proof:

w(a ) Z(wl(UOPT SNE NE)+wl(UOPT SNE,UNE))
i=

Z (wl (UOPT . SNE OPT) +w; (UOPT n SNE’UNE))
i=

1 1
Z (wl(UOPTﬁSNE OPT)+ wl (UOPT SNE Of’T))
i=1

—

IV

— 1
= w(@OPT A SNE) + = w(oOPT n sNE). (17)
n

Here the last step follows from w(c?P7T) =

chosen or not with certainty. This gives

I wie9PT,09PT). Because all strategies are pure, all items are either

w(o™) = w(SNE) = w(SOPT n SVF) = w(OPT N SNE), (18)

since (SOPT 1 SNE) = SVE We can use (17) and (18) to finish the proof:
1
(2— ) w(oNE) = (1 - —) w(oNE) + w(eNE) (19)
n n

1

> (1 - —) w(@OPT A SV + w(aNE)
n
1 —_— 1

> (1 - Z) w(@PT A SVE) + w(oOPT A SNE) + ;w(UOPT nSNE)

= w(@%T A SNE) + w(oOPT n SNE)
= w(eOPT

w(o9PT)
w(o NE)

This gives 2 — % > Since this holds for any Nash equilibrium, it gives PoA <2 — -

Now that we have an upper bound, we give a matching lower bound. We provide a lower bound by giving an ex-
ample.

Lemma 5.2 PoA =2 — % for generalized market sharing games with pure strategies.

Proof. The lower bound follows from the following example:
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n—1items

Figure 4: Graphic representation of the game in Example 5.3

Example 5.3 Consider a game with n players and »n items. There are n — 1 items with value 1, and one item with
value n. Any player can choose any one item.

Proof of the lower bound. The optimal solution of Example 5.3 consists of 1 player taking the item worth »n and the
other n — 1 players all choosing an item worth 1, giving a total value of 2n — 1. However, a Nash equilibrium occurs
when every player chooses the item of value n, which gives each player individually the value 1. No player can
improve his gained value by switching to an item of value 1. The total value gained is n.

1

This means the price of anarchy in this example is Zn—n_l =2- %, so we conclude that PoA = 2 — - for generalized

market sharing games. |
We now have a matching upper and lower bound. We summarize as follows.

Theorem 5.4 PoA =2 — % for generalized market sharing games with pure strategies.

Another interesting observation about Example 5.3 is when the value of the first item is increased a little from
n to n +e¢, for small € > 0, the Nash equilibrium is unique. This means that the price of stability is bounded by
2- % =PoA=PoS=2- 1—;6 This gives PoS =2 — % by taking the limit.

Corollary 5.5 PoS =2 — % for generalized market sharing games with pure strategies.

5.1.2 Exact price of anarchy for mixed strategies

Now we look at how allowing mixed strategies influence the price of anarchy. Mixed strategies can sometimes cre-
ate worse Nash equilibria than pure strategies. Observe the following example:

Example 5.6 Consider a game with n players and n items. All items have value 1 and any player can choose any
one item.

n items

Figure 5: Graphic representation of the game in Example 5.6

Since every player can only select one item, the optimal solution is each player choosing one item and the so-
cial payoff is n. This is also the only Nash equilibrium if only pure strategies are allowed. However, when mixed
strategies are allowed, worse Nash equilibria are possible. For instance, a Nash equilibrium occurs if every player
chooses every item with probability % This would give an expected social payoff of n(1 - %) =~ 0.632n. So in this
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specific case the price of anarchy would go from 1 to ;%4 = 1.58.

To see if mixed strategies can make the price of anarchy worse for generalized market sharing games in general, we
give a direct proof for an upper bound. But first we state the following lemma, to make the upcoming proof easier.

Lemma 5.7 Generalized market sharing games always have an optimal solution consisting of only pure strategies.
Proof. Assume this is not true. Then there exists a game without a pure optimal solution. Let 09PT = (¢9%7, .., ¢ OPT)
be the optimal solution of that game with the least players playing a mixed strategy. Since there is no pure optimal
. . . . . . OPT OPT . .
solution, there exists at least one player i playing a mixed strategy in 0~ ", namely strategy ;" . This mixed
strategy is a combination of k different pure strategies All. yeens Aif , with k = 2. If any of these pure strategies is cho-

sen by player i instead of 0?77, the social value would decrease, otherwise 0“7 is not the optimal solution with

l .
the least players playing a mlxed strategy. So for all A; holds:
Uu(ASna9PT) < U, (09T na®PT) = U, (09FT)
Let p1,..., px be the probabilities of each pure strategy being chosen. Because of the linearity of the expectation
we get that

k k
Uuo T 0% = X (b1 Uua] 00 ) < X (- Uuto? 0o %) = Uuto? T 0P,
=1 =1

This is a contradiction, so therefore there must always be an optimal solution consisting of only pure strategies. W

Now we look at the bounds on the price of anarchy again.

1 . . . . .
Lemma 5.8 PoA < 2 — .- for generalized market sharing games with mixed strategies.
Proof. The first part of the proof is similar to the proof of Lemma 5.1. Once again, take any instance with Nash

equilibrium oVF and optimum o?°7.

Uu(™E) = E(w;(a™F)) = Z E(w;(o}*, o) (20)
i=1

= Z E(w;(@?"T,0NFy)

1
™M= i W

Il
—

(Ewi@?"T A SVE, 0Ny + Ewi @077 0 SNE, o NFy)

\%
.M=

11
—_

(E(w,- @%PT A SNE,gOPT) + E(w; (097" n S,al_\’f)))

- n
=Ew(@T nSNE) + Y (Ew(@?T ns, o))
i=1

Let p; be the probability that item j is chosen at least once in Nash equilibrium oNE so E(U, (cVE)) = Y jesNEpj

wj. Because of Lemma 5.7 we can assume that 0©"" is a pure strategy, so Uy, (09"") = ¥ ;c50rr wj. Now we can

better describe the payoff for a player i if he switches to a pure strategy. If player i chooses an item j while the rest
of the players play their Nash strategies, then there is a probability of at least 1— p; that player i is the only player to
choose item j. In this case player i receives the full value w; from item j. There is also a probability of at most p;
that player i shares item j with one or more other players. Even if item j is shared with every other player, player
i still gets at least value ~Z from item j. Using this, we can bound E(w(c?"" n SVE,0NF)) by bounding the value
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that each item would provide for player i:

P
Ew; (09" A SNE, gNE)) = Y (a-ppwi+Zw) 1)
Je@PPTNSNE) n

Y Ewi@?TnsVE oMy =Y Y (a-ppwy+ %wj)

i=1 i=1 je(@OPT \SNE)

= > ((l—pj)wj+%wj)

j€(SOPTr"|SNE)

Where the last step holds since U?:1 (09PT o NEy = GOPT  gNE Thjg can be further rewritten to:

i

w4+ P = .__l)..)
Y (a p])w]+nw])— Y (w] (1 —|piw; (22)

j€(SOPTﬁSNE) j€(SOPTﬁSNE)

1
= ( 2 Wj) —(1—;) 2 (pjwy)
jE(SNEﬁSOPT) jE(SNEﬁSOPT)
1
= w(@T A sNE) - (1 - ;) Ew(@F)
Combining these derivations gives:
— 1
Ew@NE) = w9 A SNE) + E(w (o PP n sNEy) — (1 - ;) E(w(aNE)) (23)

(2 - %) E(w(0NE) = w(oPT A SNE) + w(gOFT A sVE)

= w(@OPT)

w(@OPT)y _ Uy(@OPT
E(w(©@NE) ™ Uy

This gives 2 — % = ) and therefore PoA <2 — % |

Lemma 5.9 PoA =2 — % for generalized market sharing games with mixed strategies.

Proof. Example 5.3 once again provides a price of anarchy of 2 — %, even if mixed strategies are allowed. The Nash
equilibrium and the optimal solution stay the same. See the proof of Lemma 5.2 for more on Example 5.3. |

_ 1 . . . . .
Lemma 5.10 PoA = 2 — - for generalized market sharing games with mixed strategies.

The upper bound from Lemma 5.8 can also be extracted from the work of Gairing [5]. He provided an upper
bound on the price of anarchy for covering games. Where generalized market sharing games distribute the value
of a resource equally and completely among all players choosing a resource, covering games do not have a fixed
payoff function. When equal sharing is chosen as the payoff function in the upper bound of Gairing, it provides an
upper bound of 2 - 1.
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5.2 TheRobustPrice of Anarchy in generalized market sharing games and set packing games

In the previous subsections we have shown that the price of anarchy for pure and mixed Nash equilibria is 2 — %
In this subsection we generalize these results by proving that the robust price of anarchy is 2 — % as well. The
robust price of anarchy was introduced in 2009 by Roughgarden [23]. He established the smoothness argument
and showed that if an upper bound on price of anarchy for pure strategies can be shown though a smoothness
argument, then in automatically extends to mixed Nash equilibria, correlated equilibria and coarse correlated
equilibria. The lowest upper bound possible though the smoothness argument is called the robust price of anarchy:.

5.2.1 The Robust Price of Anarchy in generalized market sharing games

A payoff-maximization game is (A, u)-smooth [23] if for every two strategy profiles o and ¢”:

Y wiloh,o-) = A w(e")—p- wo). (24)
i=1

N

If a game is (A, p)-smooth (with A > 0 and u > —1), it easily follows that for Nash equilibrium o¥¥ and optimal

solution ¢9PT ;

n

wo™) =Y wi@?!,c") 2 1 w@T) - p- wo™F) (25)
i=1

1+ w(UNE) =A- w(UOPT)

1+p - w(UOPT)

A w(NE)

Therefore HT“ is an upper bound for the price of anarchy. The robust price of anarchy [23] is defined as the best

(i.e. least) upper bound on the POA that is provable via a smoothness argument.

1
Robust PoA =inf { % 1 (A, ) s.t. the gameis (4, ,u)-smooth} . (26)

Lemma 5.11 Generalized market sharing games are (1, ”—;ll) -smooth

Proof. The proof that generalized market sharing games are smooth uses the same argument as Lemma 5.1. Let o
and ¢’ be any two pure strategy profiles. To show that generalized market sharing games are (1, "T_l)-srnooth, we
need to show the following:

1 , n n-1
Y wiloh,0-) = L w(©") - ——= w0 27)
i=1

Let S be the set of items chosen in strategy 0. We start out with dividing w; (0"}, 0 ;) into the items that are in S and
the items in S.
n n _
Y wiloho-)=) (wi@}nS,0-)+wi@;nSo) (28)
i=1 i=1
Here we can use that w; (U;. NS, o_;) = w; (0; nS, o’ ;) sinceo_; does not choose an item from S. This means player
i gets full value from the items in (0, N S), so this value can only go down if other players change their strategy. We

can also use w; (a;. NnS,o_;) = % wi (a; nS,o’ ;), since the value a player receives from an item can be made at most
n times as small. Finally, since we only look at pure strategies, the following holds:

n
Y wilo;nS, 0" ) =w' nS) = wd. (29)
i=1
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Using this we can complete the proof:

Il

1l
—

n
Y wieho-) =Y (wio}nS,o_)+wi0}n S0 (30)
i=1
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(w,-((f; nS,a’ ) +w;(o;n S,U_,-))
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—

/A | 1 I !
wilo;nS,0_))+—w;ilo;NnS,0_,;)
n
I N O 1 !
=w(o mS)+Zw(0 nS)
s ! n-1 !
=wlo'NnS)+w(o nS)—Tw(U nS)
-1
= w(a’)—n—w(a’mS)
n

n n-1
= w(a)——n w(o).

This is the equation we wanted, so generalized market sharing games are (1, ”T_l)-smooth. |

Since generalized market sharing games are (1, ”T‘l)-smooth, this yields another proof of the upper bound on the
price of anarchy of 2— % We have already shown a matching lower bound, so it is impossible to get a lower smooth-
ness result. Therefore this smoothness result is equal to the robust PoA.

Theorem 5.12 The robust PoA is2 — % for generalized market sharing games

The advantage of the robust price of anarchy is that it does not only hold for pure Nash equilibria, but it also
extends to other equilibria. Its upper bound also extends to the price of anarchy of mixed Nash equilibria, corre-
lated equilibria and coarse correlated equilibria [23]. See Definition 3.9 and Definition 3.10 for more on correlated
equilibria and coarse correlated equilibria.

5.2.2 The Robust Price of Anarchy in set packing games

The arguments needed for the proof of Lemma 5.1 are the same arguments needed to conclude that the robust
price of anarchy is 2 — % for generalized market sharing games. However, this is not always the case. De Jong and
uetz studied set packing games, which are games closely related to generalized market sharing games. The only
difference is that in set packing games each item can only be chosen once. De Jong and Uetz proofed that set
packing games have a price of anarchy of 2 [11]. The proof for the upper bound is similar to the proof of Lemma
5.1, and on first glance seems to use the smoothness argument as well. In this subsection we show that this is not
the case.

Definition 5.13 Set packing games

There is a set N of n players, and a finite ground set J of items. Each item j € J has a value w;. For S c J, we let
w(S) := X jes Wj. Each player i has a strategy set S; 2/ which is downward closed, i.e., if o; € S;, then T; € S; for
all T; < 0;. For a strategy profile o = w;(0;,0-;) the payoff for player i is defined as :

wilo;) ifojnor=¢foralk#i

—00 otherwise BD)

wi(Ui»U—i)Z{

The proof by the Jong and Uetz that the price of anarchy of set packing games is at most 2 is given using only sets
of items. To clarify why it does not use the smoothness argument, we first change the notation of the proof to

24



strategies:

2w(0NE) = woNE) + w@T n SVE)

w;i(0NE) + w(o T n sNE)

Il

Il
—

w;i (0P A SNE) + w(o T n sNE)

\Y
.M:

I
—

= w(@°PT)

It follows here that the PoA < 2. When we extract the part that looks like the smoothness argument, we get:

n
Y wi@?"nS,0%) 2 w@") - w(oy). (32)
i=1
This actually holds for any two strategies, since we did not use the Nash property for this part of the proof.
However, the smoothness argument states that the following must hold for any two strategies ¢ and ¢':

n
Y wi@,o-)=A-wo") —p-w©) (33)
i=1

This second statement does not generally follow from the first statement. It only shows that the second statement
holds when the strategy o’ has no items of g, i.e. 0 ng’ = @. Obviously this is not always the case, so it does not
follow that the game is smooth.

In fact, it can be shown that the robust price of anarchy for set packing games is co. Since the robust price of
anarchy provides an upper bound for mixed strategy games as well, it must be equal or larger than the price of

anarchy for mixed strategies.

Theorem 5.14 PoA = oo for set packing games , assuming players are allowed to play mixed strategies.

Proof. To show that PoA = co, we only need to show that PoA = co. This is done by providing a lower bound example

Example 5.15 Consider a game with 2 players and c items. Each item has value 1. Both players have access to
all items, but the first player can pick only one item, while the second player can pick as may items as he wants.

LI
-

citems

Proof of the lower bound. In the optimal solution the first player picks one item, and the second player picks the
rest of the items. Therefore the optimal value is c. Now consider the Nash equilibrium where the first player picks
each item with probability % Now the second player won't pick anything, since picking any item gives him a %
chance of a payoff of —co. Therefore he is better off picking nothing. The first player cannot improve either, his
payoffis 1 and that is his maximum payoff possible. The total value of this Nash equilibrium is 1. This gives a price

of anarchy of c. Since c can be taken arbitrarily large, this provides a lower bound on the price of anarchy ofco. B

Modification of payoff function for set packing games
The gap between the price of anarchy and the robust price of anarchy for set packing games is quite large. This
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follows from the way the payoff function is defined (31). It is interesting to investigate what happens if the payoff
for item sharing was defined in a different way. For instance, what if it was defined as follows:

1 ifwj¢orforallk#i

—e otherwise (34

w;(o;,0_;) = Z cjwj, where Cj={
Jjeoi

This means whenever there are multiple players choosing the same item j, the players now receive —ew; for that

item. This still means that any pure Nash equilibrium cannot have multiple players choosing the same item. The

players receive more payoff by dropping any contested items from their strategy. This is always possible, since the

sets are downward closed.

The new payoff function has interesting consequences. We can show that the game is (1,1 + ¢) smooth, since
the following holds:

n
Y wi(0,0-)zwo") -1 +ewo) (35)
i=1

Theorem 5.16 Set packing games with a payoff function as in (34) are (1,1 +€) smooth.

Proof. Let o and ¢’ be any two pure strategies, and let S be the set of items chosen in strategy o.

I
M=

n
Y wioho-) =Y (wio}nS,0-)+wi0;n S0 (36)
i=1
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=w@' NS —cwi@' nS)

=wio' NS +w@' nS)-1+ew(' NS)
=w(@)-1+e)w’'nS)
>w(o) -1 +e)w(S)

=w(@)-1+e)w(o)

Taking the limit of € to zero makes the robust price of Anarchy equal to 2, since the robust price of anarchy is
defined as the infimum in (26). This means that the price of anarchy for mixed strategies is suddenly bounded
from above by two. Since the lower bound example for pure strategies still holds, this means that the price of
anarchy for mixed strategies must also be equal to 2. |

Marginal contribution

The same result can be found by using a slightly different model then set packing games. In 2013 Marden and
Wierman [16] studied distributed welfare games with marginal contribution. Here the social value would still be
equal to the value of all items chosen at least once, but the value of an item j, w;(c), would depend on the set of
players choosing it. Furthermore, the payoff players would receive from an item j would be equal to extra social
value they created by choosing that item, i.e.

wioj,0-1)= ), wjo)-wjo_;) (37)

Jjeo;

Notice that this could cause the sum of the value gained by all the players to be different than the social value.
If all the item costs are kept constant regardless of the set of people choosing it, then it would be very similar to
set packing games. If two players would choose the same item, they would both receive nothing. However, the
difference is that the the value of the item does count towards the social function. Marden and Wierman showed
that with this property the game is a valid utility game, which provides an upper bound of 2 on the price of anarchy.
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6 The Sequential Price of Anarchy for generalized market sharing games

The sequential price of anarchy was introduced by Paes Leme, Syrgkanis and Tardos [14]. They advocated that
letting players choose their strategies sequentially would sometimes allow to improve the quality of equilibria.
However, this did not always turn out to be the case. There exist results showing that for some games the equilibria
are better in the sequential version, and for some games they are worse. In this section we investigate sequential
generalized market sharing games, and see hows sequentially choosing strategies influences the strategies of play-
ers and the quality of equilibria. We try different proof techniques to bound the sequential price of anarchy.

When players are allowed to choose sequentially, it is important that the strategy sets are downwards closed. This
means for any strategy o; of player i, every strategy 0';. with U’i c 0, is also feasible. For the simultaneous version
this does not matter as much, since players never play a strategy o’; in a Nash equilibrium, since that strategy is
dominated by o;. However, in a subgame perfect equilibrium it can happen that a player improves his payoff by
choosing less items. In our examples we describe strategy sets by the maximal subsets that can be chosen.

We first introduce a concept to describe a connection between the simultaneous and sequential representation
of a game:

Definition 6.1 Nash-stable
We call a subgame perfect equilibrium Nash-stable if the actions taken by the players in the subgame perfect equi-
librium induce a Nash equilibrium in the simultaneous version of the game.

We start out with some general bounds on the sequential price of anarchy:

Theorem 6.2 SPoA = 2 — % for generalized market sharing games.

Proof. In the preceding section we used Example 5.3 as a lower bound example for the price of anarchy. When we
impose an order 1,..., n on the players, we find that the subgame perfect equilibrium has the same actions as the
Nash equilibrium in the simultaneous version of the game. It still involves every player choosing the item of value
n, while the optimal solution has value 2n — 1. This means SPoA = 2 — % [ ]

Theorem 6.3 SPoA < n for generalized market sharing games.

Proof. When a player chooses a strategy, the worst outcome for that player would be if every other player chooses
the same items. He would only receive % of the value of those items. But since this is the worst case scenario, this
means every player gets at least % of the value of the items he chooses. Since the items of the optimal solution
are always available, it holds for all players that they must be able to get at least % of the value they receive in the
optimal solution:

O..iSPE SPE

OPT _OPT
07 )

1
w( )z—wlo; *,0;
n

LU(O'OPT,O'OPT)
—r oo =N
LU(O‘SPE, USPE)

So the sequential price of anarchy must be smaller or equal to 7. |

Together Theorem 6.2 and Theorem 6.3 provide 2 — % < SPoA = n. These are still fairly large gaps, so in the
coming sections we try to improve these bounds. Most proofs on the sequential price of anarchy use properties
very specific to the game being investigated, and those proofs cannot be used in other games. In this subsection we
consider a few properties of sequential generalized market sharing games and see if they could be used to bound
the SPoA.

One such property was used by de Jong and Uetz, who investigated the sequential price of anarchy of set packing
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games [11]. They showed that in set packing games each subgame perfect equilibrium was Nash-stable. However,
this is not the case for generalized market sharing games. See the following example:

Example 6.4 Consider a game with 2 players and 4 items. The items have values 6,8,4 and 7. Player 1 can choose
the items with value 6 and 8 or the items with value 8 and 4. Player 2 can pick the items with value 8 and 4 or the
item with value 7. Both players can also pick any subset of the strategies available.

Figure 6: Example 6.4. Solid lines represent strategies for player 1, dashed lines represent strategies for player 2.

If the items are chosen simultaneously, then there is only one Nash equilibrium. In this Nash equilibrium player
1 chooses the items with values 6 and 8, and player 2 chooses the items with values 8 and 4. This gives player 1 a
payoff of 10 and player 2 a payoff of 8, for a total social value of 18.

If the items are chosen sequentially, then player 1 should pick the items with value 8 and 4, which leads to player 2
choosing the item with value 7. This gives player 1 a payoff of 12 and player 2 a payoff of 7. This subgame perfect
equilibrium is not Nash-stable, since player 1 could switch to choosing {6,8} and increase his payoff to 14, as long
as player 2 does not change his strategy.

In fact, even in symmetric games a subgame perfect equilibrium is not necessarily Nash-stable. The following
example is a symmetric sequential generalized market sharing game, where the subgame perfect equilibrium is
not Nash-stable.

Example 6.5 Consider a game with 2 players and 3 items. The items have values 6,8 and 12. Both players have
the same strategies available. They can pick either the items worth 6 and 8, or the items worth 8 and 12. They can

also choose any subset of those strategies.
-

Figure 7: Example 6.5. The circles represent available strategies. both players the same strategies available.

In the game of Example 6.5 a subgame perfect equilibrium occurs when player 1 picks only the item of value 12,
and player 2 then picks the two items of value 8 and 6, giving him a total value of 14. This is not a Nash equilibrium,
because player 1 can get a better payoff by taking the item of 8 together with the item of 12 if the choice of player 2
stays the same. There is two interesting things to note from this subgame perfect equilibrium. The first is that this
is a symmetric sequential game, where the second player receives more payoff than the first player. The second is
that this subgame perfect equilibrium does follow from a tie, after player 1 has chosen the item of value 12, player
2 can get a payoff of 14 by choosing the items of value 6 and 8, or by choosing the items of 8 and 12. However, if
player 2 would choose the items with value 8 and 12 in such a situation, then player 1 would have never chosen
just item of value 12 and the subgame perfect equilibrium changes.

Generic games are games where ties do not occur and in certain cases improve the sequential price of anarchy [7].

However, even in generic games subgame perfect equilibria are not necessarily Nash-stable. Example 6.4 is a
generic game that demonstrates this.
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What does stand out in the previous examples is that the sequential price of anarchy is better that the price of
anarchy. In Example 6.2 the subgame perfect equilibrium gives a social value of 19, while the Nash equilibrium
in the simultaneous variant has a social value of 18. So in this example making the game sequential improves the
social value. This is not always the case, as is demonstrated in the next example:

Example 6.6 Consider a game with 2 players and 4 items. The items have values 12,8,17 and 18. Player 1 can
choose the items with value 12 and 8 or the item with value 17. Player 2 can pick the items with value 8 and 17 or
the item with value 18.

Figure 8: Example 6.6. Solid lines represent strategies for player 1, dashed lines represent strategies for player 2.

In Example 6.6 the optimum strategy is for player one to choose the items with values 12 and 8 and for player
two to pick the item with value 18, which gives a social value of 38. However, the only Nash equilibrium is {12,8}
and {8,17}, which gives a value of 37. Finally, the subgame perfect equilibrium gives strategy {17} for player 1 and
{18} for player 2. This gives a total value of 35. So making a game sequential can also make it worse.

While Example 6.6 provides a subgame perfect equilibrium with less social value than the Nash equilibrium in
the simultaneous variant, player 1 still improves his payoff. But even player 1 does not necessarily improve his

payoff in the subgame perfect equilibrium, as compared to the worst Nash equilibrium. See the following example:

Example 6.7 Consider a game with 2 players and 3 items. The items have values 3,4 and 2. Player 1 can choose
the item with value 3 or the item with value 4. Player 2 can pick the item with value 4 or the item with value 2.

' "’ N

3 ! \ 2 /l

Figure 9: Example 6.7. Player 1 can choose between all sets of solid circles, player 2 can choose any set with dashed
circles.

In Example 6.7 the worst Nash equilibrium is for player 1 to choose the item of value 4 and player two to pick the
item with value 2. However, if player 1 picks the item of value 4 in the sequential version of the game, then player
2 might pick that item as well, since it gives him the same payoff of 2. In this case it is a subgame perfect equilib-
rium when player 1 is picks the item of value 3, and player 2 picks the item of value 4. While this is also a Nash
equilibrium in the simultaneous game, it has a worse payoff for player 1 then the worst Nash equilibrium of the
game.

29



6.1 Bounding the SPoA with Nash-difference

In a sequential game, players may make decisions that are sub-optimal at that moment, but better in the span of
the whole game. Therefore not all decisions have to fulfill the Nash property. Examples in the previous subsection
already showed that sequential games can lead to worse equilibria than simultaneous games. However, the differ-
ence in social value between the subgame perfect equilibria and the Nash equilibria in the simultaneous version of
the game was not that high. If we can bound this difference, then we can use this in combination with the bounds
on the price of anarchy to bound the sequential price of anarchy.

Afirst thing to notice is that the last player always picks as much value as he can, so he always fulfills the Nash prop-
erty in the subgame perfect equilibrium. This can be used to prove upper bounds for 2 players. In this subsection
we bound the ratio between the social value of the worst Nash equilibrium and the subgame perfect equilibrium
for generic games and symmetric generic games for 2 players. We measure this with the Nash-difference.

Definition 6.8 Nash-difference
For any game I, the Nash-difference is the maximum ratio between the social value of a subgame perfect equilib-
rium o5PF and the worst social value of a Nash equilibrium oV in the simultaneous version of the game, i.e.

w(o NE )

Nash-difference(]) = max ———
0 GAPEcSPE ]y w(USPE)

(38)

where o5 (I) denotes the set of all subgame perfect equilibria in the game I. The Nash-difference of any class of
games C is defined as:
Nash-difference(C) = sup Nash-difference(I) (39)
IeC

We write Nash-difference if the game or class of games is clear from the context.
Generic generalized market sharing games with 2 players

Theorem 6.9 The Nash-difference < % for generic generalized market sharing games with 2 players

Proof. Let (07PE,05PE) be the actions of a subgame perfect equilibrium, and (o1'%,0)'F) be the strategies of the
worst Nash equilibrium in the simultaneous version of the game.

In the sequential game, player 1 has the option to play according to the worst Nash equilibrium, i.e. U{V E. This

will be followed up by o*éV E there is no strategy that would give player 2 more, otherwise it would not be a Nash

equilibrium. There is also no other strategy that would give player 2 equal payoff to Uév E since the game is generic.

So in the subgame perfect equilibrium, player 1 is guaranteed at least as much payoff as when he plays strategy
NE .

o 7. Therefore:

LU((TfPE SPE NE _NE (40)

021 ) zwloy 7,027)

Note that this does not need to hold when the game is not generic, see Example 6.7.
For the second player crgp £ must be the strategy that gives him the most value when player 1 plays O"ISP £ Further-
more, since there are 2 players, any strategy can be made at most twice as bad by the strategy of the other player.

Using this gives:

w(o3"F,0%5F) = w(e}'*,o8%F)
1
= —w(aéVE,UNZE)
2
Adding (40) yields:
w(asPE, o5y + 2w (o SPE, 050F) = w(oVE, oME) + w(o}E, o Nf) = w(aNF) (41)
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While player 1 can take away at most half of the payoff of player 2, he cannot take away more value than his own
payoff. This gives:
SPE,0505) = w(ohE, o 5b)

> w0y, o) - wio

w(o

SPE _SPE
1 ’ 0_1 )

Adding (40) yields:

SPE ,_SPE SPE _SPE NE _NE NE _NE NE
2w(oy 5,02 ) +wloy 70257 )z wl(oy —,0-7)+w(oy ,0-25)=w(@") (42)

Adding (41) and (42) together gives:

3w, 05P) + 3w(oSPE, 050F) = 2w(aVF)
3
> w(@SPE) = w(eNE) (43)

Which gives an upper bound of % on the Nash-difference for generalized market sharing games with 2 players. B

Next is a lower bound example where the subgame perfect equilibrium is significantly worse than the Nash
equilibrium in the simultaneous variant.

Theorem 6.10 The Nash-difference = % for generic generalized market sharing games with 2 players

Proof. Example 6.11 Consider a game with 2 players and 4 items. The items have values (2 — 2¢), 3¢, 2 and 1 + 4e.
Player 1 can choose the items with value (2 — 2¢€) and 3¢, or the item with value 2. Player 2 can pick the items with
value 2 and 3¢ or the item with value 1 + 4e.

PN
N ‘ N
AN \
1
1| 1+4€| )
N 1
4
\\_‘/’

Figure 10: Example 6.8. Player 1 can choose between all sets of solid lines, player 2 can choose any set with dashed
line. Social value Nash equilibrium = 4 + ¢, subgame perfect equilibrium = 3 + 4¢

In Example 6.8 the only Nash equilibrium is when player 1 chooses the set of the items with value (2 —2¢) and 3¢,
and player 2 chooses the items with value 2 and 3e. This gives a social value of 4 + e. However, in the sequential
variant player 1 can improve his payoff from 2 — %e to 2 by switching his strategy to choosing the item of value 2.
This will lead player 2 to choose the item with value 1 + 4e. This gives a social value of 3 + 4¢ So in this example the
social value of the Nash equilibrium is about % times the social value of the subgame perfect equilibrium. |

It is worth noting that the Nash equilibrium In Example 6.11 is also the optimal solution.

Symmetric generic generalized market sharing games with 2 players
In generic symmetric sequential games, we can assume without loss of generality that w(oV?, oVF) > w(o)E, o VF).
If this does not hold, player 1 would simply choose Uﬁv E and O'IIV E would be the best response to that. So for any

Nash equilibrium, the reverse order is also a Nash equilibrium.

Theorem 6.12 The Nash-difference < % for generic symmetric generalized market sharing games with 2 players

Proof. Because the game is generic, we once again have

i?PE SPE NE NE) (44)

w(oy 7,021 ) zwloy 7,0
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In the same way as for non-symmetric games we can deduce:

SPE _SPE E SPE)
2

N.
w(oy ~,0257)zw(o, ,02,

1
= Ew(UéVE,aZ_Vf)

UfPE SPE

SPE _SPE
,021 )+ w(oy ~,07,

1
w( )EW(U{VE,UﬂE)+EW(0§VE,UI_VZE)

1

w(oSPF) = w(o™NE) - 5 w(oE, oNE)

But since we now have w(o N, 0VF) = w(o)'E, o NF), we get that w(o)'®,0NF) < Jw(oNE). Using this gives:
SPE NE,_ 1 NE _NE NE,_ 1 NE,_ 3 NE
w* " )zw(o )—Ew(a2 ,0)=w(o )—Zw(a )= Zw(a )

4

—w(05PE) = w(oNE) (45)
So the Nash-difference for generic symmetric generalized market sharing games with 2 players is at most ‘3—1. |
Theorem 6.13 The Nash-difference = g for generic symmetric generalized market sharing games with 2 players

Proof. Example 6.14 gives a lower bound on the Nash-difference of %. See Figure 11.

Figure 11: Example 6.14 Symmetric game, both players can pick any (sub)set between any circle, dashed or not.
Value Nash equilibrium = 8 + 2¢, subgame perfect equilibrium = 7 + 3¢

In Example 6.14 a Nash equilibrium only occurs when player 1 and 2 both choose one of the sets with items of
value 2 and 2 + ¢, giving a social value of 8 + 2e. However, in the sequential variant player 1 can improve his payoff
from 4 +€ to 4 + 2¢ by switching his strategy to choosing only both items of value 2 + €. This leads player 2 to choose
the two items with values 1 — € and 2 + 2¢}, giving a social value of 7 + 3e. So in this example the Nash-difference is
almost g. It can be made % by taking the limit of € to zero. |

The PoA provides the maximum ratio between the optimal solution and the worst Nash equilibrium, and the Nash
difference provides the maximum ratio between the worst Nash equilibrium and the worst subgame perfect equi-
librium. Using the maximum Nash-difference of % in combination with the price of anarchy of % for 2 players gives
a bound on the sequential price of anarchy of 2. This is no improvement over the bound from Theorem 6.3, which
states SPOA < n. Since the Nash-difference method has not provided better bounds for the SPoA, even for very
specific generalized market sharing games, we move on to different methods.
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6.2 Usingalinear program

The sequential price of anarchy of a class of games is equal to the highest sequential price of anarchy of any game
in that class. In this subsection we build a linear program that can find the game with the highest SPoA for a fixed
number of players. This means it even provides the sequential price of anarchy directly, instead of a upper or lower
bound. This method was used by de Jong and Uetz [9], who used a linear program to find the worst case scenarios
for affine congestion games with 2 or 3 players. This subsection is based upon their method.

In this section we show that we can bound the number of strategies and items necessary to find a game with
the worst case sequential price of anarchy. As long as the number of items and strategies are reasonably small, it is
possible to solve the linear program in reasonable time. However, when building a linear program for generalized
market sharing games, it very quickly becomes too large to solve. This is caused by the downwards closed prop-
erty. For example, if there exists an action which involves picking 10 items, then this means there are an additional
210 — 1 = 1023 other actions also possible, consisting of picking subsets of these 10 items. This will very quickly
become too difficult to solve within reasonable time.

To avoid this we will be dropping the downwards closed property for now. This allows us to look only at the optimal
and subgame perfect outcomes, which causes the LP to be small enough to solve. To make it clear when games do
not have the downwards closed property, we use covering games, as introduced by Gairing [5].

Definition 6.15 Covering games.

There is a set N of n players, and a finite ground set J of items. Each item j € J has a value w;. For S € J, we let
w(S) := X jes wj. Each player i has a strategy set S; < 2/, The payoff of an item is shared between all players who
chose that item.

Gairing [5] studied the price of anarchy for covering games with different payoff functions. We only look into
equally shared payoff functions. The important difference to generalized market sharing games is that the strategy
sets of covering games are not downwards closed. The downwards closed property does not matter for Nash equi-
libria, since players always choose maximal subsets. Therefore covering games have the same price of anarchy as
generalized market sharing games.

Note that every generalized market sharing game is a covering game, but not vice versa. This means that the
SPoA of covering games is larger or equal to the SPoA of generalized market sharing games. So the SPoA of cover-
ing games provides an upper bound on the SPoA of generalized market sharing games.

To bound the number of actions we use adaptations of Lemma 3.10 and Lemma 3.11 used in [10] by de Jong.
He used these lemmas to bound the number of actions for affine congestion games, here we adapt them to bound
actions for covering games.

Recall that S; is the strategy set of player i, so |S;| is the number of different actions possible for player i.
Furthermore define the series:
zi=2andz;=1+[]zjforalli=2 (46)

j<i

With this we can proof the following lemma:

Lemma 6.16 For any covering game I, there exists a covering game I', such that |S;| < z;, for all players i € N,
and such that SPoA(I') = SPoA(I).

Proof. Let 0°PT denote an optimal solution and o spg denote the subgame perfect equilibrium which maximizes
the sequential price of anarchy. This lemma follows from the reasoning that if in a game an action is possible for a
player, but it is not part the optimal solution 0°F7 or any state of the subgame perfect equilibrium o spg, then the
action can be removed from the game and the optimal solution and subgame perfect outcome stay the same. So
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for player 1 there only need to be two actions, the optimal one and the subgame perfect one. Player 2 has to have
a subgame perfect action for both of these actions of player 1, and and optimal one. So player 2 needs a maximum
of 3 different actions. Player 2 could have less actions if any of the subgame perfect actions or the optimal actions
overlap, but he never needs more then 3. For any player it holds that he only need as much actions as all possible
combinations of actions of the previous players, +1 for the optimal solution. This is exactly equal to z; for any
player i. Let I’ be the game where all actions which are not part of either 0OPT or ggpg are removed. I’ then
satisfies |S;| < z;, for all players i € N. Furthermore oOPT jg still optimal and o spg is still subgame perfect in I’,
since all removed actions were inferior or identical. Therefore SPoA(I') = SPoA(I). |

With the number of actions now bounded, we can also bound the number of resources required. Let R be the set
of resources, and thus |R| the number of different resources.

Lemma 6.17 For any covering game I, there exists a covering game I', such that |S;| < z;, for all players i € N,
and for any pair of resources there exists an action that contains exactly one of these resources. Hence |R| < 2xienSi]
and such that SPoA(I') = SPoA(I).

Proof. By Lemma 6.10, we can restrict to games I with |S;| < z;, for all players i € N. If there exists any pair of items
J,kin I such that every action either contains both j and k or contains neither, then those items can be replaced
with a single item /. Let this single item have the value of j and k together, i.e. w; = w; + wy. Then every action and
every strategy profile still provides the same value to each player as in the original game I. Therefore the subgame
perfect equilibrium and optimal solution are still the same, so SPoA(I') = SPoA(I). This can be repeated for any
two items, until there exists an action for any pair of resources that contains exactly one of these resources and
hence |R| < 2%ienISil [ ]

6.2.1 Formulation of the linear program

Here we specify the linear program for finding the sequential price of anarchy for covering games with 3 players.
Using the lemmas from the previous section, we bound the number of actions and resources required. Player 1
has 2 possible strategies, player 2 has 3 possible strategies and player 3 has 7 possible strategies. This means the
LP uses a set of (2273*7 — 1) = 4095 different items. The -1 comes from the fact that the item which is not chosen in
any action is not necessary for the model. This gives us the following sets:

Sets
Index
Actions u,v,w Setofall actions
Actions player 1 a,a’ Subset of Actions
Actions player2 b, b’ subset of Actions
Actions player3 ¢, ¢’ subset of Actions
Items r

For every item r, we use binary parameter 0, to specify whether item r is in action u. Furthermore, we fix a

a1 . . 1 2 3 . . . . .
subgame perfect equilibrium o spg and use binary parameters z,, z, and z,, . to specify if an action is prescribed
by o spE.

Parameters
1 ifreu
6r,u v rnu { 0 clse
2 Va 1 if ais prescribed by SfPE
“ 0 else
ifbi ; SPE ;
z2 Ya,b 1 if bis prescribed by S;** in state a
ab 0 else
if ci ; SPE ;
23 Va,bc 1 if cis prescribed by S5 in state ab
abe 0 else
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Since we already have the number of items and actions, and determined which items are in which action, the
only unknown left is the value of the items. This is denoted by the non-negative variable §,. Using 3, we can
determine some other values we need for further constraints. We do this by creating a new variable which value is
determined by an equality constraint. First one is the variable §,, the value of all items in an action u, determined
by constraint (47). Next is 0,,, the value of items which are in any two actions z and v, determined by constraint
(48). 04y is the value of items which are in the intersection of any three actions u, v and w, is determined by
constraint (49). Since we now have the value of any action and any intersection, we can also determine the profit
any player gets in any strategy profile. C; » 1 the value player i receives when players 1,2,3 choose actions a, b, c,
determined by (50), (51) and (52). Finally, C. and Ci , are the profits received by player 1 and 2 respectively, when
their successors choose according to the subgame perfect equilibrium ospg. Their values are fixed by constraints
(53) and (54).

Variables
Br vr value of item r
Bu Yu value of all items in u
Ouy Yu,v value of itemsin unv
Ouyw Vu,v,w valueofitemsinunvnw
Cl,. VYab,ci Gainedvalue of player i when players 1,2,3 choose actions a, b, ¢
. Ya Profit of player 1 when he chooses action a and players 1 and 2 choose as prescribed by $57F
c? Ya,b Profit of player 2 when players 1,2 choose actions a, b and 3 chooses as prescribed by $5°2
ab
Constraints
ﬁu :Zéu,rﬁr Yu 47
r
Ouv :Z5u,r5v,rﬁr Vu,v (48)
r
Oyvw = Z(su,rév,rﬁw,rﬁr Yu,v,w (49)
r
1 1 1
Cnlzbc =Ba— anb - anc + goabc Va,b,c (50)
1 1 1
2 _
Cabc—ﬁb_zoab_iobc"'goabc Va,b,c (B1)
1 1 1
Cope = Be— 5 0ac = 50bc + 3 Oabe Ya,b,c 52)
Co=Cl,. Va,blz,, =1,clz), =1 (53)
cz,=C%. Va,b,clzd,, =1 (54)
C3,.=C Va,b,c,c|z,. =1 (55)
c2, =<C, Va,bb'|z5 =1 (56)
Cy=C, Va,d'|z, =1 (57)
Yy C'1.22337=1 (58)
ie(1,2,3}
Y c'11,21,302 Y Clabo Va,b,c (59)
ie{1,2,3} ie{1,2,3}
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Constraints (55), (56) and (56) make sure that no player can gain more payoff by deviating from the subgame per-
fect equilibrium. We take 1.2, 2.3 and 3.7 as the actions in the subgame perfect equilibrium and 1.1, 2.1 and 3.1 as
the actions in the optimal solution. Constraint (58) sets the value of the subgame perfect equilibrium to 1. Con-
straint (59) makes sure that (1.1, 2.1, 3.1) is the optimal solution.

We want to find the game with the maximum sequential price of anarchy. The sequential price of anarchy is de-
fined as the ratio between the social value of the optimal solution and the worst subgame perfect equilibrium.
Since the social value of the subgame perfect equilibrium is equal to 1, this ratio is equal to the value of the optimal
solution. So the objective of the LP is to maximize the value of the optimal solution (1.1,2.1,3.1).

6.2.2 Results for covering games with 2 players
Theorem 6.18 SPoA < 1.5 for generalized market sharing games with 2 players

Proof. When the LP is implemented for 2 players, it finds a solution with only 2 items, one with value 1 and one
with value % In the optimal solution players pick different items, but in the subgame perfect equilibrium they
both pick the item with value 1. This gives SPoA = 1.5 for covering games, which means SPoA < 1.5 for generalized
market sharing games. |

Theorem 6.19 SPoA = 1.5 for generalized market sharing games with 2 players

The lower bound follows from Theorem 6.2. The game the LP found was actually equal to Example 5.3 for 2 players.

6.2.3 Results for covering games with 3 players

Theorem 6.20 SPoA < 1.816155355139044.... for generalized market sharing games with 3 players

Proof. When the LP is used to find the worst case for covering games with 3 players, it provides a game with a
sequential price of anarchy of 1.816155355139044. This means the sequential price of anarchy for covering games
is 1.816155355139044. .., which means it is a upper bound for generalized market sharing games. ]

The number 1.816155355139044 cannot be written shorter with a simple fraction. The number follows from a lot
of items which in turn have long values, that are not simple fractions. To produce a clearer example, we changed
the LP to an ILP with integer item values, and a subgame perfect equilibrium with a value of 1000. This forces items
to have an integer value between 0 and 1000. The ILP found a solution with SPoA 1.815:

Example 6.21 Consider a game with 16 items and 12 actions. Player 1 has access to actions 1.1 and 1.2. Player
2 has access to actions 2.1, 2.2 and 2.3. Player 3 has access to actions 3.1 - 3.7. See Table 1 for the value of items and
which items are in which action. See Figure 12 for the subgame perfect equilibrium.

In Example 6.21 the optimal solution is when the players choose strategies 1.1, 2.1 and 3.1. The total payoff for the
optimal solution is 1815. However, a subgame perfect equilibrium occurs when players choose actions 1.2, 2.3 and
3.7. The payoff then is 1000. This means that the sequential price of anarchy = % =1.815.

Figure 12 is the decision tree showing the different options for each player in Example 6.21. For clarity the figure
does not display all actions of player 3, but only the optimal strategy and the sequential optimum of that branch.
The expected payoff for each player is written above the edge.

Since the price of Anarchy is 2 — %, this means that for 3 players the price of anarchy is 2 — % =~ 1.67. So the se-
quential price of anarchy is actually worse here than the price of anarchy.
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payoff=[536,836,443]

payoff=[510.5,604.5,443]

payoff=[308,606.5,444.5]

payoff=[474.67,606.17,360.17]

payoff=[443,423.5,318.5]

payoff=[468.5,423.5,328]

\ 423.5

| 268.5
" payoff=[308,423.5,268.5]

R e T payoff=[469,606,366]

Figure 12: Decision tree for Example 6.21. The thick lines are subgame perfect outcomes. The dashed line is only
available when all strategies are downwards closed.
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Item | Value | 1.1 12 21 22 23 31 32 33 34 35 36 37
1 80 X
2 197 X
3 220 X X
4 177 X
5 141 X X
6 186 X X X X X
7 65 X X X X
8 17 X X X X
9 12 X X X X X
10 2 X X X X X X
11 63 X X X X X X
12 14 X X X X X X
13 44 X X X X X X X
14 39 X X X X X X X X
15 447 X X X X X X X X X
16 111 X X X X X X X X

Table 1: The values of all items and indication which sets they are a part of.

Adding downwards closed property to Example 6.21

The SPoA in Example 6.21 is not the same for downwards closed strategy sets. If this game was downwards closed
there would be 126 actions for player 1 and 381 actions for player 2 to consider. For player 3 it would remain at the
5 unique actions, as the last player is always going to choose a maximum subset. The actions of taking a full set
always dominate taking a subset for the last player.

When considering all these actions, it turns out that the subgame perfect equilibrium changes to player 1 pick-
ing a subset of action 1.1. Player one will now choose the item set (1,3,5,13,14), so action 1.1 without item 9. This
leads to player 2 picking action 2.3 and player 3 picking action 3.4. The payoff is then [469,606,366], so in total
1441. This solution is displayed with the dashed line in the tree. As the optimal solution stays the same, this gives a
sequential price of anarchy of % =~ 1.26. As we have already found a case where the SPoA is 2 — % =~ 1.67, it shows

that this game is far from the worst case.
6.2.4 Results for covering games with 4 players

The LP can be expanded to 4 players. In that case player 4 would need 43 different actions. This would take too
long to solve in reasonable time. However, a greedy approach can be taken by giving the players less actions. When
looking at the result for 3 players, the third player only needed five unique actions. We give player 3 four different
actions and player 4 five different actions. While this might not give the worst case scenario it does give a lower
bound on the SPoA for covering games with 4 players. The previous LP used a binary parameter to determine in
advance what action was the subgame perfect outcome in every case. This parameter is now turned into a binary
variable, which changes the LP into an ILP.

Theorem 6.22 The SPoA = 2.0558498235... for covering games with 4 players

The solution found by the LP has an SPoA of 2.0558498235. It consists of 28 different items and took 6 hours and
44 minutes to solve. It is interesting to notice that the sequential price of anarchy for covering games is larger than
2 for four players, since the price of anarchy of covering games with equal sharing is 2 - %, so this can never exceed
two. In fact, it might be larger than the price of anarchy any payoff function can provide. Covering games with
different payoff functions have been studied [5, 16, 20, 21], but none of them found a payoff function that a price
of anarchy larger than 2. As long as the players cannot receive negative payoff from an item and all value from an
item is divided among the players, then the covering game is a valid utility game and the price of anarchy cannot
be higher than 2.
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7 Shared misery games

In this section we define a class of games called shared misery games, of which singleton generalized market shar-
ing games are a special case. For this class of games we give a useful technical lemma, which we call the Payoff-
Guarantee Lemma. While the lemma itself might seem straightforward, it allows to prove bounds on the sequential
price of anarchy:.

7.1 Payoff-Guarantee Lemma

In 2015 Hassin and Yovel [8] investigated the sequential price of anarchy of scheduling games on identical ma-
chines. They showed that if every player i can choose a machine so that job i’s completion time is bound by U,
regardless of the previous players, then each player can guarantee himself a job completion time of at most U. This
was then used to prove tight bounds on the sequential price of anarchy.

The interesting aspect of their lemma was that it was able to turn the instantaneous availability of a completion
time into a guaranteed maximum completion time. When investigating subgame perfect equilibria, it is notori-
ously hard to say something about the payoff of a player without observing all possible actions of all other players.
However, using their lemma, Hassin and Yovel bounded the maximum cost of a player, regardless of the actions of
the subsequent players.

In this subsection we generalize the idea of Hassin and Yovel. We define a class of games called shared misery
games and provide a lemma that can be used for any game from this class. But before we can provide the lemma
we need some definitions.

Definition 7.1 Instantaneous payoff.

Let there be a sequential game, where the payoff for all players is well defined for every subgame where only a sub-
set of players have chosen a strategy, and the rest of the players chooses the empty set. The instantaneous payoff
of a player i is the payoff player i would receive if the game would end after his choice, i.e. all subsequent players
would choose the empty set as their strategy.

Let o<; = (0y,...,0;-1) for any player i. Then the instantaneous payoff for player i is defined as w;(o<;,0;). In
this case all players i +1,...,n do not have an action yet, so this is treated as if they all chose the empty set, i.e
w;(o<i,0;) =w;(0y,...,0;,9,...,8), where there are n — i empty sets.

Instantaneous payoff can analogously be defined for cost minimization games. In that case it is called the in-
stantaneous cost, and would be the cost a player would receive if the game would end after his choice. to avoid
confusion we denote the payoff a player gets from a game as final payoff in this section.

The Payoff-Guarantee Lemma, that is to follow, holds for a specific class of games. We call this class of games
shared misery games, and they are defined as follows:

Definition 7.2 Shared misery games.

Let there be a sequential (sub)game with non-increasing payoff functions in the number of players, where the in-
stantaneous payoff of each player is well defined. In words, this game is a shared misery game, if a player 'later
in the game cannot decrease an ’earlier’ player’s instantaneous payoff to something lower than his own instanta-
neous payoff. W.l.o.g. let the order of the playersbe 1,2,..., n. Then for a shared misery game, if a player j decreases
the instantaneous payoff of a player i with i < j, then the instantaneous payoff of player j cannot be higher then
the new instantaneous payoff of player i, i.e.

Vi< j,if wilo<j) > w;i(0<j,07), then wil0<j,0)=w;j(0<j,0). (60)

The game investigated by Hassin and Yovel, machine scheduling with a makespan objective, is a shared misery
game. This holds because it is only possible for a player i to enlarge a job j’s completion time if player i chooses
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the same machine as j. This would give player i the same completion time as player j, which means the instanta-
neous payoff of 7 is not larger than the instantaneous payoff of j. Furthermore any singleton congestion game is
a shared misery game, because players only influence the final payoff of players with the same strategy, and they
have the same payoff as these players. Singleton congestion games includes singleton generalized market sharing
games, which we look into later. Other examples of shared misery games are bottleneck congestion games, which
are games where the players choose a subset of resources with the goal to minimize the maximum cost of any of
these resources.

Definition 7.3 ([, ..., [,;)-available.
For a given vector (Iy,...,1,) with [ <--- < [,,, we call a game (I}, ..., [;)-available, if it holds that each player i can
choose a strategy with an instantaneous payoff of at least /;, regardless of the strategies of the previous players
1,...,i—1,1ie.

Vi,o<; do;, suchthat w;(o<;,0;)=1;

Note that for any symmetric shared misery game, it always holds that the lower bounds (I, ..., l,;) are all the same
value [, i.e. [ =1} =---=1,. This is because any strategy available to player n would have to be available any pre-
vious player as well, and the payoff functions are non-increasing. This gives /; = --- = [,;, which combined with
the condition that /; < --- < [, means that /; = --- = [,,. For any symmetric game we use /-available, to indicate
(1,...,D)-available.

Lemma 7.4 (Payoff-Guarantee Lemma) If a shared misery game is (Iy,...,1,)-available, then it holds that every
player i can guarantee himself a final payoff of at least l; in any subgame perfect equilibrium.

Proof. Let l,...,1, be as stated in the lemma. We show that every player i can guarantee himself a final payoff of
atleast /; by backwards induction on player index. So we start with player n. Since there is a strategy available with
instantaneous payoff at least /,,, player n can obviously guarantee himself /,, by choosing that strategy, since there
is no player after him to affect his final payoff.

Now we need to show that the lemma holds for player i, when it holds for all players i + 1,...,n. Given is that
player i has a strategy o; available with instantaneous payoff at least /;. That leaves us to show that if player
i chooses strategy o;, he ends up with at least /; final payoff. If none of the following players i + 1,...,n cause
the final payoff of player i to decrease, then the claim follows immediately. So assume there are some players of
i+1,...,n that cause the final payoff of player i to decrease. By the induction hypothesis we have that all these
players can guarantee themselves a final payoff of at least /;. This means that in the subgame perfect equilibrium
these players will end up with least /; final payoff, otherwise it would be an irrational choice. Since the payoff
functions are non-increasing, this means their instantaneous payoff has to be at least /; as well. By the definition
of shared misery games we have that the final payoff of player i cannot be decreased to below the instantaneous
payoff of the subsequent players i + 1,..., n, so the payoff of i remains at least /;. Therefore player i can guarantee
himself a final payoff of at least /; by choosing o;. |

To use the Payoff-Guarantee Lemma for cost minimization games, the lower bounds /;,..., [, need to be replaced
with upper bounds u;,..., 1, on costs. Furthermore, for cost minimization, a shared misery game means that no
player can increase another player’s cost above its own, and requires non-decreasing cost functions. When those
changes are made, the Payoff-Guarantee Lemma is a generalization of the lemma for machine scheduling provided
by Hassin and Yovel could therefore also be applied to their machine scheduling problem.

Even though the Payoff-Guarantee Lemma seems straightforward, it has some interesting implications. First of
all, when it is used to show that every player i can guarantee himself a final payoff of /; in the subgame perfect
equilibrium, then that means that the social value of a subgame perfect equilibrium has to be larger than or equal
to Y}'_; lx. This can be used to provide bounds on the sequential price of anarchy. This already is useful, but
specifically for symmetric games, we get some interesting results.
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7.2 Symmetric shared misery games

The Payoff-Guarantee Lemma provides some more specific results for symmetric shared misery games. As stated
in Definition 7.3, when a symmetric shared misery games has (I3, ..., [;)-availability, all the lower bounds have the
same value /,i.e. [ =[; =--- = [,,. In the rest of this subsection we only use / as a value for the lower bound and use
l-available to indicate (/,..., [)-available.

Because the payoff functions are non-increasing, whether a symmetric shared misery game is /-available only
depends on whether [ is available to the last player. This means that only looking at the worst case scenario for the
last player can already give us bounds on the sequential price of anarchy.

Theorem 7.5 For any symmetric shared misery game with l-availability, the social value of any pure Nash equi-
librium or subgame perfect equilibrium is at least nl.

Proof. It follows from the Payoff Guarantee Lemma that if the game has /-availability, then each of the players can
guarantee himself a final payoff of at least / in the subgame perfect equilibrium and therefore the social value must
be atleast nl.

Now we only need to show that for a symmetric shared misery game the bound of n! extends to pure Nash equi-
libria. This is because the definition of l-availability requires that the last player has a strategy available with in-
stantaneous payoff at least [, regardless of the strategies of the n — 1 players before. Since the game is symmetric,
all players have the same strategy sets available. This means that every player must have a strategy with at least
instantaneous payoff / available, regardless of the strategies of the other n — 1 players. This also holds in a pure
Nash equilibrium, where it is given what the actions of all players are.

For example, if the strategies of the other n—1 players in a pure Nash equilibrium would cause a player to be unable
to choose a strategy with final payoff at least [, then it would be possible to do these n — 1 strategies in a subgame
perfect equilibrium, causing player n to be unable to choose a strategy with instantaneous/final payoff of at least
1. This would contradict the l-availability property. So that means all players in the Nash equilibrium must have
final payoff at least [, so the social value must be at least n!. [ ]

The main result we get from the framework of shared misery games and the Payoff-Guarantee Lemma, is that we
can bound the SPoA for symmetric singleton congestion games. In singleton congestion games all players get to
choose one resource, and their final payoff is only dependent on the number of players choosing that resource.
Furthermore all players choosing that resource get the same final payoff, and that final payoff is non-increasing,
so singleton congestion games are shared misery games. These properties allows us to get concrete results about
subgame perfect equilibria using the Payoff-Guarantee Lemma.

Theorem 7.6 For symmetric singleton congestion games, every subgame perfect equilibrium is Nash-stable, and thus
SPoA < PoA.

Proof. Assume this is not true. Then there exists a game with a subgame perfect equilibrium so that the result-
ing outcome is not a Nash equilibrium. That game must have one or more players who do not satisfy the Nash
condition in the outcome of the subgame perfect equilibrium. This means there are strategies available for these
players which would give a higher final payoff if the rest of the players play the same. Take the last player who's
strategy is not Nash, let this player be player i. Because player i does not satisfy the Nash condition, there must
exist a strategy o;, which gives player i a higher final payoff if he chooses o; while the rest of the players does not
change their strategies. Say strategy o; is chosen k times in the subgame perfect equilibrium and let wg, (x) be the
payoff function for strategy o;, where x is the number of players choosing strategy ¢ ;. In the the subgame perfect
equilibrium player i does not play strategy o;, but since switching to o; would give him more, so the final payoff
for player i in the subgame perfect equilibrium is < wy, (k + 1). Since all players after i satisfy the Nash condition
and the game is symmetric, their final payoff must be = wy, (k +1).

That means that at the moment player i chooses, there are still N —i + 1 possibilities for a player to get a final
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payoff = w,, (k+1), and all of these possibilities are available to all players since it is a symmetric game. It's impos-
sible for a player to take away multiple of these possibilities, since every player only chooses one strategy, and the
final payoff of a strategy is only dependent on the amount of players choosing that strategy. This means all remain-
ing players have a strategy with instantaneous payoff wy, (k+1) available to them, when they have to choose. So we
can apply the Payoff-Guarantee Lemma to this subgame and which guarantees all remaining players a final payoff
of atleast wy, (k+1). This means player i can guarantee himself a better final payoff by switching to strategy o ;. So
it was not a subgame perfect equilibrium, which is a contradiction. Therefore every subgame perfect equilibrium
must also be a Nash equilibrium. It follows that SPoA < PoA. |

This makes it considerably easier to determine bounds on the sequential price of anarchy. Note that Theorem 7.6
does not hold for non-anonymous games, i.e. when the final payoff also depends on the identity of the players,
instead of just the number of players. Next is an example to show this.

Example 7.7 Let there be a machine scheduling problem with a makeshift objective function. There are 2 identical

machines and 3 players, where the first two players have a job of length 1 and the third player has a job with length
2.

Subgame perfect equilibrium Nash equilibrium
L] i
2| ] 2[ [ ]

Figure 13: The subgame perfect equilibrium and the Nash equilibrium for the game in Example 7.7. Numbers
represent machines, rectangles represent jobs.

In this game there exists a subgame perfect equilibrium where the first player picks the first machine, the second
player picks the second machine and the last player picks the first machine again. In this case the cost for the first
player is 3, the cost for the second player is 1 and the cost for the third player is 3 as well. This subgame perfect
equilibrium is not Nash-stable, because in that case player 1 would switch to the second machine, and all players
would have cost 2.

The Payoff-Guarantee Lemma also allows us to prove theorems for different social functions. Here we use the
Payoff-Guarantee Lemma to prove that these subgame perfect equilibria always yield solutions with maximum
minimum final payoff, i.e. solutions where the player with the lowest final payoff has as much final payoff as pos-
sible. This is optimal for an egalitarian social function.

The optimal solution in an egalitarian game is the solution that maximizes the minimum final payoff among all
players. The price of anarchy in egalitarian games is the ratio between the worst minimum final payoff possible in
a Nash equilibrium and the minimum final payoff in the optimal solution.

In cost minimization games the egalitarian social function is equal to the maximum cost instead of the minimum
final payoff.

Theorem 7.8 Given a symmetric shared misery game, where the final payoff of any strategy only depends on the
number of players choosing the same strategy. Then any subgame perfect equilibrium of that game is optimal for an
egalitarian social function, or in other words, the sequential price of anarchy for an egalitarian social function is 1.

Proof. Let ¥ be the optimal egalitarian solution. Let of exists of k unique strategies, of which each one may
be chosen multiple times. Let ! be the lowest final payoff in o¥. To be able to use the previous lemma we need

42



to show that each player i always has a strategy available with an instantaneous payoff of at least /, independent
of the strategies of the previous players 1,...,i — 1. This follows from the fact that the instantaneous payoff of a
strategy is only dependent on the number of players choosing that strategy. When player i must select his strategy,
then for any strategy profile of players 1,...,i — 1, at least one of the k strategies in ¥ must have been chosen less
times than in %, since the amount of players is finite. Choosing this strategy must offer an instantaneous payoff of
atleast /, since it gives a final payoff of at least / in ¥, where it is chosen less times and the payoff function is non-
increasing. So now all conditions for the Payoff-Guarantee Lemma are met, so each player can guarantee himself
a final payoff of . Since this is the optimal egalitarian solution, this means that all subgame perfect equilibria are
optimal egalitarian solutions. Therefore the sequential price of anarchy for an egalitarian social functionis1. H

In the proof for Theorem 7.8 is used that the last player must have an instantaneous payoff of / available. This
means Theorem 7.5 can also be used here, to show that the price of anarchy is 1 for pure Nash equilibria with an
egalitarian social function.
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8 Singleton generalized market sharing games

In this section we examine a specific variation of generalized market sharing games, named singleton generalized
market sharing games. A singleton set is a set with exactly one element. Singleton generalized market sharing
games are therefore games where the strategy sets consist of only strategies with one item. Every singleton gener-
alized market sharing game can also be written as a singleton market sharing game.

8.1 Price of Anarchy for singleton generalized market sharing games

Singleton generalized market sharing games are a subset of generalized market sharing games, therefore the up-
per bound from Theorem 5.8 about generalized market sharing games still holds. The matching lower bound uses
Example 5.3, which happens to be a symmetric singleton game. Therefore the price of anarchy of 2 — % still holds
for singleton generalized market sharing games.

Collorary 8.1 PoA=2— % for singleton generalized market sharing games.

Symmetric singleton generalized market sharing games are a variant of generalized market sharing games where
every player can pick only one item and all items are available to everybody. Symmetric singleton generalized mar-
ket sharing games are symmetric shared misery games, where the payoff of any strategy only depends on the num-
ber of players choosing the same strategy. This means that Theorem 7.6 can be applied, which gives SPoA < PoA.
Since Example 5.3 still provides a lower bound for sequential symmetric singleton generalized market sharing
games and the upper bound of 2 — % on the price of anarchy still holds, we get:

Collorary 8.2 SPoA =2 — % for symmetric singleton generalized market sharing games.

8.2 Relation to network congestion games

Symmetric singleton generalized market sharing games can be reduced to a symmetric network congestion game
with parallel links. The reduction consists of making a directed edge for each item. The edge e for item i then has
a cost of — ;”—; Here n, is the amount of players choosing edge e. Figure 14 is an example of such a reduction.

This reduction does cause every edge to have negative costs. This can be solved by adding the maximum item
value to all edges, which makes all edges have non-negative costs.

o

Generalized market sharing game Network congestion game

Figure 14: Reduction of symmetric singleton generalized market sharing game to network congestion game. Here
n, is the amount of players choosing edge e.
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8.3 Non-symmetric singleton generalized market sharing games

When the game is not symmetric, Theorem 7.6 does not hold anymore, and thus subgame perfect equilibria are
not necessarily Nash-stable. This was necessary for Corollary 8.2, where we bounded the SPoA for symmetric sin-
gleton games. The following example shows that subgame perfect equilibria can be not Nash-stable:

Example 8.3 There are 4 items, with values 1.5, 2, 2 and 2. There are also 3 different players, all capable choos-
ing between exactly two different items. The first player picks between the item 1 and 2, so items with value 1.5
and 2. The second player picks between items 2 and 3, both value 2. Finally, the third player picks between item 3
and 4, also both value 2. See figure 15.

Item 1 Item 2 Item 3 Item 4

Figure 15: Example 8.3. A 3 player non-symmetric singleton generalized market sharing game.

Suggest now that the first player picks the second item, and that this is followed by the second player picking
the third item and the third player picking the second item again. This means player 1 gets payoff 1, so he is better
off choosing the first item, of value 1.5.

However, in this case player 2 chooses the fourth item and player 3 chooses the third item. This means that the
second item is untouched. No player can make a different choice to improve his own payoff, so this is a subgame
perfect equilibrium.

In this specific case player 1 does not abide to the Nash condition, but choosing it is part of a subgame perfect
equilibrium. So subgame perfect equilibria are not necessarily Nash-stable.

8.4 Generic singleton generalized market sharing games

While Example 8.3 shows that in non-symmetric games a subgame perfect equilibrium is not necessarily Nash-
stable, we can show it does hold for generic games.

Theorem 8.4: A subgame perfect equilibrium of a generic singleton generalized market sharing game is always
Nash-stable.

Proof. Assume this is not true, then there exists a game where the subgame perfect equilibrium is not Nash-stable.
So in the outcome of that subgame perfect equilibrium there must exist a player who does not satisfy the Nash
condition. Let that player be player i. In the subgame perfect equilibrium player i chooses item o;, but item o,
would give higher payoff if the strategies of the other players stay the same, i.e. w;(g;,0-;) < w; (a;.,o_ i). Let nj(o)
be the times the item j is chosen in the subgame perfect equilibrium o. This is the situation:

D@0 - C

Ng; (o) nU;. (@)
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Now take a look at the situation where player i chooses item o’; instead. Because this is not the choice player i
makes in the subgame perfect equilibrium, player i cannot receive more payoff with this action. This means there
must be at least one other player k > i who chooses item ¢’; now, but not in the subgame perfect equilibrium,
bringing the total of players choosing item ¢’ to at least ng! (o) +2.

i ' k l / m
gi g Ul — Ok «— veo «— o-m — Om

2ng (0)+2  >n4 (0) > n(o) =ny (0)  <ng,(0)-1

The other player k who also chooses item ¢’ came from an item, which we call item 0. This player had the choice
between item a’l. and o already in the subgame perfect equilibrium, but then chose 0. So in the subgame perfect
equilibrium o gave more payoff then ¢”;. In this case he chooses o, instead, so here o, must give higher expected
payoff then 0. The payoff of o; has only become lower due to player i choosing that as well, so this must mean
that there must be at least one other player / choosing item o, that did not choose this item in the subgame per-
fect equilibrium. So this player [ forced player k to choose o’; by picking o' For this player ! then holds the same
as for player k. He also could have done this in the subgame perfect equilibrium, since his new payoff was also
available in the subgame perfect equilibrium. Therefore he must be forced away from his original item by at least
one other player choosing that item.

This argument can be repeated, but since the amount of items and players is finite, the chain must eventually
end in an item chosen less times in this new strategy profile than in the subgame perfect equilibrium. There must
be a player m who went from an item o, to another item o/, where o/, has at least as many players choosing
that item as in the subgame perfect equilibrium, while o, has less players choosing it than in the subgame perfect
equilibrium. This means that the payoff player m got from o, in the subgame perfect equilibrium is still available.
But since player m does not choose it and the game is generic, he must receive more payoff now. Every other player
in the chain has switched items because m did. But this means this option was also available to m in the subgame
perfect equilibrium. If he had chosen ¢/, there, he would have caused the same chain of moving players, ending
with player k choosing item 0, and player 7 would have had a larger payoff. This means it was not a true subgame
perfect equilibrium, which is a contradiction. |

Using Theorem 8.4 we can find the SPoA for generic singleton generalized market sharing games.

_ 1 . . . .
Theorem 8.5 SPoA = 2 — . for generic singleton generalized market sharing games.

Proof. Tt follows from Theorem 8.4 that SPoA < PoA for generic singleton generalized market sharing games. It
follows from Lemma 5.1 that PoA < 2 - % for generic singleton generalized market sharing games. Example 5.3
generic singleton generalized market sharing game with SPoA =2 — % |
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9 Generalized market sharing games with an egalitairian social function

In this section we investigate generalized market sharing games with an egalitarian social function. In section 7 we
already showed some results about shared misery games for an egalitarian social function. Since singleton gener-
alized market sharing games are shared misery games, we have:

Collorary 9.1 SPoA= 1 for symmetric singleton generalized market sharing games with an egalitarian social func-
tion.

In this section we look into the egalitarian price of anarchy for different settings. In the following proofs we use
O'N £ as the strategy of the player with the lowest payoff in the Nash equilibrium oV£. In the same way UOP T'isused

as the strategy of the player with the lowest payoff in the optimal strategy 0°F'T. The egalitarian price of anarchy is
w(o OPT ()PT )

defined as %
9.1 Price of anarchy for generalized market sharing games with an egalitarian social func-
tion

Theorem 9.2 PoA < n and SPoA < n for generalized market sharing games with an egalitarian social function.

Proof. When a player chooses a strategy, the worst outcome for that player would be if every other player chooses
the same items. He would only get % of the value then. But it also can not get worse than that. So it holds for every
player that he must be able to get at least % of the value he receives in the optimal solution:

1
NE OPT _NE OPT _OPT
w(amln’ U—mm) = w(amln ’ O-—mll'l) = ; w(amln ’ U—mll’l)
OPT ,OPT
w(amln ’ —mln)
NE NE
w( in U— mlIl)
So the price of anarchy must be smaller than 7. The same holds for the sequential price of anarchy:. |

Theorem 9.3 PoA = n and SPoA = n for generalized market sharing games with an egalitarian social function.

Proof. The lower bound follows from the following example:

Example 9.4 Let there be a game with n players and n items. All items have value 1. the first player can only
pick item 1. the rest of the players can pick any item, or a pair of items, namely item 1 and another item.

Figure 16: The game of Example 9.4 for 4 players. The dashed circle represent the available item for player 1. The
other circles are the sets available to the other players.

Proof of the lower bound. In Example 9.4 the optimal solution is to let every player choose one item. Then every
player gets value 1. However, the only Nash equilibrium is that player 1 picks item 1, and all other players pick the
other items together with item 1. This means every item is chosen exactly once, except for item 1, which is chosen
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n+1

n times. The payoff for player 1 is 1 -, and the payoff for the rest of the players is “1—

In the optimal solution the minimum payoff is 1. In the Nash equilibrium the minimum payoff is % So for this
game the price of anarchy is n. This still holds if this game is sequential and the player play in order 1, ..., n. There-
fore the price of anarchy and sequential price of anarchy are larger than or equal to n. |

Corollary 9.5 PoA = n and SPoA = n for generalized market sharing games with an egalitarian social function.

Since the worst Nash equilibrium in the game of Example 9.4 is also the only Nash equilibrium in that game, it
also follows that the price of stability is n for (sequential) generalized market sharing games with egalitarian ob-
jective function.

Corollary 9.6 PoS = n for generalized market sharing games with an egalitarian social function.

9.2 Price of anarchy for symmetric generalized market sharing games with an egalitarian
social function and pure strategies

In this subsection we show that the price of anarchy is significantly lower for symmetric games with pure strategies.
We use oVE as the strategy profile of the Nash equilibrium, and SV¥ as the set of items chosen at least once in the
Nash equilibrium oVE.

Theorem 9.7 PoA <2 — % for symmetric generalized market sharing games with pure strategies and an egalitarian
social function.

Proof. Let oNE be the strategy of the player with the least payoff in the Nash equilibrium oV Because it is a Nash
equilibrium, this player cannot improve his payoff by switching to another strategy. Since the game is symmetric,
all strategies from the optimal solution are available to player i. This gives the following:

NE _NE OPT _NE .
w(amm’a—mln) Wi (U Ufmm) Vi
OPT NE
=>n: w(amm,a mm Z Wi (U 7m1n)

= Z (wl'(U?PTmW,

)+ wi(@OPT A SVE, gNE )) 61)

—min —min

Since all items in UOP T SNE are not chosen by any player in the Nash equilibrium, player i must receive full value

if he chooses those items and the rest of the players play their Nash strategies. So it must hold that w; (O'OP T'n
SNE ﬂE) > wi(U?PTnSNE, ng)_ Therefore:
n-woNE oNE. ) > Zn: (w, 0P ASNE,gNE ) w;(09PT n SNE, Tffm))
i=1
> Zn: ( (UOPTOSNE OPT) +w; (UOPT mSNE Nfun))
i=1
= w(@OPT A SNE) ¢ Xn: (w; (O'?PT ns, aj_vgﬁn)) (62)

i=1

next we need to look at the payoff from the items in (SV N SOPT) individually. All items in (SV¥ N SOPT) are chosen
by at least one player in 077, Let nj(c™E. ) be the number of times item j is chosen in V£, . When summed

min*
over all strategies of 077, we get at least payoff ;—-——-7w; of each item j in (S¥* N SOPT).
nCE
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1
PT  GNE NE
(wi(@PT A SNE gNE 1)) >

i=1 je(SNERSOPT) 1j(0-min) +1

-

wj

1

)= w(@PT N SNE) + P SEE——
nj(0-min) +1

jE(SNEﬂSOPT)

=>n-woh wj (63)

m1r1’ U— min

Before we can use this, we need to look into the value gained when switching to a strategy of another player in the
Nash equilibrium. Since it is a Nash equilibrium, we have that the player with the least payoff cannot improve his
payoff by switching to a strategy used by of any of the other n — 1 players in the Nash equilibrium.

woni,o e 2w o) Vi
>m-D-wonh,oVho= Y wieM e ) (64)

NE NE\ sNE
(@™ \o )

Once again we look at the value gained per item. To do this we replace the payoff of a strategy by the sum over the
payoffs of all the items in that strategy.

(n=1)- w(amln'a—fnn) z Z Wi (UNE ]—Vrim)
oVEegNE
—mm
1
oVEeGNE  jegNE 1;(0 - min) +
1
- 7O i)+ 10
JE(SNE) (gNEeNE | jeNE) 11j 10 ~min
Y nj( ) !
= nj(0—min) ———————W;j
jeSNE / nj(O'_min)+1 J
1 (0 - min)
= Z T w;j (65)
. ni(0_min) +1
]G(SNEOSOPT) ] min
Now we can use this to finish the proof:
NE
@n-1 w(amm’a—mm) =n: w(O'mm,O'_mm) +(n-1)- w(amm’a—mm)
n;i(0 - min)
NE ] min
zn- w(Umln’U—mln)+ n(o. ) )+1w]
]E(SNEOSOPT) ] —min
N 1 1 (0 - min)
zw(UOPTﬂSNE)-i- ——w;+ ]—w]-
je(SNEnsopTy (0 -min) +1 je(sNEnsorTy I (0—min) +1
=w@TnsNEy+ Y w;
j€(SNEﬁSOPT)
= w(@"" N SNE) + w(o T n V)
= w(©PT)
OPT _OPT
zn: w(Umln ’U—mln)
1
NE opP OPT
(2 - ;) w(UIn n’U—mln) z w(Umm ’U—mm) (66)
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Next is a matching lower bound example.

Theorem 9.8 PoA =2 — % for symmetric generalized market sharing games with pure strategies and an egalitarian
social function.

Proof. The lower bound follows from the following example:
Example 9.9 Consider a symmetric game with n players and 27 items. There are n items with value n and n items

with value n — 1. Each player can either choose all items with value n, or one item with value n and one item with
value n—1.

Figure 17: The game of Example 9.9 for 3 players. The circles are the sets available to the players. Every player can
choose from all sets.

Proof of the lower bound. The optimal solution of the game in Example 9.9 is for all players to pick a set with one
item of value n and one item of value n — 1. This way all players gain 27 — 1. The worst Nash equilibrium is when
all players pick the set with 7 items of value 7. Since they now have to share all the payoff, each player has a payoff
of n. So for an egalitarian social function the price of anarchy is % =2- % |
Theorem 9.10 PoA =2 — % for symmetric generalized market sharing games with pure strategies and an egalitarian
social function.

The worst Nash equilibrium in Example 9.9 also becomes the only Nash equilibrium when all items of value n
are replaced with value 7 + €. This means the PoS =2 — % as well.

Corollary9.11 PoS =2 — % for symmetric generalized market sharing games with pure strategies and an egalitarian
social function.

So now we have that the worst-case egalitarian price of anarchy for pure Nash equilibria is 2 — % for an egalitarian
social function. In 2016 Bilo [3] studied the robust price of anarchy, which was introduced by Roughgarden [23] for
utilitarian social functions. Bilo investigated how far this could be extended to egalitarian social functions and he
proved the following:

For a variety of utilitarian and egalitarian social functions, the worst-case price of anarchy of pure Nash equilib-
ria coincides with that of coarse correlated equilibria in the class generalized weighted congestion games with non-
negative latency functions.

Since symmetric generalized market sharing games are congestion games that fit the requirement he states in
his paper, it follows from his work that the egalitarian price of anarchy of 2 — % for pure Nash equilibria extends to

coarse correlated equilibria.

An overview of the bounds shown in this section can be found in Table 2:
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Game Egalitarian pure PoA Egalitarian SPoA

Generalized market sharing games n n
Symmetric generalized market sharing games 2- % 2— % <SPoA=sn
Singleton symmetric generalized market sharing games | 1 1

Table 2: Bounds for generalized market sharing games with a egalitarian social function

10 Bottleneck congestion games

In this section we look into the bottleneck variant of generalized market sharing games. Bottleneck games are
games where each player chooses a set of resources, but not with the goal of gaining as much value as possible, but
of having a set of resources where the minimum value gained from a resource is as high as possible. Bottleneck
congestion games are defined as follows:

Definition 10.1 Bottleneck congestion games

A bottleneck congestion game is a tuple (N, R, (S;)ien, (pj)jer) where N = (1,...,n) denotes the set of players,
R={1,...,m} the set of resources, S; the strategy space of player i, and p; cost function of resource j. Each player
chooses a subset of resources ; € S; and all resources have a cost, that is determined by their cost function. Each
player has a weight x;, which influences the cost function. The cost a player receives is equal to the payoff of the
item chosen which provides the most costs, i.e. w;(0;,0-;) = maXjes; pj(yj), where y; is the total weight of the
players choosing resource j.

We only investigate bottleneck games with an egalitarian social function. Bottleneck congestion games were stud-
ied by Busch and Magdon-Ismail [4] on network congestion games for an egalitarian social function. They show
that the PoS = 1, which also holds for bottleneck generalized market sharing games.

Linear bottleneck congestion games are games where the cost function of each resource is linear. Linear bottle-
neck congestion games with egalitarian social function have been studied by de Keijzer et al. [12]. They provided
bounds on the price of anarchy of n < PoA < 2n — 1. Before specifying the results for generalized market sharing
games , it's worth noting their lower bound on the PoA can be improved.

Theorem 10.2 PoA = n + 1 for Bottleneck congestion games
Proof. Consider the following example:
Example 10.3 Consider a game for 2 players. Player 1 has weight 1 and player 2 has weight %(\/5 -1) = 0.618.

There are three items, with payoff functions p1 (1) = 3 (vV5+1) y1, p2(y2) = y2 and p3(y3) = (V5+2) y3. Player 1
can choose only item 2 or both item 1 and item 2. Player 2 can choose item 1 or both item 2 and item 3.

Figure 18: The game in Example 10.3. The circles are the sets available to the players. Player 1 can pick solid circles
and player 2 can pick from the dashed circles. Player 1 has weight 1 and player 2 has weight %(\/5 -1)=0.618.

In Example 10.3 the optimal solution is for player 1 to choose item 2 with cost function y», and for player 2 to
choose item 1 with cost function % (\/5 +1) 1. This gives both cost 1. However, the worst equilibrium is for player

1 to pick item 1 and 2, and player 2 picks items 2 and 3. This gives player 1 a cost of % (V5 +1), and player 2 a cost
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of %(3 ++/(5)) = 2.618, larger then the 2 provided by their lower bound.

This gives a price of anarchy of 2.618 for 2 players. This example can be generalized to n players, in the follow-
ing way. Let there n players. Player 1 has weight x; and players 2,..., n have weight 1. Player 1 can choose only
item 1 or all items 2,...,n+ 1. Player i with i € (2,..., n) can choose item i or all items 2, ..., n. The cost function of

item 1 is i—i The cost function of item i with i € (2,...,n) is y;. The cost function of item n + 1 is (x—”l + 1) Yn+1-

We choose x; such that ”x—‘ll =n—1+ x;, which gives x; = % (\/ n+1)2-4—(n- 1)). In this game the optimal so-
lution is for every player i to choose item i, which gives each player cost 1. If each player goes for the other option
they have available, player 1 gets cost n + x; while all other players get cost n— 1+ x;. This gives a price of anarchy

ofn+x;=n+ % (\/ n+1)2-4—(n- 1)), which asymptotically goes to n + 1 as n goes to co. |

Bottleneck generalized market sharing games

Now we move on to the bottleneck variant of generalized market sharing games. Bottleneck generalized mar-
ket sharing games are defined as follows:

Definition 10.4 Bottleneck generalized market sharing games

A bottleneck generalized market sharing game is a tuple (N, J, (Si)ien, (w}) jej) where N = (1,...,n) denotes the
set of players, J = {1,...,m} the set of items, S; the finite set of pure strategies of player i, and w; the value of
item j. Each player chooses a subset of items and the value of an item is shared between all player choosing that
item. The payoff a player receives is equal to the payoff of the item chosen which provides the least value, i.e.
w;(0,0_;) =Mminjeg, %, where 7;(0) denotes the number of players choosing item j in strategy profile o.

Theorem 10.5 PoA = n for bottleneck generalized market sharing games.

Proof. In bottleneck generalized market sharing games, we have identical players. This makes sure the PoA < n,
since the arguments used in Theorem 9.2 still hold: Any strategy U?P T chosen in the optimal solution can be made
at maximum 7 times as bad, i.e. w(@9"7,0%PT) = Lw(@ %7, oNF). This means PoA < n. For the lower bound we

use the following example:

Example 10.6 There are n players and n items, all value 1. Each player can pick any one item, or they can pick
all items.

In this example all players can either pick 1 item, or they can pick all items. In the optimal solution everybody
chooses only 1 item, giving each player a minimum payoff of 1. If everybody picks every item then a Nash equilib-
rium occurs, where all players have a minimal payoff of %, and nobody can improve that. |

Example 10.3 shows that a Nash equilibrium can be 7 times worse than the optimal solution. But the subgame
perfect equilibrium would avoid this bad Nash equilibrium and find the optimal solution. It is possible that im-
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n items

Figure 19: Example 10.3

posing a order on the players provides better results. With the arguments used in Theorem 9.2 we can show that
the sequential price of anarchy is bounded from above by n. But the SPoA cannot be bounded from above by any
constant:

Theorem 10.7 The sequential price of anarchy of Bottleneck generalized market sharing games cannot be bounded
from above by any constant.

Proof. The proof uses the following example:

Example 10.8 There are 7 players and 8 items. The first 7 items have value 1 and the last item has value i. The
items are divided into four groups, see figure 19. Players 1,2 and 3 can pick any set from group 1 or 2. Players 4,5
and 6 can pick any set from group 2 or 3. Player 4 can pick any set from group 3 or 4.

ST

Group 1 Group 2 Group 3 Group 4

Figure 20: Game for 7 players. The circles are the sets available to the players. Players 1,2 and 3 can pick any set
from group 1 or 2. Players 4,5 and 6 can pick any set from group 2 or 3. Player 4 can pick any set from group 3 or 4.

In the optimal solution players 1,2 and 3 all choose different items from group 1, players 4,5 and 6 all choose dif-
ferent items from group 2 and player 7 picks the item in group 3, giving each player a payoff of 1.

However, there is a subgame perfect equilibrium which gives player 7 a payoff of i. Here player 1 picks all items in
group 1. This is followed up with players 2 and 3 picking all items in group 2. For players 4-6 there is no option to
get more then % from each item in their strategy, so they all pick the item from group 3. Finally, player 7 picks the
item in group 4, giving him the minimum payoff of i.

Its possible to get any constant as SPoA using this method, by adding more groups and more players to each
group. ]

The subgame perfect equilibrium in Example 10.8 is a Nash stable subgame perfect equilibrium. This subgame
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perfect equilibrium requires at least 1 + $ SPoA(SPoA - 1) players, which gives SPoA < } +/2n - 3 for any game
as in Example 10.8. Table 3 denotes how many players are needed to achieve a certain SPoA by using this method.
For any given SPoA, the amount of players needed is at most fo l"A [1;._,(SPoA-k).

Example 10.8 can also be played with only singleton strategies. In that case it would use exactly }" 374 H;CZI (SPoA-

i=1
3+4/2n-3
=~ 1.2
~2.08
~3.049
~4.035
13 =~ 5.449

SPoA

QG = W N =
N RN - S

Table 3: Table containing SPoA using the method of Example 10.8

k) players to archive a certain SPoA. When playing a singleton game, there is no difference between bottleneck
games and non-bottleneck games, since all players try to optimize the value of their one item.

Corollary 10.9 The sequential price of anarchy of singleton generalized market sharing games with a egalitarian
social function cannot be bounded from above by any constant.
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11 Conclusion

In this research we investigated the quality of equilibria in many different kinds of resource allocation games and
specifically generalized market sharing games. Our interest in generalized market sharing games originated from
set packing games, where each item can be only chosen once. In generalized market sharing games the items can
be chosen multiple times, which leads to sharing of the profit of items. We showed that this change has some
counter intuitive results. First we proved that the price of anarchy of generalized market sharing games is 2 — %,
which is an improvement over the price of anarchy of set packing games of 2. Contrary to set packing games
however, imposing a order on the players did not improve the quality of equilibria, but actually worsened it. It is
interesting to see that such a change on the payoff functions can increase equilibria in the simultaneous variant,
while decreasing quality of equilibria in the sequential variant.

We addressed several variations of generalized market sharing games and shown that the SPoA and PoA can vary
greatly. Large improvements can be made by restricting the strategy sets. Specifically for an egalitarian social
function we proved that the PoA and SPoA range from # for unrestricted strategy sets to 1 for singleton symmetric
games.

In most versions of the game the quality of equilibria got worse in the sequential variant, or the SPoA was very
difficult to bound. We applied a number of different methods in attempts to find bounds on the SPoA. Known
methods did not always provide the wanted results, so we attempted new methods for proving upper bounds. The
most fruitful method found during our research was for the class of games called shared misery games. This lead
to our main result,, which is that for symmetric singleton congestion games, every subgame perfect equilibrium is
Nash-stable, and thus SPoA < PoA (Theorem 7.6).

The framework used for this proof, specifically the guaranteed payoff Lemma, might prove useful for bounding
the sequential price of anarchy in many other games. For instance, one interesting research topic for future work
would be to investigate if more results can be found for anonymous symmetric shared misery games. If it can be
shown that Theorem 7.6 can be extended to anonymous symmetric shared misery games, than this would prove
SPoA < PoA for a variety of games, including generalized market sharing games with an egalitarian social function
and bottleneck generalized market sharing games.
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