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Abstract

Over the last years algorithmic game theory has received growing interest
in Al, as it allows to tackle complex real-world scenarios involving mul-
tiple artificial agents engaged in a competitive interaction. These settings
call for rational agents endowed with the capability of reasoning strategi-
cally, i.e., taking into account not only how their actions affect the external
environment, but also their impact on the behavior of other agents. This is
achieved by exploiting ideas from game theory, and, in particular, equilib-
rium concepts that prescribe the agents how to behave strategically. Thus,
the challenge faced by the researchers working in algorithmic game theory
is to design scalable computational tools that enable the adoption of such
equilibrium notions in real-world problems.

In this thesis, we study the computational properties of a specific game-
theoretic model known as the Stackelberg paradigm. In a Stackelberg
game, there are some players who act as leaders with the ability to com-
mit to a strategy beforehand, whereas the other players are followers who
decide how to play after observing the commitment. Recently, Stackelberg
games and the corresponding Stackelberg equilibria have received consid-
erable attention from the algorithmic game theory community, since they
have been successfully applied in many real-world settings, such as, e.g.,
in the security domain, toll-setting problems, and network routing. Nev-
ertheless, the majority of the computational works on Stackelberg games
study the case in which there is one leader and one follower, focusing, in
most of the cases, on instances enjoying very specific structures, such as
security games. A comprehensive study of general Stackelberg games with
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(possibly) multiple leaders and followers is still lacking.

In this thesis, we make substantial steps towards filling this gap. In
particular, in the first part of the work, we address the largely unexplored
problem of computing Stackelberg equilibria in games with a single leader
and multiple followers, focusing on the case in which the latter play a Nash
equilibrium after observing the leader’s commitment. We analyze different
classes of games, from general normal-form Stackelberg games to games
with a compact representation, namely, Stackelberg polymatrix and con-
gestion games. Then, in the second part of the thesis, we study Stackelberg
games with multiple leaders, proposing a new way to apply the Stackelberg
paradigm in such settings. Our idea is to let the leaders decide whether
they want to participate in the commitment or defect from it by becoming
followers. This is orchestrated by a suitably defined agreement protocol,
which allows us to introduce interesting properties for the commitments.
Finally, in the last part of the thesis, we focus on Stackelberg games with a
sequential structure, addressing, for the first time in such setting, the prob-
lem of equilibrium refinement. This problem has been widely investigated
for the Nash equilibrium, as it is well-known that refinements can amend
some of its weaknesses, such as sub-optimality off the equilibrium path. In
this work, we show that such issues also arise in Stackelberg settings, and,
thus, we introduce and study Stackelberg equilibrium refinements based on
the idea of trembling-hand perfection so as to solve them.
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CHAPTER

Introduction

Since artificial intelligence (Al) was officially founded during the work-
shop held at Dartmouth in the summer of 1956, most of the research in the
field has focused on how to design artificial agents endowed with rational
behaviors. Nowadays, one of the biggest challenges in Al research is to
build rational agents that are not only able to interact with an external en-
vironment, but they can also handle more complex interactions involving
different actors, such as other artificial agents and human beings.

Over the last two decades, algorithmic game theory has received an in-
creasing interest from the Al community, since it allows to tackle complex
real-world scenarios where multiple artificial agents are engaged in a com-
petitive interaction. These settings call for rational agents with the ability
to reason strategically, taking into account not only how their actions af-
fect the external environment, but also how they influence the behaviors of
the other agents. These capabilities are achieved by exploiting ideas from
economics, specifically microeconomic models called games, and their cor-
responding solutions, usually known as equilibria, which have been intro-
duced and studied by game theorists during the last century (see, among
others, the widely acclaimed notion of equilibrium defined by Nash|(1951),
worth him a Nobel prize in economics). The challenge faced by the re-
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Chapter 1. Introduction

searchers working in algorithmic game theory is to design scalable compu-
tational tools that can deal with these mathematical notions of equilibrium,
enabling their adoption for the solution of real-world problems.

The recent advances in the development of equilibrium-finding tech-
niques have lead to the successful application of game-theoretic models in
real-world settings. For instance, game theory has been extensively adopted
in security domains, with the goal of devising protection strategies which
are robust against strategic attackers (Tambe, |2011). Other application
domains are found in the Internet, where interactions involving multiple
strategic agents naturally arise, given the intrinsic distributed nature of the
network. One examples is, among others, the problem of designing auc-
tion mechanisms for web advertising (Gatti et al., 2015; [Farina and Gatti,
2017b). Moreover, great achievements have been made towards the devel-
opment of artificial agents capable of beating human professional in large
two-player zero-sum recreational games like Chess (Campbell et al., 2002),
Go (Silver et al., 2016), and Poker (Brown and Sandholm), 2018, 2019)).

Despite the great attention devoted to algorithmic game theory in the
last years, the majority of the works in the literature study (relatively)
simple settings involving only two players with opposite objectives, i.e.,
two-player zero-sum games. In such models, there is a clear and well-
established definition of solution, in which each player aims to maximize
her utility given that the opponent acts so as to minimize it. In zero-sum
games, this definition corresponds to that of Nash equilibrium. Thus, con-
siderable efforts have been devoted to studying the problem of comput-
ing (possibly approximate) Nash equilibria in such settings. Instead, more
complex games where there are more than two players and/or arbitrary, i.e.,
general-sum, utilities are widely unexplored. In such scenarios, there is
no clear definition of solution to a game, as this strongly depends on the
specific application that one wish to represent. As a result, many solution
concepts other than the Nash equilibrium have been introduced and studied.
However, there is still a lot of work to be done on the computational side,
as the algorithmic works on multi-player general-sum games are only few.

In this work, we study settings beyond two-player zero-sum games, fo-
cusing on a particular game paradigm which leads to the definition of what
is known in the literature as the Stackelberg equilibrium.

1.1 The Stackelberg Paradigm

The Stackelberg paradigm was originally introduced by von Stackelberg in
1934 to model economic situations where a firm (the leader) moves first
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1.1. The Stackelberg Paradigm

and, then, another firm (the follower) moves second by reacting to the first
firm’s move (Von Stackelberg, 1934). Recently, this paradigm was brought
to new attention by the work of Von Stengel and Zamir (2010), who study a
variant of the original Stackelberg paradigm in which the leader commits to
a (possibly randomized, i.e., mixed) strategy beforehand, while the follower
decides how to play after observing the leader’s strategy. In general settings
involving multiple players, a Stackelberg game is characterized by a group
of players who act as leaders with the ability to commit to (possibly mixed)
strategies beforehand, whereas the other players are followers who observe
the commitment and decide how to play thereafter.

Over the last years, Stackelberg games and their corresponding Stackel-
berg equilibria have received growing attention in the Al literature, where
the computational problem of finding such equilibria in often referred to
as the problem of computing optimal strategies to commit to (Conitzer and
Sandholm, 2006)). This surge of interest was motivated by the successful
applications of Stackelberg games in many interesting real-world settings.
In particular, among the others, the security domain is the most explored
one, and, in it, different game models have been introduced, usually re-
ferred to as security games (Paruchuri et al., 2008;; Kiekintveld et al., [2009;
An et al., 2011 [Tambe, 2011). In such models, there is a defender that
has to protect some valuable targets from an attacker, who can wait while
observing the defender’s protection strategy before deciding where, when
and how to attack. This scenario naturally fits into the Stackelberg model,
where the defender is the leader and the attacker is the follower. Other in-
teresting applications are found in foll-setting games, where the leader is
a central authority which collects tolls from the users of a network who,
acting as followers, decide on how to best travel through the network so
as to minimize their cost after observing the pricing strategy chosen by
the authority (Labbé et al., |1998; |[Labbé and Violin, 2016). Besides the
security domain and toll-setting games, applications of Stackelberg games
can be found in, among others, interdiction games (Caprara et al., 2016
Matuschke et al., 2017)), network routing (Amaldi et al., 2013), inspection
games (Avenhaus et al., [1991)), and mechanism design (Sandholm, [2002).

Despite the attention that Stackelberg games received from the Al lit-
erature, most of the works related to them focus, with some exceptions
(see, e.g., (Von Stengel and Zamir, 2010; Conitzer and Korzhyk, 2011; Gan
et al., 2018)), on particular game settings that involve only two players
(i.e., one leader and one follower) and enjoy specific structures, as it is the
case in security games. It is worth pointing out two works that study gen-
eral Stackelberg games with a single leader and multiple followers; specif-
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Chapter 1. Introduction

ically, Von Stengel and Zamir (2010) study the case in which the followers
play a Nash equilibrium given the leader’s commitment, whereas Conitzer
and Korzhyk (2011) address the case where they play a correlated equilib-
rium. We refer the reader to Chapter 3 for a complete survey of the state of
tha art on Stackelberg equilibrium computation.

Let us also notice that, while some works (see, e.g., (Letchford and
Conitzer, 2010; BoSansky and Cermak, [2015; |Cermak et al., 2016))) ad-
dress the computation of Stackelberg equilibria in games with a sequential
(i.e., tree-form) structure, none of them investigates refinements of such
equilibria. This is surprising as refinements have been extensively studied
for the Nash equilibrium, since it is well-known that classical (unrefined)
solution concepts may lead to a sub-optimal behavior off the equilibrium
path in games with a sequential structure (see (Van Damme, |1987; |[Farina
et al., 2018a) for some references on the topic).

1.2 Original Contributions

The goal of this thesis is to advance the state of the art on equilibrium
computation in general Stackelberg games. In particular, we follow three
directions. First, we study the problem of finding Stackelberg equilibria
in general Stackelberg games with a single leader and multiple followers.
Then, we address Stackelberg games with multiple leaders, proposing a
novel way to apply the Stackelberg paradigm in such settings. Finally, we
tackle, for the first time, the problem of defining (and computing) equilib-
rium refinements in Stackelberg games with a sequential structure.

In the rest of this section, we survey all the original contributions that
we provide in this thesis. For an easy reference, Table shows the con-
tributions related to Stackelberg games with a single leader, summariz-
ing the computational complexity and the algorithmic aspects of the prob-
lems we study, with focus on normal-form, extensive-form, Bayesian, and
polymatrix games. The table also shows, for comparison, other state-of-
the-art results, including those about single-leader single-follower Stackel-
berg games (our original contributions are those without a reference). Our
contributions on Stackelberg congestion games are instead detailed in Ta-
ble[1.2] The reader can refer to Chapter 3] for additional details on state-of-
the-art results reported in the tables.

1.2.1 Stackelberg Games with Multiple Followers

In the first part of the thesis, we address Stackelberg games with a single
leader and multiple followers. Following |Von Stengel and Zamir (2010),
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Chapter 1. Introduction

we study settings in which, after observing the leader’s commitment, the
followers play a Nash equilibrium in the resulting game. We refer to this
solution as Stackelberg-Nash equilibrium. We focus on the case in which
the followers are restricted to pure (i.e., non-mixed) strategies, as the gen-
eral problem with followers playing mixed strategies is already known to
be computationally intractable (Basilico et al.,[2017a). As we will see, this
restriction leads to interesting computational complexity results. Moreover,
this is without loss of generality in games always admitting pure-strategy
Nash equilibria, as it is the case for congestion games (Rosenthal, [1973)).

We study the problem of computing Stackelberg-Nash equilibria, focus-
ing on two cases: the one in which the followers break ties in favor of the
leader (what is usually referred to as a strong equilibrium), and the case
where they break ties against the leader (leading to a weak equilibrium).

We analyze three different classes of games, namely, normal-form games,
polymatrix games, and congestion games.

Norma-Form Stackelberg Games

After briefly pointing out that a strong Stackelberg-Nash equilibrium (with
followers restricted to pure strategies) can be computed efficiently (in poly-
nomial time) by solving multiple linear programs (LPs), we entirely de-
vote the remainder of our analysis to the weak case (with, again, follow-
ers restricted to pure strategies). In terms of computational complexity, we
show that, differently from the strong case, in the weak one the equilibrium-
finding problem is NP-hard with two or more followers, while, when the
number of followers is three or more, the problem cannot be approximated
in polynomial time to within any polynomial multiplicative factor unless
P = NP (i.e., in formal terms, it is not in the class Poly-APX unless P = NP).
To establish these two results, we introduce two reductions, one from Inde-
pendent Set and the other one from 3-SAT.

After analyzing the complexity of the problem, we focus on its algo-
rithmic aspects. First, we formulate the problem as a bilevel programming
problem. We then show how to recast it as a single-level quadratically con-
strained quadratic program (QCQP), which we show to be impractical to
solve due to admitting a supremum, but not a maximum. We then intro-
duce a restriction based on a mixed-integer linear program (MILP) which,
while forsaking optimality, always admits an optimal (restricted) solution.
Next, we propose an exact algorithm to compute the value of the supremum
of the problem based on an enumeration scheme which, at each iteration,
solves a lexicographic MILP (lex-MILP) where the two objective functions
are optimized in sequence. Subsequently, we embed the enumerative algo-
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1.2. Original Contributions

rithm within a branch-and-bound scheme, obtaining an algorithm which is,
in practice, much faster. We also extend the algorithms so that, for cases
where the supremum is not a maximum, they return a strategy by which
the leader can obtain a utility within an additive loss a with respect to the
supremum, for any @ > 0. To conclude, we experimentally evaluate the
scalability of our methods over a testbed of randomly generated instances.

Stackelberg Polymatrix Games

We identify two classes of Stackelberg polymatrix games that allow to char-
acterize the complexity of computing Stackelberg-Nash equilibria (with
followers restricted to pure strategies). The key property of these games
is that, once fixed the number of players, computing a strong or weak equi-
librium presents the same complexity, namely polynomial (again assuming
that the followers play pure strategies). These games are of practical inter-
est in security problems. Moreover, they are equivalent to Bayesian Stack-
elberg games with one leader and one follower, where the latter may be of
different types. Our first class is equivalent to games with interdependent
types, while the second one is equivalent to games with independent types
(i.e., the leader’s utility is independent of the follower’s type). Thus, every
result that holds for a game class also holds for its equivalent class.

We investigate whether the problem keeps being easy when the num-
ber of players is not fixed. We show that it is NP-hard to compute a weak
Stackelberg-Nash equilibrium, and we provide an exact (exponential-time)
algorithm (conversely, to compute a strong equilibrium, one can adapt the
algorithm provided in (Conitzer and Sandholm), |2006)) for Bayesian games,
by means of our mapping). We also prove that, in all the instances where the
weak Stackelberg-Nash equilibrium is a supremum but not a maximum, an
a-approximation of the supremum can be found in polynomial time (also
in the number of players) for any given additive loss & > 0. As for ap-
proximation complexity, we show that the problem is Poly-APX-complete.
This also shows that, in Bayesian Stackelberg games with uncertainty over
the follower, computing a weak Stackelberg-Nash equilibrium is as hard as
finding a strong one (Letchford et al., 2009).

Next, we investigate whether, in general polymatrix games with follow-
ers restricted to play pure strategies, the problem admits polynomial-time
approximation algorithms. We provide a negative answer, showing that in
the strong case the problem is not in Poly-APX if the number of players is
non-fixed, unless P = NP. We also prove that the same inapproximability
result holds for the weak case, even with a fixed number of players.

7
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strong Stackelberg-Nash equilibrium
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Identical Mocnoogttognic Compllexity P P
action spaces has A]gorlthm Greedy Greedy
(S}églnqgt)nc Generic | Complexity P NP-hard, ¢ Poly-APX
costs Algorithm ||Dynamic Programming MILP
Monotonic |Complexity || NP-hard, ¢ Poly-APX |NP-hard, ¢ Poly-APX
Different COSts | Algorithm MILP MILP
action spaces |~ ... |Complexity|| NP-hard, ¢ Poly-APX |NP-hard, ¢ Poly-APX
COSts | Algorithm MILP MILP
weak Stackelberg-Nash equilibrium
Leader’s commitment Pure Mixed
ic |Complexit P P
Identical MOéloostt(;mc omp‘ exiy
action spaces Algorlthm Greedy Greedy
(Sg:rggt)nc Generic | Complexity P NP-hard, ¢ Poly-APX
COSts | Algorithm ||Dynamic Programming|  multi-lex-MILP
Monotonic | Complexity || NP-hard, ¢ Poly-APX |NP-hard, ¢ Poly-APX
Different costs Algorithm multi-lex-MILP multi-lex-MILP
action spaces |~ ... |Complexity|| NP-hard, ¢ Poly-APX |NP-hard, ¢ Poly-APX
costs Algorithm multi-lex-MILP multi-lex-MILP

Table 1.2: Summary of the results on the computation of Stackelberg equilibria in Stack-
elberg singleton congestion games with a single leader.

Stackelberg Congestion Games

We provide a comprehensive study of the computational complexity of find-
ing Stackelberg-Nash equilibria in congestion games. These are games with
a large number of players that compete for the use of some shared resources,
where the cost of each resource is a function of the number of players us-
ing that resource, i.e., its congestion. Notice that, in such setting, assuming
that the followers play a pure-strategy Nash equilibrium is without loss of
generality, as congestion games always admit one (Rosenthal, |1973).

First, we focus on games with singleton actions, i.e., where each player
selects only one resource at a time. We draw a complete picture of the
computational complexity of the problem of finding equilibria in Stack-
elberg singleton congestion games, with pure or mixed-strategy commit-
ments, and considering the cases of finding either a strong equilibrium or
a weak one. Interestingly, we identify two features which allow for thor-
oughly characterizing hard and easy game instances. The first one concerns
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the relationship among the action spaces of the players, with two possibili-
ties: the one where the players are symmetric as they have identical action
spaces and therefore they share the same set of resources, and the one where
their action spaces may differ. The second feature is related to the shape
of the players’ cost functions. Two cases are possible: the one where these
functions are monotonically increasing in the resource congestion and the
one in which they may be not.

In particular, we show that, in games where the players’ action spaces
can be different, computing a (strong or weak) Stackelberg-Nash equilib-
rium is not in Poly-APX unless P = NP even when the players’ cost func-
tions are monotonic, the leader has only one action available, and her costs
are equal to the followers’. This result also holds if we restrict the leader
to pure-strategy commitments, given that the leader has only one action
available. For symmetric games where the players have identical action
spaces, we show that the complexity of computing an equilibrium depends
on the nature of the players’ cost functions. For the case where the play-
ers’ costs are generic (monotonic or not) functions of the resource conges-
tion, we prove that the problem is not in Poly-APX unless P = NP. On
the other hand, we show that, in symmetric games, the problem of com-
puting a strong or weak Stackelberg-Nash equilibrium can be solved in
polynomial time when the cost functions are monotonic by proposing an
algorithm for it. We also consider the case where the leader is restricted
to pure-strategy commitments, providing a polynomial-time algorithm for
its solution which applies even to symmetric games with generic cost func-
tions. This algorithm is based on a polynomial-time dynamic programming
algorithm available in the literature for computing a socially optimal Nash
equilibria in non-Stackelberg singleton congestion games with identical ac-
tion spaces, which we improve and extend to solve our problem.

Then, we switch the attention to games beyond singleton ones. We show
that having actions made of only one resource is necessary to have effi-
cient (polynomial-time) algorithms. Indeed, we prove that finding a strong
Stackelberg-Nash equilibrium is NP-hard and not in Poly-APX unless P =
NP, even if players’ actions contain only two resources, costs are mono-
tonic, and players are symmetric. We also introduce and study singleton
congestion games in which the players are partitioned into classes, with
followers of the same class sharing the same set of actions. These are a
generalization of singleton games with symmetric players, capturing the
common case in which users can be split into (usually few) different classes,
such as, e.g., users with different priorities. For these games, we provide a
dynamic programming algorithm that computes a strong Stackelberg-Nash
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equilibrium in polynomial time, when the number of classes is fixed and the
leader is restricted to play pure strategies. On the other hand, we prove that,
if the leader is allowed to play mixed strategies, then the problem becomes
NP-hard even with only four classes and monotonic costs.

Finally, for all the settings we study, we design MILP formulations for
computing a strong Stackelberg-Nash equilibrium, and we experimentally
evaluate them on a testbed containing both randomly generated game in-
stances and worst-case instances based on our hardness reductions.

1.2.2 Stackelberg Games with Multiple Leaders

In the second part of the thesis, we focus our attention on games with multi-
ple leaders, providing a new way to apply the Stackelberg paradigm to any
finite (underlying) game. Our approach extends the idea of commitment
to correlated strategies in settings involving multiple leaders and follow-
ers, generalizing the work of (Conitzer and Korzhyk| (2011). The crucial
component of our framework is that a leader can decide whether to partic-
ipate in the commitment or to defect from it by becoming a follower. This
induces a preliminary agreement stage that takes place before the underly-
ing game is played, where the leaders decide, in turn, whether to opt out
from the commitment or not. We model this stage as a sequential game,
whose size is factorial in the number of players. Our goal is to identify
commitments guaranteeing some desirable properties that we define on the
agreement stage. The first one requires that the leaders do not have any
incentive to become followers. It comes in two flavors, called stability and
perfect stability, which are related to, respectively, Nash and subgame per-
fect equilibria of the sequential game representing the agreement stage. The
second property is also defined in two flavors, namely efficiency and per-
fect efficiency, both enforcing Pareto optimality with respect to the leaders’
utility functions, though at different levels of the agreement stage.

We introduce three solution concepts, which we generally call Stackel-
berg correlated equilibria. They differ depending on the properties they
call for. Specifically, (simple) Stackelberg correlated equilibria, Stackel-
berg correlated equilibria with perfect agreement, and Stackelberg corre-
lated equilibria with perfect agreement and perfect efficiency require, re-
spectively, stability and efficiency, perfect stability and efficiency, and both
perfect stability and perfect efficiency.

First, we investigate the game theoretic properties of our solution con-
cepts. We show that Stackelberg correlated equilibria with or without per-
fect agreement are guaranteed to exist in any game, while Stackelberg cor-
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related equilibria with perfect agreement and perfect efficiency may not.
Moreover, we compare the former with other solution concepts, both Stack-
elberg and non-Stackelberg ones.

Then, we switch the attention to the computational complexity perspec-
tive. We show that, provided a suitably defined stability oracle is solvable
in polynomial time, a Stackelberg correlated equilibrium optimizing some
linear function of leaders’ utilities (such as the leaders’ social welfare) can
be computed in polynomial time, even in the number of players. The same
holds for finding a Stackelberg correlated equilibrium with perfect agree-
ment, while we prove that computing an optimal one is an intractable prob-
lem. Nevertheless, in the latter case, we provide an (exponential in the
game size) upper bound on the necessary number of queries to the oracle.

In conclusion, we study which classes of games admit a polynomial-
time stability oracle, focusing on succinct games of polynomial type (Pa-
padimitriou and Roughgarden, 2008). We show that the problem solved
by our oracle is strictly connected with the weighted deviation-adjusted so-
cial welfare problem introduced by Jiang and Leyton-Brown| (2011). As
a result, we get that our oracle is solvable in polynomial time in all the
game classes where the same holds for the problem of finding an optimal
correlated equilibrium.

1.2.3 Trembling-Hand Perfection in Stackelberg Games

In the last part of the thesis, we study Stackelberg games with a sequen-
tial structure, usually referred to as extensive-form Stackelberg games. In
particular, we show that classical Stackelberg equilibria may prescribe the
players to play sub-optimally off the equilibrium path, as it is the case for
the Nash equilibrium. Thus, in order to amend these weaknesses, we pro-
pose a way to refine Stackelberg equilibria thorough trembling-hand per-
fection, which is based on the idea that each player might play each action
with low-but-non-zero probabilities, usually called trembles (Selten, [1975).

We show that for every perturbation scheme (i.e., any possible way of
introducing trembles), the set of limit points of Stackelberg equilibria for
perturbed games with vanishing perturbations is always a nonempty sub-
set of the Stackelberg equilibria of the non-perturbed game. This does not
hold when focusing only on strong (or weak) equilibria: for a given game,
the set of strong Stackelberg equilibria (or weak Stackelberg equilibria)
in the non-perturbed game may be disjoint from the set of limit points of
strong Stackelberg equilibria (or weak Stackelberg equilibria) in the per-
turbed game. We resort to the perturbation schemes used for quasi-perfect
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equilibria (Van Dammel, [1984)) and extensive-form perfect equilibria (Sel-
ten, [1975) to define their Stackelberg counterpart—and their strong and
weak versions—as refinements of the Stackelberg equilibrium.

Next, we focus on quasi perfection. We formally define the quasi-
perfect Stackelberg equilibrium refinement game theoretically in the same
axiomatic fashion as the quasi-perfect equilibrium was defined for non-
Stackelberg games (Van Dammel |1984). Thus, our definition is based on a
set of properties of the players’ strategies, and it cannot be directly used to
search for a quasi-perfect Stackelberg equilibrium. Subsequently, we define
a class of perturbation schemes for the sequence form such that any limit
point of a sequence of Stackelberg equilibria in perturbed games with van-
ishing perturbation is a quasi-perfect Stackelberg equilibrium. This class
of perturbation schemes strictly includes those used to find a quasi-perfect
equilibrium by Miltersen and Sgrensen| (2010). Then, we extend the al-
gorithm by |Cermak et al. (2016) to the case of quasi-perfect Stackelberg
equilibrium computation. We derive the corresponding mathematical pro-
gram for computing a Stackelberg extensive-form correlated equilibrium
when a perturbation scheme is introduced and we discuss how the individ-
ual steps of the algorithm change. In particular, the implementation of our
algorithm is much more involved, requiring the combination of branch-and-
bound techniques with arbitrary-precision arithmetic to deal with small per-
turbations. This does not allow a direct application of off-the-shelf solvers.
Finally, we experimentally evaluate the scalability of our algorithm.

In conclusion, we also study the computational complexity of finding
Stackelberg equilibrium refinements, showing that the problem of deciding
the existence of a Stackelberg equilibrium—refined or not—that gives the
leader expected value at least v is NP-hard.

1.3 Structure of the Work

In this section, we describe the structure of the thesis. Before presenting
our results, we introduce the main concepts related to algorithmic game
theory, with particular emphasis on Stackelberg games. Specifically:

e Chapter [2] introduces, in the first part, the formal definition of game,
describing the different game representations which are studied in the
thesis. Then, the second part of the chapter defines two classical (non-
Stackelberg) equilibrium concepts that are relevant for the rest of the
work, namely, Nash and correlated equilibria.

e Chapter[3|surveys the main state-of-the-art results on Stackelberg games
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and the computation of Stackelberg equilibria. These results represent
the groundings upon which we build our original contributions.

Partli]: Stackelberg Games with Multiple Followers

Our contributions are organized as follows:

e Chapter 4| provides our computational results on Stackelberg-Nash
equilibria (with follower restricted to pure strategies) in normal-form
Stackelberg games. A preliminary version of the results provided in
this chapter appeared in (Coniglio et al.,|2017)), while a complete and
extended version is in (Coniglio et al., 2019).

e Chapter[5|addresses the problem of computing Stackelberg-Nash equi-
libria in Stackelberg polymatrix games, also pointing out which re-
sults can be directly extended to the Bayesian setting. The results in
this chapter appeared in (De Nittis et al.,[2018a)) (see (De Nittis et al.,
2018b)) for an extended version).

e Chapter [6] focuses on the problem of finding Stackelberg-Nash equi-
libria in Stackelberg congestion games. The results related to sin-
gleton games appeared in (Marchesi et al., [2018a) and its extended
version (Castigliont et al.l |2019c). Instead, all the other results are
provided by (Marchesi et al., 2019a) (see (Marchesi et al., 2019b) for
an extended version of the latter).

e Chapter /| reports the experimental evaluation of the algorithms de-
veloped for Stackelberg games with multiple followers. All these
results are taken from the papers related to the previous chapters,
namely (Coniglio et al.,[2019; |De Nittis et al.,|2018a;|Castiglioni et al.,
2019c; [Marchesi et al., [2019a)).

Part@: Stackelberg Games with Multiple Leaders

The results provided in this part of the thesis appeared in (Castiglioni et al.,
2019a)) (see Castiglioni et al.| (2019b) for an extended version). Our contri-
butions are organized as follows:

e Chapter [§] introduces our model for multi-leader Stackelberg games,
studying the game theoretic properties of the related solution concepts,
in terms of existence and relation with other equilibrium notions.

e Chapter [9] analyses the computational complexity of the problem of
computing equilibria in our multi-leader Stackelberg games.
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Partl@: Trembling-Hand Perfection in Stackelberg Games
Our contributions are organized as follows:

e Chapter|[I0|studies trembling-hand perfection in extensive-form Stack-
elberg games, so as to refine the classical notion of Stackelberg equi-
librium. The results in this chapter appeared in (Farina et al., 2018b).

e Chapter|[I|focuses on a particular type of refinement, known as quasi-
perfection. The results in this chapter appeared in (Marchesi et al.,
2019c¢)) (see (Marchesi et al., [2018b) for an extended version).

Finally, Chapter[I2]concludes the thesis by drawing some overall obser-
vations and pointing out possible directions for future research.



CHAPTER

Games and Equilibria

In this chapter, we provide a brief introduction to the theory of games and
their equilibria, surveying the basic concepts needed in the rest of this work,
with particular emphasis on computational results.

Section [2.1] starts introducing the general picture of finite games and
their most common representations, namely, the normal form and the ex-
tensive form. In Section [2.2] we also introduce some succinct game repre-
sentations that allow to compactly encode games with a specific structure,
focusing on polymatrix and congestion games. Finally, Section [2.3|shades
the light on what it means to solve a game by defining classical equilibrium
concepts, such as Nash and correlated equilibria.

For a comprehensive treatment of the subject, we refer the reader to the
books by [Shoham and Leyton-Brown| (2008) and Nisan et al.| (2007).

2.1 Games and How to Represent Them

Games are powerful mathematical tools that provide rigorous models of
complex strategic interactions involving multiple rational agents (or play-
ers). Such interactions arise in many different real-world settings, such
as, e.g., cybersecurity problems (Tambe, [2011), auctions for web adver-
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tising (Gatti et al., 2015)), and, more naturally, common recreational games
like Chess (Campbell et al., 2002), Go (Silver et al.,|2016), and Poker (Brown
and Sandholm, 2018} [2019). The three fundamental ingredients defining a
game are: the participating players, the strategies they are allowed to play,
and their preferences over the possible game outcomes, which are usually
quantified by means of their utilities. Formally:

Definition 2.1 (Finite Game). A (finite) game I is a tuple (N, S, u), where:
e N = {1,...,n}is afinite set of players,

® 5 = X,cn Sp Is a set of (pure) strategy profiles (or outcomes), with
Sy, denoting a finite set of player p’s (pure) strategies;

o u = {u,}pen is a set of players’ utility functions, with u, : S — R
defining player p’s utility over strategy profiles s = (s1,...,s,) € S.

In general, players are also allowed to randomize their play according to
some probability distribution. Formally, for every player p € N, we let z,,
be a player p’s mixed strategy, i.e., a probability distribution defined over
her set of strategies S, with z,(s,) denoting the probability of playing s, €
Sp. Moreover, &, = A(S,) denotes the set of player p’s mixed strategies,
while z = (z1,...,2,) € X,en Xp 18 @ mixed strategy profile specifying
a mixed strategy x, € A, for each player p € N. With an overload of
notation, we use u,(x) to denote the player p’s expected utility when the
mixed strategy profile x is played, i.e., u, () = > s up(8) [T ,en Tq(Sq)-

For the ease of presentation, we also introduce the following notation.
Given a strategy profile s € .S, we let s_, € S_) = X e () O¢ be the
partial profile obtained by dropping player p’s strategy s, from s, so that
s = (sp,5_p). Similarly, given a mixed strategy profile z € X _y X, we
letz_, € X o py g be such that v = (z,, 7).

While a game may admit different equivalent representations, the most
natural one for that game depends on its specific structure. In the rest of
this section, we introduce the two most common game representations: the
normal form and the extensive form.

pEN

2.1.1 Normal-Form Representation

The normal form is a tabular representation in which each player’s util-
ity function is specified by a matrix, where each entry defines the player’s
utility for some combination of players’ actions. Formally:

Definition 2.2 (Normal-Form Game). A normal-form game [’ is a tuple
(N, A,U), where:
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o N = {1,...,n} is afinite set of players;

o A= Xpen A, is a set of action profiles, with A, denoting a finite set
of player p’s actions, of cardinality m, = |A,

>

o U = {U,},en is a set of matrices, with U, € Q"> representing
a player p’s (multidimensional) utility (or payoff) matrix, in which
each component Uj*" corresponds to the utility of player p when
all the players play the action profile a = (ay, .. .,a,) € A.

Any finite game can be represented in normal form by letting A = S
and U+ = w,(a) forevery p € N and a = (a1, ..., a,) € A.

For the ease of presentation and when no ambiguity arises, we will often
write U, in place of U,*~“". Moreover, given an action profile a € A, we
define a_, € A = X,y g Aqg 80 that a = (ap,a_p), with U,
denoting the component of U, corresponding to the action profile a.

Using matrix notation, we represent a player p’s mixed strategy (or strat-
egy, for short) using a vector z;, € [0, 1] suchthat }© _, x,” = 1, where
each component z;,” of x, is the probability by which player p plays ac-
tion a, € A,. Moreover, A, = {x, € [0,1]™ : 37, z,” = 1} denotes
the set of player p’s strategies, corresponding to the standard (m, — 1)—
simplex in R™». As customary when working with normal-form games, a
strategy is said pure when only one action is played with positive probabil-
ity, i.e., when x, € {0, 1}, and mixed otherwise. Mixed strategy profiles
(or strategy profiles, for short) are defined as in general finite games. Given
a strategy profile x = (xy,...,2,) € X,en Ap, the expected utility of
player p € N is the n-th-degree polynomial |, Usa{* x5° ... o5,

n

Bayesian Normal-Form Games

In some scenarios, the players are uncertain about the preferences of their
opponents (i.e., their utilities). We can model these situations using Bayesian
games. In normal form, we have the following formal definition.

Definition 2.3 (Bayesian Normal-Form Game). A Bayesian (normal-form)
game [ is a tuple (N,0,Q, A, U), where:

o N = {1,...,n}is afinite set of players;

e O =X,y O, is a set of type profiles, with ©,, denoting a finite set
of player p’s types;

e O € A(O) is a probability distribution over the set of type profiles;
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o A= X,en Xg,co, Apo, is aset of action profiles, with A, g, denoting
a finite set of actions for player p’s type 0,,;

o U = {U,p}penco is a set of matrices, with U, g € QlALo1 XX An 0y, |
representing a player p’s utility matrix when the players’ type profile
is @ = (01,...,0,), in which each component UJ ;" corresponds to
the utility of player p when the players’ type profile is 0 and all the
players play the action profile a = (ay, . .., a,) € Xoen Ap.o,-

Intuitively, before the game starts, a type profile = (61, ...,0,) € O is
drawn according to the probability distribution (2, and, then, each player is
informed about her type 0, as specified by 6, while she keeps to be uncertain
about the other players’ types. As a result, the players do not have complete
knowledge of #, and, in turn, of their utilities.

Let us remark that, in a Bayesian game, a player’s pure strategy specifies
an action for each type of that player, while, as usual, mixed strategies are
defined as probability distributions over pure strategies. Thus, using the
formalism of general finite games, we have S = A and, for every p €
N and a = (ai,...,a,) € A, up(a) = > yee UOU ", This also

p,0
shows how any Bayesian game can be equivalently represented as a non-
Bayesian normal-form game, in which each player has a number of actions

exponentially larger (in the number of types) than in the original game.

2.1.2 Extensive-Form Representation

The extensive form allows to represent games where the players play se-
quentially, and it is usually specified by defining a game tree. Formally:

Definition 2.4 (Extensive-Form Game). An extensive-form game with im-
perfect information I' is a tuple (N, H, Z, A, p, X, T¢, u, L) in which:

e N = {1,...,n} is afinite set of players;

o H = UpeN H, U H_ is a finite set of nonterminal nodes, where H_ is
a set of chance nodes, while H, is a set of player p’s decision nodes;

7 is the set of terminal nodes;

A= Upe ~ A,UA, is a finite set of actions, where A, contains chance
moves, while A, is a set of player p’s actions;

e p: H — 24 is an action function that assigns to each nonterminal
node a set of available actions;
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e v : Hx A — HU Zis a successor function that defines the node
reached when an action is performed in a nonterminal node;

o 7. : HUZ — [0,1] assigns each node with its probability of being
reached given chance moves;

o u = {u,},en is a set of players’ payoff functions, where u, : Z — R
specifies player p’s payoffs (or utilities) in each terminal node;

o 7 := {Z,},en is an information partition, where Z, defines a parti-
tion of H, into information sets, which are groups of nodes that are
indistinguishable by player p.

Let us remark that, for every player p € N and information set / € Z,, it
must be the case that p(h) = p(h’) := A(I) for any pair of nodes h,h' € I,
otherwise player p would be able to distinguish them. As usual, w.l.o.g.,
we assume that each action a € A belongs to only one set A([).

We focus on extensive-form games with perfect recall, i.e., games in
which no player forgets what she did or knew in the past. Formally, for ev-
ery p € N and information set / € Z,, we require that all nodes belonging
to I share the same player p’s actions on their paths from the root node.

Note that any extensive-form game can also be represented using the for-
malism of general finite games. In particular, a player p’s strategy s, € .5,
defines a collection of actions, one per information set I € Z,, thus specify-
ing player p’s behavior at every decision node of the game tree. As a result,
any extensive-form game admits an equivalent normal-form representation,
which, however, may be exponentially larger than the original game tree.

Strategies in Extensive-Form Games

A straightforward way of defining mixed strategies in an extensive-form
game is to identify them as the strategies of the corresponding, exponen-
tially sized normal form. Fortunately, under the perfect recall assumption,
it is sufficient to restrict the attention to behavioral strategies (Kuhn,|1953),
which define, for every player p € /N and information set I € 7,, a prob-
ability distribution over the actions A(I). For p € N, let m, € II, be a
player p’s behavioral strategy, with 7, denoting the probability of playing
action a € A,. As for the other types of strategies, we let 7 € X v 11, be
a behavioral strategy profile. Moreover, overloading notation, we use u,, as
if it were defined over behavioral strategies instead of terminal nodes, with
u,(7) being player p’s expected utility when 7 € X I1,, is played.
While behavioral strategies require space polynomial in the size of the
game tree, players’ expected utilities u,(7) depend non-linearly on the
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single strategy components m,,, and, thus, they are not amenable to effi-
cient computational techniques. However, assuming perfect recall, behav-
ioral strategies admit an equivalent, computationally efficient representa-
tion, which is based on what is called the sequence form of an extensive-
form game (Von Stengel, | 1996; Romanovskii, [1962).

In the sequence form, every node h € HUZ defines a sequence o,(h) for
player p € N, which is the ordered set of player p’s actions on the path from
the root of the game tree to . Let X, be the set of player p’s sequences.
As usual, we let o5 € X, be a fictitious element representing the empty
sequence. In perfect-recall games, given an information set / € Z,, for
any pair of nodes h,h’ € I it holds o,(h) = o,(h') = o0,(I). Given
o, € ¥yand a € A(I) with I € 7, : 0, = 0,([), we denote as o,a the
extended sequence obtained by appending a to o,. Moreover, for any pair
of sequences 0y, 0, € ¥, we write 0, C 0, whenever o), is a prefix of 0,
i.e., 0, can be obtained by extending o, with a finite number of actions.
Given g, € ¥,,, we also denote with /,(0,) the information set / € Z, such
that 0, = 0,,(/)a for some action a € A(I).

A sequence-form strategy is called realization plan, and it assigns each
sequence with its probability of being played. Forp € N, we letr, € R,
be a player p’s realization plan. In order to be well-defined, a realization
plan r, must be such that r,(cz) = 1 and, for every [ € Z,:

rp(op(D) = Y rp(op(D)a).

acA(I)

A realization plan profile r € X .y R, is defined as usual.

Finally, letting ¥ = X,y %, be the set of sequence profiles o =
(01,...,04), overloading notation, u, : ¥ — R is the player p’s utility
function in the sequence form, defined as follows:

wo)= 3 ulhmh),

h€Z:o(h)=c

where, for h € H U Z, we let o(h) be the sequence profile defined by
the sequences o,(h). Moreover, we also use u, as if it were defined over
realization plans. Formally, u,(r) = > 5 uy(0) [[,en 74(0q), where 1,
is the player ¢’s realization plan in the profile 7.

The sequence form is usually expressed with matrix notation, as follows.
Player p’s utility function is a |¥;] x ... x |X,| matrix U, whose entries
are the utilities u,(c0), for ¢ € X. The constraints defining 7, € R, are
expressed as F,r, = f,, where: F,is a (|Z,|+1) x |, | (multidimensional)
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matrix, f, € RZ»/*1 and, overloading notation, 7, € RI*#l is a vector
representing 7,. Specifically, introducing a fictitious information set /g,
the entry of F}, indexed by (/z,04) is 1, and, for I € 7, and 0, € ¥, the
entry indexed by (1, 0,) is —1if o, = 0,(I), whileitis 1 if o, = 0,(/)a for
some a € A(I). F, is zero everywhere else. Moreover, f, = (1 0---0).
Finally, given r € Xy R, we can write u,(r) = Uy [[ ¢y 7> Where the
products involving the matrix U, and the vectors r, representing players’
realization plans are defined in such a way that the result is a scalar.

In perfect-recall games, behavioral strategies and realization plans are

equally expressive (Von Stengel, 1996). Given r, € R,, we obtain an
rp(op(l)a)
(o (1)
when r,(0,(I)) > 0, while 7,, can be any otherwise. Similarly, 7, € II,

has an equivalent r, € R, with r;,(0,) = [] ¢, Tpa forall o, € .

In conclusion, let us remark that the constraints defining players’ real-
ization plans are linear, and, in two-player games, the same holds for ex-
pected utilities. As a result, the sequence form allows for the development
of efficient computational tools for two-player extensive-form games.

equivalent 7, € II, by setting, forall / € Z,, and a € A([), mp, =

2.2 Succinct Games

In this section, we introduce some game representations that allow to com-
pactly represent finite games with many players and strategies by leverag-
ing the specific structure of such games. In particular, we focus on succinct
games, as formally defined by [Papadimitriou and Roughgarden| (2008).

Definition 2.5 (Succinct Game). A succinct game of polynomial type is a
finite game I = (N, S, u) such that:

e the number of players n and the cardinalities |S,| of the players’ strat-
egy sets are polynomially bounded in the size of the game;

o there exists a polynomial-time algorithm that, given as input a player
p € N and a strategy profile s € S, returns u,(s).

There are many classes of games that can be defined as succinct games
of polynomial type, such as, e.g., graphical games (Kearns et al., 2001,
2013)), polymatrix games (Janovskajal |1968;[Howson Jr, 1972} Eaves, |1973)),
anonymous games (Blonski, 2000), congestion games (Rosenthal, [1973)),

IHere, the equivalence is in terms of probabilities that the strategies induce on terminal nodes, i.e., what is
usually known in the literature as realization equivalence.
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facility location games (Chun et al., 2004), network design games (An-
shelevich et al.,[2008)), local-effect games (Leyton-Brown and Tennenholtz,
2003)), and scheduling games (Fotakis et al.,[2009).

Next, we provide further details on polymatrix and congestion games.

2.2.1 Polymatrix Games

Polymatrix games capture settings in which the players interact pairwise.
Specifically, in a polymatrix game, each player competes in a two-player
normal-form game with every opponent, adopting a common strategy in
all such games. Then, a player’s overall utility is given by the sum of the
utilities perceived in the pairwise games. Formally:

Definition 2.6 (Polymatrix Game). A polymatrix game [ is defined as a
tuple (N, A, U), where:

e N = {1,...,n} is afinite set of players;

o A:={A,},en contains players’ actions sets, with A, denoting a finite
set of player p’s actions, of cardinality m, = |A,

y

o U = {U,,}prqen is a set of matrices, with U, , € Q™»*™ repre-
senting a player p’s utility (or payoff) matrix, in which each compo-
nent Up%™* corresponds to the utility of player p when playing against
player q, with their actions being a, € A, and a, € A,, respectively.

When working with polymatrix games, we define action profiles a =
(a1,...,a,) € A = X,y Ay, mixed strategies v, € A,, and strategy
profiles * = (zy,...,2,) € X,cn A, as in normal-form games, using
the same notation and conventions. Furthermore, given a strategy profile
xr = (z1,...,x,), the expected utility of player p € N is given by the sum
of the expected utilities resulting from each two-player normal-form game
involving p, i.e., the polynomial 3 x>, cu 30, ca Upl 7" 74"

Clearly, we can cast polymatrix games as general finite games by let-
ting S = A and uy(a) = Yy Upq" forevery p € N and a =
(ay,...,a,) € A. Moreover, notice that they are succinct games of polyno-
mial type since the size of a game instance (N, A, U) is O(n*m?), where n
is the number of players and, w.l.o.g., we assumed m, = m forallp € N.

2.2.2 Congestion Games

In a congestion game, the players compete for the use of a set of shared
resources, with each player choosing a subset of such resources. Then, a
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player incurs a cost (i.e., the opposite of utility) equal to the sum of the
costs for the selected resources, where each resource cost depends on the
number of players using it (called the resource congestion). Formally:

Definition 2.7 (Congestion Game). A congestion game I is defined as a
tuple (N, R, A, ¢), where:

o N = {1,...,n} is afinite set of players;
e R:={1,...,r} is a finite set of resources;

o A = {A,},cn defines players’ actions sets, with A, C 2% denoting
a finite set of player p’s actions, in which each action a, € A, is a
non-empty subset of resources, i.e., a, C R;

o ¢ = {c; }ier is a finite set of resource cost functions, with ¢; : N — Q
defining the cost of resource i as a function of its congestion.

We assume that ¢;(0) = 0 for every resource i € R. Given an action
profile a = (a1, ..., a,) € A= X,cy Ap, welet y(a) =3, (1) be
player p’s cost when the game is played according to the actions defined by
a, with v/ == |{q € N | i € a,}| denoting the congestion induced by a on
© € R, i.e., the number of players choosing resource .

When working with congestion games, we adopt the same notation and
conventions as for normal-form games, defining mixed strategies x, € A,
and strategy profiles z = (z1,...,2,) € X,cx A, Moreover, with an
abuse of notation, given a strategy z, € A,, we let x; = > _ xp" be the
probability of selecting resource « € R when x,, is played.

In the literature, many classes of congestion games have been studied,
depending on the specific structure of the players’ action sets. For in-
stance, one possibility is that the players play a congestion game on a graph,
with their actions being either paths from a source to a destination (Fab-
rikant et al., 2004) or spanning trees (Werneck et al., 2000), or, as studied
by |/Ackermann et al. (2008), the players’ action sets may be represented
as matroids. In this work, we extensively analyze singleton congestion
games (leong et al.l 2005)), where the players’ actions are required to be
singletons, i.e., |a,| = 1 for every p € N and a, € A,. Formally:

ap>t

Definition 2.8 (Singleton Congestion Game). A singleton congestion game
is a congestion game I' = (N, R, A, c¢) in which A, C R forallp € N.

When working with singleton games, we use mixed strategies x, € A,
as if they were directly defined over resources in A, with z;, denoting the
probability by which player p selects resource i € A,,.

23



Chapter 2. Games and Equilibria

2.3 Classical Equilibrium Concepts

Since the birth of game theory, researchers have put much of their effort
trying to come up with a universal definition of “optimal” solution for a
game. Indeed, while in optimization it is clear that the best solution for a
model is one maximizing (or minimizing) the given objective function, in
game theory no such clear definition exists, as games involve multiple play-
ers having their own objectives. In game theory, the most suitable definition
of solution is the one of equilibrium, i.e., a stable situation from which no
player wants to leave. Unfortunately, it turns out that no unique definition
of equilibrium exists, and, thus, over the last decades many possible equi-
librium concepts have been introduced, differing on the specific classes of
games they refer to and the assumptions they make.

In this section, we survey the two most widely adopted equilibrium con-
cepts in finite games: the Nash equilibrium (Nash, 1951) and the corre-
lated equilibrium (Aumann, [1974). Next, in the following Chapter [3] we
introduce and extensively describe the Stackelberg equilibrium (Von Stack-
elberg, [1934), which is the main focus on this work.

2.3.1 Nash Equilibrium

The Nash equilibrium has been the most acclaimed and studied equilibrium
concept in the literature, since it was originally introduced by Nash|(1951).
The idea of Nash equilibrium is strikingly simple: the players in a game
are at an equilibrium if none of them has an incentive to unilaterally devi-
ate from the currently played strategy, given that the others do not deviate
either. It turns out that if we consider equilibria in which the players are al-
lowed to play general mixed strategies, then any finite game admits at least
one Nash equilibrium. Formally:

Definition 2.9 (Nash Equilibrium). A mixed strategy profile v € X, X,
is a Nash equilibrium (NE) of a finite game U if, for every player p € N
and mixed strategy x; € X, the following holds:

Up () > up(x,, v_p). 2.1

Theorem 2.1 (Nash (1951)). Every finite game admits at least one Nash
equilibrium in mixed strategies.

Notice that it is also possible to define NEs on pure strategy profiles
s € S, and these are usually referred to as pure-strategy NEs (or, for short,
pure NEs). Formally:
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Definition 2.10 (Pure Nash Equilibrium). A pure strategy profile s € S is
a pure NE of a finite game U if, for every player p € N and pure strategy
s, € Sy, the following holds:

up(5) > up(s),, 5_p). (2.2)

Let us observe that not all finite games admit a pure NE. Nevertheless,
there are some specific classes of games that always admit at least one pure
NE, such as, e.g., congestion games (Rosenthal, [1973).

Due to the proliferation of NEs, most of the early works in algorith-
mic game theory has focused on the problem of computing them. Indeed,
one of the most important results on the characterization of the computa-
tional complexity of finding equilibria is that of Daskalakis et al.| (2009)),
who prove that computing an NE is a PPAD-complete problem. More-
over, other works further investigate the complexity of finding NEs, study-
ing, e.g., approximate NEs (Braverman et al., [2014; Deligkas et al., 2016)),
the problem of computing social-welfare-maximizing NEs (Conitzer and
Sandholm, 2008)), and the complexity of finding equilibria in games with a
specific structure (Fabrikant et al.,[2004).

Refinements of the Nash Equilibrium in Extensive-Form Games

In the specific context of extensive-form games, considerable attention has
been devoted to the definition of refinements of the NE. The reason is that,
in games with a sequential structure, an NE may prescribe the players sub-
optimal actions off the equilibrium path, i.e., at those decision points which
are never reached if the players play as the equilibrium prescribes.

In order to refine the NE concept, several approaches have been in-
vestigated. Among them, trembling-hand perfection (introduced by Selten
(19735))) received the attention of the majority of the works on equilibrium
refinements in the literature. The main idea behind this approach is to in-
troduce the possibility that the players may tremble, i.e., play each action
with a minimum low-but-non-zero probability. As a result, any information
set of the game is reached with positive probability, which ensures that the
resulting equilibria prescribe to play optimally everywhere.

Among the plethora of NE refinements based on trembling-hand perfec-
tion (see (Van Damme, [1987) for details), the quasi-perfect equilibrium,
proposed by Van Damme| (1984)), plays a central role, and it is consid-
ered one of the most attractive NE refinement concepts, as argued, e.g.,
by Mertens| (1995). The rationale behind the quasi-perfect equilibrium con-
cept is that every player, in every information set, plays her best response
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to perturbed, i.e., subject to trembles, strategies of the opponents. Another
well-known NE refinement is the extensive-form perfect equilibrium intro-
duced by Selten (1975), where, differently from the quasi-perfect equilib-
rium, the players also take into account their own trembles (in addition to
those of the opponents). Notice that addressing the opponents’ mistakes
only (which is the core idea of quasi perfection) is generally considered
as a reasonable assumption, and it also excludes some unreasonable play-
ers’ strategies (Mertens, [1995). Finally, yet another possibility is to apply
trembles to the normal-form representation of the extensive-form game, re-
sulting in the definition of normal-form perfect equilibrium. Differently
from a quasi-perfect equilibrium, a normal-form perfect equilibrium does
not guarantee that the strategies of the players are sequentially rational, and,
additionally, quasi-perfection implies normal-form perfection.

Computation of NE refinements has received extensive attention in the
literature. In the two-player case, Miltersen and Sgrensen| (2010) provide
algorithms for finding a quasi-perfect equilibrium, while |[Farina and Gatti
(2017a) for finding an extensive-form perfect equilibrium. In particular,
Miltersen and Sgrensen| (2010) show that a strict subset of the quasi-perfect
equilibria can be found when the sequence form is subject to a specific
perturbation, while Farina and Gatti (2017a) do the same for the extensive-
form perfect equilibrium. Iterative algorithms for such perturbed games in
the zero-sum extensive-form perfect equilibrium setting were introduced
by [Kroer et al.| (2017) and |[Farina et al. (2017]).

2.3.2 Correlated Equilibrium

The correlated equilibrium assumes that there is an external mediator (usu-
ally referred to as the correlation device) that privately communicates how
to play to the players, who must not have any incentive to deviate from the
recommendations. Formally, given any finite game ' = (N, S, u), we let
X = A(S) be the set of correlated distributions defined over strategy pro-
files in S, i.e., each x € X satisfies ) o 2(s) = 1 and x(s) > 0 for all
s € S. Moreover, overloading notation, we let u,(z) = > ¢ x(s)uy(s)
be player p’s expected utility in z € X.

Definition 2.11 (Correlated Equilibrium). A correlated distribution v € X
is a correlated equilibrium (CE) of a finite game U if, for every playerp € N
and pair of strategies s, s, € Sy, the following holds:

Z T(8p, 5—p) (Up(Sp, 5—p) — Up(sh,5-,)) > 0. (2.3)

5_pES_p
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We can interpret a CE as follows: a correlation device draws some strat-
egy profile s = (s1,...,s,) € S from the publicly known correlated distri-
bution z, and, then, it privately communicates each recommendation s, to
player p. Then, the distribution is an equilibrium if no player has an incen-
tive to deviate from the recommendation, as made formal by the incentive
constraints of Equation (2.3).

The coarse correlated equilibrium weakens the original version by only
enforcing protection against a priori defections, i.e., before the recommen-
dations are revealed to the players (Moulin and Vial, |1978)).

Definition 2.12 (Coarse Correlated Equilibrium). A correlated distribution
x € X is a coarse correlated equilibrium (CCE) of a finite game 1" if, for
every player p € N and strategy s, € S, the following constraint holds:

Zx(s) (up(s) — up(s), s-p)) > 0. (2.4)

seS

From the computational perspective, CEs (and their coarse variant) en-
joy some nice properties. For instance, in the basic setting of normal-form
games, the problem of computing a CE (or a CCE) can be formulated as an
LP, whose size is polynomial in the size of the normal-form game (Shoham
and Leyton-Brown, 2008). Moreover, CEs and CCEs can be approximated
efficiently by letting the players play iteratively by means of regret mini-
mizing procedures (Hart and Mas-Colell, 2000; |(Cesa-Bianchi and Lugosi,
2006)), which have been shown to converge to an equilibrium in a sub-linear
(in the size of the game) number of iterations in many classes of games be-
yond the normal form (see, e.g., (Hartline et al., 2015}; Celli et al., 2019))).
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CHAPTER

Stackelberg Games and Equilibria

In this chapter, we introduce the core subject of this work: Stackelberg
games and their corresponding equilibria, called Stackelberg equilibria.lﬂ

Section [3.1] defines Stackelberg games in general, introducing the nota-
tion we adopt in the rest of the work. Then, the rest of the chapter surveys
the main state-of-the-art computational results on Stackelberg games and
equilibria. In particular, Section presents the results about the com-
putation of Stackelberg equilibria in single-leader single-follower games,
while Sections [3.3] and [3.4] do the same for single-leader multi-follower
and multi-leader games, respectively. Finally, Section [3.5] addresses some
related works studying variations of the Stackelberg paradigm that are dif-
ferent from the classical one addressed in this work.

3.1 Stackelberg Games

Any finite game has a Stackelberg counterpart where some of the play-
ers are leaders and the others are followers. The former have the ability
to commit to a course of play beforehand, while the latter decide how to

In some works, Stackelberg games are also called leadership (or leader-follower) games, while their equilib-
ria are named leader-follower equilibria. Here, we use the term Stackelberg since it is the most widely adopted.

29



Chapter 3. Stackelberg Games and Equilibria

play after observing the commitment (Von Stackelberg,|1934; |Conitzer and
Sandholm, [2006; Von Stengel and Zamir, |2010).

Definition 3.1 (Stackelberg Game). Given a finite game I' = (N, S, u), a
Stackelberg game (SG) is a tuple (I', L, F') where L and F are the sets of
leaders and followers, respectively, with N = L U F..

When focusing on SGs with a single leader and multiple (i.e., more than
one) followers, we adopt the convention that player n is the leader, and we
let F' be the set of followers, i.e., N = F U {n}. Furthermore, for SGs
with a single leader and a single follower, we do not explicitly refer to the
sets L and F', as we always assume that player 2 is the leader and player
1 is the follower. For the ease of presentation, we use ¢ and f to denote
the leader and the follower, respectively, i.e., N = {/, f}. In both cases,
when no ambiguity arises, we simply refer to a SG with its underlying non-
Stackelberg finite game I' = (NN, S, u).

3.2 Single-Leader Single-Follower Stackelberg Games

In single-leader single-follower SGs, the leader first commits to a mixed
strategy, and, then, the follower best responds to the commitment (Conitzer
and Sandholm, 2006; [Von Stengel and Zamir, 2010). Given a leader’s
mixed strategy z, € Xj, we define BR(z,) = argmax, cy us(2e,zs)
as the set of follower’s best responses to x,. If there are multiple best re-
sponses to the same strategy, in order to determine an optimal commitment
the leader needs to make an assumption about the follower’s tie-breaking
scheme. A follower response function specifies how the follower responds
to any possible mixed-strategy commitment of the leader. Formally:

Definition 3.2. A follower response function is a function 7 : Xy — X}
such that 7(xy) € BR(xy) for every leader’s mixed strategy x, € X,.

Definition 3.3 (Stackelberg Equilibrium). In an SG with a single leader and
a single follower 1', given a follower response function T, a T-Stackelberg
equilibrium, if it exists, is a mixed strategy profile (x4, 7(x¢)) € Xp X Xj:

xy € argmax uy(xg, 7(x))). 3.1)
zEXy

Moreover, a mixed strategy profile (xy,xs) € Xy X Xy is a Stackelberg
equilibrium (SE) of T' if there exists a follower response function T such
that (x4, x ) is a T-Stackelberg equilibrium.
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Intuitively, an SE prescribes the leader to play a utility-maximizing strat-
egy, under the assumption that the follower best responds according to some
response function. An SG may admit many SEs depending on how the fol-
lower is assumed to break ties. Two notable examples are the strong SE and
the weak SE, where the follower is assumed to break ties either in favor or
against the leader. E] Formally, we let:

e 7°: X, — A&} be a follower response function in which the follower
always breaks ties in favor of the leader, i.e., for all x, € &), it holds
7%(x¢) € arg max, cgra,) Ue(2e, Ty);

o 7 : Xy — X be a follower response function that always prescribes
her to break ties against the leader, i.e., for all x, € A}, it holds

™ (x) € arg min, cgr(s,) we(Te, ).
Then, the following definitions hold.

Definition 3.4 (Strong Stackelberg Equilibrium). A strong Stackelberg equi-
librium (SSE) is a 7°-Stackelberg equilibrium.

Definition 3.5 (Weak Stackelberg Equilibrium). A weak Stackelberg equi-
librium (WSE) is a 7-Stackelberg equilibrium.

Strong and weak SEs define the extreme values for the utility that the
leader could get when playing an SE. Moreover, while an SSE is always
guaranteed to exist (Von Stengel and Zamir, [2010), a WSE may not, since
the function u,(z,, 7 (x,)) does not in general admit a maximum over Xj.
When a WSE does not exist, it is customary to look at the supremum at-
tained by wu,(z, 7V(z¢)) over Ay (Von Stengel and Zamir, [2010) (see also
the example in the proof of Proposition [4.1)).

3.2.1 Computing SEs in Single-Leader Single-Follower SGs

The problem of computing an SE E] is known to be easy in two-player (i.e.,
single-leader single-follower) normal-form SGs in both the strong and the
weak setting, as shown in, respectively, (Conitzer and Sandholm), 2006)) and
(Von Stengel and Zamir, |2010). The key insight for efficiently solving the
problem (in both settings) is that we can restrict the attention, w.l.o.g., to
pure-strategy follower’s best responses, since uy(z, ) and uy(zy, x5) are

2The terms strong and weak were originally introduced by Breton et al.| (1988), who first studied these two
variants of the SE. In the literature, sometimes the terms optimistic and pessimistic are used in place of strong
and weak (see, e.g., (Coniglio et al.| |2017; De Nittis et al.||2018a)).

3In the literature related to Al the problem of computing an SE is also referred to as computing an optimal
strategy to commit to (see (Conitzer and Sandholm) [2006) and other following related works).
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linear functions in z, and x;. In the strong case, an SE can be found in
polynomial time by solving an LP for each action of the (single) follower
(the algorithm is, thus, a multi-LP). Each LP maximizes the expected util-
ity of the leader subject to a set of constraints imposing that the given fol-
lower’s action is a best response (Conitzer and Sandholm, [2006). As shown
in Conitzer and Korzhyk|(2011)), all these LPs can be encoded into a single
LP—a slight variation of the LP that is used to compute a CE. ﬁ] Some works
study the equilibrium-finding problem in structured games where the action
space is combinatorial. See (Basilico et al., 2017c]) for more references.

For what concerns the weak case, Von Stengel and Zamir| (2010) study
the problem of computing the supremum of the leader’s expected utility
we(xg, 7™ (2¢)). They show that, for the latter, it suffices to consider the
follower’s actions which constitute a best response to a full-dimensional
region of the leader’s strategy space. The multi-LP algorithm the authors
propose solves two LPs per action of the follower, one to verify whether
the best-response region for that action is full-dimensional (so to discard
it if full-dimensionality does not hold) and a second one to compute the
best leader’s strategy within that best-response region. The algorithm runs
in polynomial time. While the authors limit their analysis to computing
the supremum of the leader’s utility wu,(xy, 7% (x)), we remark that such
value does not always translate into a strategy that the leader can play as,
in the general case where the leader’s utility does not admit a maximum,
there is no leader’s strategy giving her a utility equal to the supremum. In
such cases, one should rather look for a strategy providing the leader with
an expected utility which approximates the value of the supremum. This
aspect, which is not addressed in (Von Stengel and Zamir, 2010), will be
tackled on the multi-follower case by our work.

Besides normal-form SGs, the literature has devoted considerable at-
tention to two-player Bayesian SGs where the follower can be of different
types, mainly due to their relevance in security games. In this setting, it is
known that finding an SSE is Poly-APX-complete (Letchford et al., 2009)
and that an equilibrium can be found with an MILP (Paruchuri et al., 2008)).

Over the last years, the Stackelberg paradigm has also been applied to
two-player extensive-form SGs. In particular, |Letchford et al.|(2009) prove
that finding an SSE is NP-hard even in games without nature. Works such
as (Bosansky and Cermakl, 2015 (Cermak et al., |2016; Bosansky et al.,
2017) address the problem of computing an SSE in extensive-form games,
providing worst-case exponential-time algorithms based on MILPs. In the

“In this case, the leader and the follower play correlated strategies under rationality constraints imposed on
the follower only, maximizing the leader’s expected utility.
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context of extensive-form games, attempts have also been made towards
the refinement of SEs. In particular, |[Kroer et al. (2018)) introduce the idea
of a robust SE, where an optimal commitment is found against a worst-case
follower’s utility model.

3.3 Single-Leader Multi-Follower Stackelberg Games

In SGs with multiple (i.e., at least two) followers, many definitions of SE
are possible depending on how the followers are assumed to play after ob-
serving the leader’s mixed-strategy commitment. Here, we present two
notable cases, which correspond to assuming that the followers play an NE
and a CE, respectively.

3.3.1 Stackelberg-Nash Equilibria

A reasonable choice, which was first introduced and studied by Von Sten-
gel and Zamir (2010), is that the followers play non-cooperatively after ob-
serving the leader’s commitment, thus reaching an NE in the game obtained
after fixing the leader’s strategy. By letting X := X . X}, be the set of all
the followers’ mixed strategy profiles, we denote with £(x,,) C Xk the set
of NEs in the followers’ game resulting from the leader’s mixed strategy
x, € &,. Then, we have the following formal deﬁnitions.E]

Definition 3.6 (Strong Stackelberg-Nash Equilibrium). In an SG with a sin-
gle leader and multiple followers I', a strong Stackelberg-Nash equilibrium

(SSNE) is a mixed strategy profile v = (x,,,x_,) € Xpen Xp such that:

(Tp,T_p) € argmax max Uy (T,, T_,). (3.2)
Tn€Xn T-n€E(Tn)
Definition 3.7 (Weak Stackelberg-Nash Equilibrium). In an SG with a sin-
gle leader and multiple followers 1', a weak Stackelberg-Nash equilibrium
(WSNE), if it exists, is a profile v = (v, ¥_,) € X, &), such that:
(Tp,r_p) € argmax min U, (x,, _,). (3.3)
Zn EXn, T_n€E(Tn)

As for the single-follower case, an SSNE is always guaranteed to exist,
while a WSNE may not (Von Stengel and Zamir, 2010). Moreover, notice
that, in the basic setting of single-leader single-follower SGs, SSNEs and
WSNEs reduce to SSEs and WSEs, respectively.

3In this work, when working with single-leader multi-follower SGs, we are only concerned with the two
specific cases of strong and weak SEs. However, note that it is possible to define generic SEs even in this setting,

as we did in Definition [3.3] for single-leader single-follower SGs. In order to do so, it is sufficient to generalize
the concept of response function to the general setting with multiple followers.
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We remark that the adoption of either the strong or the weak setting does
not correspond to assuming that the followers could necessarily agree on
a specific equilibrium in a practical application. Rather, by computing an
SSNE and a WSNE the leader becomes aware of the largest and smallest
utility she can get without having to make any assumptions on which equi-
librium the followers would actually end up playing if the game resulting
from the leader’s commitment were to admit more than a single one. What
is more, while an SSNE accounts for the best case for the leader, a WSNE
accounts for the worst case. In this sense, the computation of a WSNE is
paramount in realistic scenarios as, differently from an SSNE, it is robust,
guaranteeing the leader a lower bound on the maximum utility she would
get independently of how the followers would break ties among multiple
equilibria. As we will see, though, this degree of robustness comes at a
high computational cost, as computing a WSNE is a much harder task than
computing its strong counterpart.

The problem of computing SNEs has already been investigated in n-
player normal-form games with n > 3 (i.e., one leader and at least two
followers). In this case, it is known that finding an S/WSNE is not in Poly-
APX unless P = NP even when there are only two followers (i.e., with n =
3) (Basilico et al., 2016, 2017a). As for algorithms, Basilico et al. (2016,
2017a, [2019)) show how to formulate the problem of finding an SSNE in
n-player normal-form games as a nonlinear and nonconvex mathematical
program, which they solve via spatial branch-and-bound techniques.

3.3.2 Commitment to Correlated Strategies

Some works address single-leader multi-follower SGs in which the fol-
lowers do not play an NE. E] In particular, |Conitzer and Korzhyk (2011)
study what they call optimal correlated strategies to commit to, where the
leader commits to a utility-maximizing correlated distribution satisfying
the incentive constraints (Equation (2.3)) for the followers only. By letting
X5E C X be the set of correlated distributions that satisfy the incentive
constraints of Equation (2.3)) only for a subset of players P C N, we can
state the following formal definition:

Definition 3.8 (Optimal Correlated Strategy to Commit to). In an SG with
a single leader and multiple followers ', x € X is an optimal correlated
strategy to commit to if it maximizes the leader’s utility u,(z) over XSE.

SHere, we only discuss the idea of commitment to correlated strategies introduced by [Conitzer and Korzhyk
(2011) (see Definition @]) Some works address different models, such as, e.g., a setting in which the followers
play in a hierarchical fashion, where finding an equilibrium is NP-hard Conitzer and Sandholm|(2006).
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Conitzer and Korzhyk (2011) show that finding an optimal correlated
strategy to commit to is easy in n-player normal-form games, as the prob-
lem can be cast as an LP, which is a variation of the LP for finding a CE.

Notice that optimal correlated strategies to commit to coincide with
SSEs in the basic setting of single-leader single-follower SGs, as the fol-
lower’s incentive constraints (Equation (2.3)) reduce to the best response
conditions. Thus, the two models provide the same leader’s utility in single-
leader single-follower SGs. However, optimal correlated strategies to com-
mit to may be strictly better in SGs with two or more followers (see (Conitzer
and Korzhyk, 2011) for an example).

3.4 Multi-Leader Stackelberg Games

Settings including multiple leaders are widely unexplored in the literature.
In spite of this, many real-world applications naturally involve more than
one player with competitive advantages, playing the role of leader. Some
scenarios are, e.g., network platforms with premium (prioritized) users,
markets where a group of firms forms a price-determining dominant car-
tel (Diamantoudi, |2005), and political elections in which some candidates
choose policy positions in advance of challengers (Anderson and Glomm,
1992). In the second part of this work, we fill this gap by proposing a novel
model that can be applied to any SG with multiple leaders and followers.
In the following, we briefly discuss some results related to ours.

Restricted to the security context, there are some works addressing games
with multiple uncoordinated defenders (leaders) (Lou and Vorobeychik,
2015; Laszka et al., 20165 [Lou et al., 2017; |Gan et al.,2018). The common
point that unifies all these work is that they enforce Nash-like constraints on
the leaders’ strategies. However, the resulting models suffer from two ma-
jor drawbacks: (i) an exact equilibrium may not exist, and (ii) they strongly
rely on problem-specific structures arising in security problems.

The operations research literature provides further works on multi-leader-
follower settings, under the name of mathematical programs with equilib-
rium constraints (Luo et al.,|1996)). They assume that both leaders and fol-
lowers are subject to Nash constraints, with the latter playing in the game
resulting from the leaders’ strategies (Pang and Fukushima, 2005; |Leyf-
fer and Munson, 2010; |Kulkarni and Shanbhag, 2014). Furthermore, other
works from the same field focus on oligopoly models with multiple lead-
ers (Sherali, |1984; DeMiguel and Xu, 2009; Sinha et al., 2014)). All these
works considerably depart from ours, as they use fundamentally different
models and lack thorough game theoretic and computational studies.
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3.5 Other Stackelberg Paradigms

When studying SGs, we apply the Stackelberg paradigm to finite games
following the approach of [Von Stengel and Zamir (2010) and |Conitzer and
Sandholm| (2006), i.e., we treat the leader as a special player who seeks for
an optimal (in terms of her utility) strategy to commit to. In the literature,
there are a number of works that apply the Stackelberg paradigm following
different approaches. This is the case, e.g., in congestion games. Even if
these works address settings that are are substantially different from ours,
it is worth discussing how their results relate to our work.

There are some works, such as, e.g., (Roughgarden, 2004; Swamy, 2007}
Sharma and Williamson, [2009; Fotakis, 2010), which study congestion
games where the leader is an authority whose objective is to minimize the
inefficacy (in terms of followers’ social welfare) of the NE reached by the
followers (i.e., minimize the price of anarchy). This setting is fundamen-
tally different form ours, as we assume that the leader looks for a strategy
to commit to that minimizes her own cost, while she is not concerned with
the maximization of followers’ social welfare. Let us remark that our ap-
proach leads to what is usually called SE, while the Stackelberg strategies
analyzed in these works are not SEs according to the classical definitions
(Conitzer and Sandholm, 2006; Von Stengel and Zamir, 2010).

Moreover, there are other works, such as, e.g., (Leme et al.,[2012; de Jong
and Uetz, |[2014;|Correa et al.,|[2015), which apply the Stackelberg paradigm
to congestion games following yet another approach. They assume that the
players play sequentially in a predefined order, reaching a subgame per-
fect equilibrium in the extensive-form extension of the original congestion
game where each player plays after observing the actions performed by the
preceding players. This is different from our setting in two fundamental
ways: (i) we assume that the followers play simultaneously, rather than
sequentially; and (ii) these works study the inefficiency (in terms of follow-
ers’ social welfare) of subgame perfect equilibria, rather than the computa-
tional problem of finding an optimal leader’s strategy. Furthermore, we re-
mark that an SE is a subgame perfect equilibrium of a particular extensive-
form extension of the original congestion game, known as mixed exten-
sion (Von Stengel and Zamir, 2010). In this extended game, the leader first
commits to a mixed strategy (having a continuum of actions), and, then,
the followers observe it and play simultaneously, reaching an NE. This is
different from the extensive-form extension studied in the work by Leme
et al. (2012) and its follow-ups, where only pure-strategy commitments are
possible and the followers play sequentially.
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CHAPTER

Computing Stackelberg-Nash Equilibria in
Normal-Form Stackelberg Games

In this chapter, we study the problem of finding SNEs in n-player normal-
form SGs. We focus on the case where the followers are restricted to pure
strategies. This restriction is motivated by two reasons. First, while the un-
restricted problem is already hard with two followers (as shown by [Basilico
et al.| (2016, 20174a))), it is not known whether the restriction to followers
playing pure strategies makes the problem easier or not. Secondly, many
games admit pure-strategy NEs, among which potential games (Monderer
and Shapley, [1996), toll-setting problems (Labbé and Violin, 2016), and
congestion games (Rosenthall, [1973)) (see also Chapter [6).

We start, in Section4. 1] introducing the rigorous definitions of the prob-
lems analyzed in this chapter. First, we briefly address the strong version
of the problem (showing that it can be solved in polynomial time), and,
then, we formally define its weak variant, on which we focus our atten-
tion entirely in the rest of the chapter. In particular, Section 4.2] studies the
computational complexity of finding WSNEs in n-player normal-form SGs
(with followers restricted to pure strategies). Then, Sections 4.3 and [4.4]
focus on the algorithmic aspects of the problem.
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4.1 The Problem and Its Formulation

In this section, we formally define the problem analyzed in this chapter and
show some preliminary results related to it. For the ease of notation, we
define Ap = A_, = Xoer A, as the set of followers’ action profiles, i.e.,
the set of all the collections of followers’ actions. We also assume, unless
otherwise stated, m, = m for every player p € N, where m denotes the
number of actions available to each player. This is without loss of gen-
erality, as one can always introduce additional actions with a utility small
enough to guarantee that they would never be played, thus obtaining a game
where each player has the same number of actions.

We tackle the problem of computing an SNE in n-player normal-form
SGs where the followers play a pure NE once they have observed the
leader’s mixed-strategy commitment. We refer to a strong Stackelberg-
pure-Nash equilibrium (SSPNE) when the followers play a pure NE which
maximizes the leader’s utility, and to a weak Stackelberg-pure-Nash equi-
librium (WSPNE) when they seek a pure NE minimizing the leader’s utility.

First, we briefly discuss SSPNEs, showing that an equilibrium can be
computed in polynomial time (in the size of the n-player normal-form game
given as input). Then, we formally define WSPNESs, which are the focus of
our attention in the rest of this chapter.

4.1.1 The Strong Case

An SSPNE can be found by solving the following bilevel programming
problem:

max E Uyx{t x5 ... xp"
Tn,T—n
acA
S.t. T, € A,
a,,al a2 a
T, € argmax E Ugeit xy? ... oyt VpeF

n
Tp

4.1

acA
s.t. x, € A, NH{0, 137,

Note that, due to the integrality constraints on x,, for all p € [, each fol-
lower can play a single action with probability 1. By imposing the arg max
constraint for each p € F', the formulation guarantees that each follower
plays a best-response action a,, thus guaranteeing that the action profile
a_, = (ay,...,a,_1) with, for all a, € A,, a, = 1 if and only if z),’ = 1,
be an NE for the given x,. It is crucial to note that the maximization in
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the upper level is carried out not only w.r.t. z,, but also w.r.t. x_,,. This
way, if the followers’ game admits multiple NEs for the chosen z,,, optimal
solutions to Problem (#.1)) are then guaranteed to contain followers’ action
profiles which maximize the leader’s utility.

The following theorem shows that computing an SSPNE is easy.

Theorem 4.1. In an n-player normal-form SG, an SSPNE can be computed
in polynomial time by solving a multi-LP.

Proof. 1t suffices to enumerate, in O(m"~!), all the followers’ action pro-
files a_, € Ar and, for each of them, solve an LP to: (i) check whether
there is a strategy vector z,, for the leader for which the action profile a_,,
is an NE and (ii) find, among all such strategy vectors x,,, one which max-
imizes the leader’s utility. The action profile a_,, which, with the corre-
sponding x,,, yields the largest expected utility for the leader is an SSPNE.
Given a followers’ action profile a_,, (i) and (ii) can be carried out in poly-
nomial time by solving the following LP, where the second constraint guar-
antees that a_,, = (ay,...,a,_1) is a pure NE in the followers’ game for
any of its solutions x,,:

max E Us—nvan xzn
Tn
aneAn /
a—n,a a a1.--Gp.--Gn—10n_ g ,
S.t. Z Up n nInn > E Up xnn Vp (- }77 ap € Ap
an€An an€An
T, € A,.

As the size of an instance of the problem is bounded from below by m",
one can enumerate over the set of the followers’ action profiles (of cardinal-
ity m™~!) in polynomial time. The polynomiality of the overall algorithm
follows due to linear programming being solvable in polynomial time. [

4.1.2 The Weak Case

The computation of a WSPNE amounts to solving the following bilevel
problem:

supmln ZU“ml L T
acA
S.t. T, € A, 4.2)
Tp, € argmax ZU“xl SN Vpe I
*p acA
s.t. z, € A,N{0,1}mr.
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Chapter 4. Computing SNEs in Normal-Form SGs

There are two differences between this problem and Problem (@.T)): the
presence of the min operator in the objective function and the fact that
Problem (4.2)) calls for a sup rather than for a max. The former guarantees
that, in the presence of many pure NEs in the followers’ game for the chosen
Zn, one which minimizes the leader’s utility is selected. The sup operator is
introduced because, as illustrated in Subsection @.1.3] Problem (4.2)) does
not admit a maximum in the general case.

Throughout the paper, we will compactly refer to Problem (4.2) as

sup f(zn),

TnE€AR
where f is the leader’s utility in the weak case, defined as a function of x,,.
Since a pure NE may not exist for every leader’s strategy z,,, we define
sup, ea, f(zn) = —oo whenever there is no x,, such that the resulting
followers’ game admits a pure NE. Note that f is always bounded from
above when assuming bounded payoffs and, thus, sup, -, f(2,) < oco.

4.1.3 Some Preliminary Results

First, we provide an example showing that Problem (4.2)) may not admit a
maximum. This is provided in the proof of the following proposition.

Proposition 4.1. In an n-player normal-form SG, Problem (4.2)) may not
admit a max even if the followers’ game admits a pure NE for every leader’s
mixed strategy r, € A,,.

Proof. Consider a game with n = 3, A; = {a},a}}, Ay = {al, a3},
Az = {a},a3}. The matrices reported below are the utility matrices for,
respectively, the case where the leader plays action a3, action a2, or the
strategy vector 3 = (1 — p, p) for some p € [0, 1] (the third matrix is the
convex combination of the first two with weights x3):

1 2 1 2 1 2

as as as as az az
al | 1,1,0 | 2,2,5 ai | 0,00 | 22,10 al | 1—pl—p0 | 225+5p
ai | 3.41 ] 110 ai | 3.4.1 ] 000 ai 2.3.1 1—pl—=p0
al a3 z3=(1—p,p)

It is easy to verify that (a}, a2, a?) is the unique SSPNE (as it achieves
the largest leader’s payoff, no mixed strategy would yield a better utility).

In an WSPNE, the leader induces the followers’ game in the third matrix
by playing 3 = (1 — p,p). For p < 3, (aj,a3) is the unique NE, giving
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(a) Leader’s utility in the normal-form SG in the (b) Leader’s utility in the normal-form SG in the

proof of Proposition showing that Prob- proof of Proposition|.2) plotted as a function
lem @2) may not admit a maximum. of p, where x3 = (1 — p, p).

Figure 4.1: Leader’s utility in the normal-form SGs used for Propositions and

the leader a utility of 5 + 5p. For p > 1 , there are two NEs, (a},a3) and
(a?,a3), with a utility of, respectively, 5 —|— 5p and 1. Since in a WSPNE
the latter is selected, we conclude that the leader’s utility is equal to 5 + 5p
for p < % and to 1 for p > % (see FigureE for an illustration). Thus,
Problem (#.2)) admits a supremum of value 5 + 2, but not a maximum. [

2’

We remark that the result in Proposition 4.1} is in line with a similar
result shown in (Von Stengel and Zamir, 2010) for the single-leader single-
follower case, as well as with those which hold for general pessimistic
bilevel problems (Zemkoho, 2016).

The relevance of computing a weak SPNE is highlighted by the follow-
ing proposition:

Proposition 4.2. In an n-player normal-form SG with payoffs in [0, 1], the
leader’s utility in a WSPNE can be arbitrarily worse than that in an SSPNE.
Moreover, the utility obtained by perturbing the leader’s strategy in a neigh-
borhood of an SSPNE can be arbitrarily worse than that one in a WSPNE.

Proof Consider the following normal-form SG where n = 3, A; = {a}, a?},
= {ad, a3}, A3 = {a}, a3}, parametrized by 1 > 4:

a% a% a% a% a% a%
ai | 0,00 | 001 ai | .30 | 0,00 a1 L0 0,0,1—p
ai | 11,3 | 0,00 ai | 1,14 | 120 af | 11,2020 2
a3 a3 z3 = (1-p,p)
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Let z3 = (1 — p,p). The followers’ game admits the NE (a?, a}) for
all values of p (with leader’s utility W) and the NE (a}, a2) for p =
0 (with leader’s utility 1). Therefore, the game admits a unique SSPNE
achieved at p = 0 (utility 1), and a unique WSPNE achieved at p = 1
(utility %). See Figure4.1b|for an illustration of the leader’s utility function.

To show the first part of the claim, it suffices to observe that the ratio
between the leader’s utility in an SSPNE and that one in a WSPNE, which
is equal to 4, becomes arbitrarily large when letting y1 — oo.

As to the second part of the claim, after perturbing the value that x5 takes
in the unique SSPNE by any arbitrarily small € > 0 (i.e., x5 = (1 — €,¢€))

we obtain a leader’s utility of Zté‘“, whose ratio w.r.t. the utility of % in the
unique WSPNE becomes again arbitrarily large for  — oo. ]

4.2 Computational Complexity of Finding WSPNEs

In this section, we focus on the problem of computing a WSPNE for n-
player normal-form SGs. In Subsection we show that the problem
is NP-hard for n > 3 (i.e., with at least two followers). Moreover, in
Subsection 4.2.2] we prove that for n > 4 (i.e., for games with at least
three followers) the problem is inapproximable, being not in Poly-APX un-
less P = NP, i.e., it cannot be approximated, in polynomial time, to within
any polynomial multiplicative factor. We introduce two reductions, a non
approximation-preserving one which is valid for n > 3 and another one
only valid for n > 4 but approximation-preserving.
In decision form, the problem of computing a WSPNE reads:

Definition 4.1 (WSPNE). Given an n-player normal-form SG with n >
3 players and a finite number K, is there a WSPNE in which the leader
achieves a utility greater than or equal to K?

In Section 4.2.1} we show that WSPNE is NP-complete by polynomi-
ally reducing to it Independent Set (one of Karp’s original 21 NP-complete
problems (Karp, [1972))), which, in decision form, reads as follows:

Definition 4.2 (IND-SET). Given an undirected graph G = (V, E) and an
integer J < |V|, does G contain an independent set (a subset of vertices
V' CV :Vu,v e V', {u,v} ¢ E) of size greater than or equal to J?

In Subsection 4.2.2] we the inapproximability result for the case with
at least three followers by means of a polynomial reduction from 3-SAT
(another of Karp’s 21 NP-complete problems (Karp, 1972)). 3-SAT reads:
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Definition 4.3 (3-SAT). Given a collection C of clauses defined on a finite
set V' of Boolean variables, with |¢p| = 3 for every ¢ € C, is there a truth
assignment for V' which satisfies all the clauses in C'?

4.2.1 NP-Completeness
Before presenting our reduction, we introduce the following class of games:

Definition 4.4. Given two numbers b,c € Q with 1 > ¢ > b > 0 and an
integer k > 1, let I’y (k) be a class of normal-form games with three players
(n = 3), the first two having k + 1 actions each with action sets A, =
Ay = A ={1,...,k, x} and the third one having k actions with action set
As = A\ {x}, such that, for every third player’s action az € A\ {x}, the
other players play a game where:

e the payoffs on the main diagonal (where both players play the same
action) satisfy Uj2®® = Uy3®% = 1, U = ¢, U™ = b and, for
every a; € A\ {as, x}, Ur** = Uy*™% = 0;

e forevery aj,as € A\ {x} with ay # ay, U{****% = Uy***% = b;
e for every as € A\ {x}, UF" = cand U™ = 0;
e foreverya; € A\ {x}, U"X* =1and Uy"** = 0.

No restrictions are imposed on the third player’s payoffs.

See Figure for an illustration of one such game I'{(k) with k = 3,
parametric in b and c¢. The special feature of I'{(k) games is that, no mat-
ter which mixed strategy the third player (the leader) commits to, with the
exception of (x, x) only the diagonal outcomes can be pure NEs in the re-
sulting followers’ game. Moreover, for every subset of diagonal outcomes
there is a leader’s strategy such that this subset precisely corresponds to the
set of all pure NEs in the followers’ game. Formally:

Proposition 4.3. A T';(k) game with ¢ < + admits, for all D C {(a1,a,) :
a; € A\ {x}} with D # &, a leader’s strategy 3 € Aj such that the
outcomes (ay,a,) € D are exactly the pure NEs in the followers’ game.

Proof. First, observe that the followers’ payoffs that are not on the main
diagonal are independent of the leader’s strategy xs. Thus, any outcome
(ay,ay) with a1,ay € A\ {x} and a; # ay cannot be an NE, as the first
follower would deviate by playing action y so to obtain a utility ¢ > b.
Analogously, any outcome (y,as) with as € A\ {x} cannot be an NE
because the second follower would deviate by playing x (since b > 0).
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1| 1,1,0 b,b,0 b,6,0 | 1,0,0 1] 0,0,=t=< | b,b,0 b,b,0 1,0,0

c

2| bb0 0,0,% b,b,0 | 1,0,0 2 b,b,0 1,1,0 b,b,0 1,0,0

3| bb0 b,,0 0,0,1 | 1,00 3 b,,0 b,,0 0,0,_1;‘3 1,0,0

x | ¢0,0 ¢,0,0 0,0 | ¢b0 X ¢,0,0 ¢,0,0 ¢,0,0 ¢,b,0

11 00,1 b,b,0 b,b,0 | 1,0,0

2 | bb0 | 0,0,==< | b0 | 1,00

3 | bb0 b,b,0 1,1,0 | 1,0,0

x | ¢0,0 ¢,0,0 ¢0,0 | ¢b,0

3

Figure 4.2: A I'j(k) game with k = 3. The third player (the leader) selects a matrix,
while the first and the second players (the followers) select rows and columns, respec-
tively. The third player’s payoffs are defined starting from the graph in Figure as
explained in the proof of Theorem

The same holds for any outcome (ay,y) with a; € A\ {x}, since the
second follower would be better off playing another action (as b > 0). The
last outcome on the diagonal, (), x), cannot be an NE either, as the first
follower would deviate from it (as she would get c in it, while she can
obtain 1 > c by deviating).

As a result, the only outcomes which can be pure NEs are those in
{(a1,a1) : a1 € A\ {x}}. When the leader plays a pure strategy a; €
A\ {x}, the unique pure NE in the followers’ game is (as, a3) as, due to
providing the followers with their maximum payoff, they would not deviate
from it. Outcomes (a1, a1) with a; € A\ {x, a3} are not NEs as, with them,
the first follower would get 0 < c. In general, if the leader plays an arbi-
trary mixed strategy z3 € Aj the resulting followers’ game is such that the
payoffs in (a3, az) with ag € A\ {x} are (x5, 25*). Noticing that (a3, a3)
is an equilibrium if and only if x5* > ¢ (as, otherwise, the first follower
would deviate by playing action ), we conclude that the set of pure NEs
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in the followers’ game is defined as follows: {(as, as) : z3* > c}.

In order to guarantee that, for every possible D C {(aj,a1) : a1 €
A\ {x}} with D # @, there is a leader’s strategy such that D contains all
the pure NEs of the followers’ game, we must properly choose the value of
c. Choosing ¢ < % suffices, as, for any set D, the leader’s strategy z3 € Ag
such that 3° = 1, for every a; € A\ {x} with (a3, a3) € D induces a
followers’ game in which all the outcomes in D are NEs. 0

Notice that the followers’ game always admits a pure NE for any leader’s
commitment x5 in a [j(k) game with ¢ < +. As shown in Figure (4.3 for
k = 3, the leader’s strategy space Aj is partitioned into 2¥ — 1 regions,
each corresponding to a subset of {(a,a;) : a; € A\ {x}} containing
those diagonal outcomes which are the only pure NEs in the followers’
game. Hence, in a ['{(k) game with ¢ < % the number of combinations of
outcomes which may constitute the set of pure NEs in the followers’ game
is exponential in r, and, thus, in the size of the game instance.

Figure 4.3: A I'{(k) game with k = 3 and ¢ < ,1 The leader’s strategy space A3 is

partitioned into 2% — 1 regions, one per subset of {(a1,a1) : a; € A\ {x}} (the three
NEs in the followers” game, (1,1),(2,2), and (3,3), are labeled A, B, C).

Relying on Proposition 4.3 we can establish the following result:
Theorem 4.2. WSPNE is strongly NP-complete even for n = 3.

Proof. For the sake of clarity, we split the proof over multiple steps.
Mapping. Given an instance of IND-SET, i.e., an undirected graph
G = (V, E) and a positive integer .J, we construct a special instance I'(G)
of WSPNE of class I'j(k) as follows. Assuming an arbitrary labeling of
the vertices V' := {vq, v, ...,vv|}, let ['(G) be an instance of I'j(k) with
k= 1|V],c<2and0 < b < ¢ < 1, where each action a; € A\ {x}
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is associated with a vertex v,, € V. In compliance with Definition 4.4} in
which no constraints are specified for the leader payoffs, we define:

e for any pair of vertices v,,,v,, € V: Ug'®® = Ug®9 = =L=¢ jf
{Vay, Vo, } € E, and U***? = Ug2*** = 1 otherwise;

e forevery az € A\ {x}: Us3** = 0 and U3** = 0;

e for every a3 € A\ {x} and for every a;,ay, € A with a; # as:
U3a1a2a3 — Ug2a1a3 — O.

As an example, Figure [4.4|illustrates an instance of IND-SET from which
the game depicted in Figure 4.2]is obtained by applying our reduction. Fi-
nally, let K = % Notice that this transformation can be carried out in
time polynomial in the number of vertices |V|. W.l.o.g., we assume that
the graph G contains no isolated vertices. Indeed, it is always possible to
remove all the isolated vertices from G (in polynomial time), solve the prob-
lem on the residual graph, and, then, add the isolated vertices back to the
independent set that has been found, still obtaining an independent set.

Figure 4.4: Undirected graph G = (V, E), V = {vy,v2,v3}, E = {{v1,v2}, {va, v3}}.

If. We show that, if the graph G contains an independent set of size
greater than or equal to J, then I'(G) admits a WSPNE with leader’s utility
greater than or equal to K. Let V* be an independent set with |V*| = J.
Consider the case in which outcomes (a4, a1), with v,, € V*, are the only
pure NEs in the followers’ game, and assume that the leader’s strategy s
is such that z5* = ﬁ if v,, € V* and 25° = 0 otherwise. Since, by
construction, Us*"*** = 1 for all a3 € A\ {x, a1}, the leader’s utility at an
equilibrium (aq, a) is:

aijaja, a ajala a a ’V*l — 1
Z Ugaes as — Z Ugaras s — Z x33:W:K'
az€A\{x} az€A\{x,a1} az€A\{x,a1}

Only if. We show that, if I'(G) admits a WSPNE with leader’s util-
ity greater than or equal to K, then G contains an independent set of size
greater than or equal to J. Due to Proposition[4.3] at any WSPNE the leader
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plays a strategy 3 inducing a set of pure NEs in the followers’ game corre-
sponding to D* = {(a3,as3) : T5* > c}. We now show that the leader would
never play two actions aq, ays € A\{x} and {v,,, v, } € E with probability
greater than or equal to ¢ in a WSPNE. By contradiction, assume that the
leader’s equilibrium strategy Z3 is such that 75", 25> > c. When the follow-
ers play the equilibrium (aq, a;) (the same holds for (as, az)), the leader’s
utility is:

—-1—-c
ajailasz a3 __ aiaias (13 *(ZQ
E Us 3’ = E Us + pa—

ageA\{X} a;;eA\{x,al,az}

In the right-hand side, the first term is < 1 (as the leader’s payoffs are < 1
and D, c 4\ (arae) T3 = 1 — 230 — 25 < 1, since 3", 75° > ). The
second term is less than or equal to ¢ 1c ¢ = —1—c(as 73> > ¢), which
is strictly less than —1. It follows that, since (a1, a;) (or, equivalently,
(a9, ag)) always provides the leader with a negative utility, she would never
play Z3 in an equilibrium. This is because, by playing a pure strategy she
would obtain a utility of at least zero (as the followers’ game admits a
unique pure NE giving her a zero payoff when she plays a pure strategy).
As a result, we have Us**** = ( for every action a3 such that z5* > ¢ and
Ugt® =1 for every other action a; such that z5' > c (since v,, and v,
are not connected by an edge).
Note that, in any equilibrium (a1, a;) € D*, the leader’s utility is:

aijaiaz a3 __ aijaias a3 ajaias 5as3
E Us T3” = E Us 3"+ E 3 3",

az€ A\{x} as€A\{x,a1}:73° >c az€A\{x}:Z33 <c

where, in the first summation in the right-hand side, each payoff Uj*“'
is equal to 1 (as 75" > c and 75° > c). We show that the same holds for
each payoff Us"'“*“*® appearing in the second summation. By contradiction,
assume that there exists an action ag € A\ {x} such that z5° < ¢ and
Ugr@® = == for some equilibrium (a1, a;) € D*. By sh1ft1ng all the
probability that Z3 places on a3 to actions a; such that (a,a;) € D* (so
that z5° = 0), we obtain a new leader’s strategy which induces the same
set D* of pure NEs in the followers’ game. Moreover, the leader’s utility in
any equilibrium (a;,a;) € D* strictly increases if Uy'®* = =1=¢_ while
it stays the same when U5'“'** = 1. This contradlcts the fact that T3 is
a WSPNE. Thus, all the actions a3 € A\ {x} such that 7§* < c satisfy
Usra® =1 for every equilibrium (ay, a;) € D*.

As aresult, the leader’s utility at an equilibrium (a3, a3) € D* is 1 —z5°.
Since in a WSPNE the leader maximizes her utility in the worst NE, her
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best choice is to select an Z3 such that all NEs yield the same utility, that
is: 73" = z3* for every aj,as with (ay,a1), (az,az) € D*. This results

in the leader playing all actions a3 such that (a3, a3) € D* with the same
1

probability 75* = EE obtaining a utility of “T;',f‘ ! — K. Therefore, the
vertices in the set {v,, : (a3, a3) € D*} form an independent set of G of
size |D*| = J. The reduction is, thus, complete.

NP membership. Given a triple (ai, as, z3) which is encoded with a
number of bits that is polynomial w.r.t. the size of the game, we can verify
in polynomial time whether (a1, as) is an NE in the followers’ game in-
duced by z3 and whether, when playing (aq, as, 3), the leader’s utility is at
least as large as K. The existence of such a triple follows as a consequence
of the correctness of either of the two equilibrium-finding algorithms that
we propose in Section d.4—we refer the reader to Section for a dis-
cussion on this. Therefore, we deduce that WSPNE belongs to NP. More-
over, since in the game of the reduction the players’ payoffs are encoded
with a polynomial number of bits and due to IND-SET being strongly NP-
complete, WSPNE is strongly NP-complete. O

4.2.2 Inapproximability

We show now that the search problem of computing a WSPNE is not only
NP-hard (due to its decision version, WSPNE, being NP-complete), but it
is also difficult to approximate. Since the reduction from IND-SET in The-
orem 4.2|1s not approximation-preserving, we propose a new one based on
3-SAT (see Definition [4.3). We remark that, differently from our previous
reduction (which holds for any number of followers greater than or equal
to two), this one requires at least three followers.

In the following, given a literal [ (an occurrence of a variable, possibly
negated), we define v (/) as its corresponding variable. For a generic clause
¢ =1l V Iy V I3, we denote the ordered set of possible truth assignments to
the variables, namely, x = v(l;),y = v(l3), and z = v(l3), by

Ly = {vyz, 2yz, 2yz, Y%, Tyz, TYZ, Y2, TYZ},

where, in each truth assignment, a variable is set to 1 if positive and to
0 if negative. Given a generic 3-SAT instance, we build a corresponding
normal-form SG as detailed in the following definition.

Definition 4.5. Given a 3-SAT instance where C' = {¢1,...,¢|c|} is a
collection of clauses and V := {vq, ..., v} is a set of Boolean variables,
and some € € (0,1), let I'.(C, V') be a normal-form SG with four players
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(n = 4) defined as follows. The fourth player has an action for each vari-
able in V plus an additional one, i.e., Ay = {1,...,|V|} U{w}. Each
action ay € {1, ..., |V|} is associated with variable v,,. The other players
share the same set of actions A, with A = A; = Ay = A3 = {¢e | ¢ €
{1,...,]C},a € {1,...,8}} U{x}, where each action p., is associated
with one of the eight possible assignments of truth to the variables in clause
Gc, SO that @, corresponds to the a-th assignment in the ordered set L, .
For each player p € {1, 2,3}, we define her utilities as follows:

e foreach ay, € Ay \ {w} and for each ay € A\ {x} with ay = ., =
Lilgls, Upraraet = 1 if v(l,) = va, and 1, is a positive literal or
v(l,) # v, and 1, is negative;

e for each ay € Ay \ {w} and for each ay € A\ {x} with a; = ¢, =
lLilols, Ujr99t = 0 if v(l,) = va, and l, is a negative literal or
v(l,) # va, and 1, is positive;

e foreach a; € A\ {x} with ay = @ca = Lilpls, U™ = 0 ifl, isa
positive literal, while U‘“al“l“’ = 1 otherwise;

e for each ay € Ay and for each a1,az,a3 € A\ {x} such that a; #
as V ao 7& as VvV aq ?é as, Ua1a2%a4 — _1

Vi+2’
e foreach ay € Ay, a3 € A\ {x}, and ay € A\ {x} with az = @, =
Liloly, UF*@% = \V\lﬂ if l1 is a positive literal, whereas U}****** =

I“/I+1 if Iy is negative, while UYX****** = UJ**** = ();

e for each a, € Ay, as € A\ {x} and a; € A\ {x} withay = pe, =
l1l2l3, Uy X = \V\+1 if ly is a positive literal, whereas Uy X" =

if ly is negative, while U"***** =1 and U3"***** = 0;

|V|-|r1
e foreach ay € Ay, al € A\ {x}, and ay € A\ {x} with as = @,
hisls, Ug™™*™ = \V\+1 if I3 is a positive literal, whereas Ujg***X**

1%
|“/|J|r1 if I3 is negative, while U X" = 0 and Uy***X** = 1;

e for each ay € Ay, U = U™ = 1 and Uy = 0, for all
ap € A\ {x};

e for each ay € Ay, UF™ ™ = 1 and U™ = UF*"X*™ = (, for all
az € A\ {x};

e for each ay € Ay, U™ = UX™ = 0 and U™ = 1, for all
as € A.
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The payoff matrix of the fourth player is so defined:

e for each ay € Ay and for each a; € A\ {x} with a; = Yo =
Lilols, Uyt = € if the truth assignment identified by ., makes ¢,
false (i.e., whenever, for each p € {1, 2,3}, the clause ¢. contains the
negation of l,,), while U;******* = 1 otherwise;

e foreach ay € Ay and for each ay,as,a3 € A such that a; # as V ay #
as V ay # as, with the addition of the triple (x, x, x), Ug******* = 0.

Games adhering to Definition[4.5|have some interesting properties, which
we formally state in the following Propositions 4.4 and 4.5]

First, we give a characterization of the strategy space of the leader in
terms of the set of pure NEs in the followers’ game. In particular, given a
game ['.(C, V), the leader s strategy space Ay is partitioned according to
the boundaries 2§ = 1, foras € As\{w}, by which Ay is split into 2!V
regions, each corresponding to a possible truth assignment to the variables
in V. Specifically, in the assignment corresponding to a region variable v,
takes value 1 if z3* > \Vll T while it takes value 0 if z3* |V| =t Moreover,
for each a; € A\ {x} and a; = ¢, an outcome (ay, a, a;) is an NE in
the followers’ game only in the regions of the leader’s strategy space whose
corresponding truth assignment is compatible with the one represented by
©eq. For instance, if Yea = V10203 the corresponding outcome is an NE
only if 2} < ‘V‘lﬂ, > |V| -~ and x> \VI - (with no further restrictions
on the other probabrhtles) Formally, we can claim the following:

Proposition 4.4. Given a game I'.(C, V') and an action a; € A\ {x} with
a1 = Peq = lilols, the outcome (a1, ay,aq) is an NE of the followers’ game
whenever the leader commits to a strategy x4, € /\, such that:

o 1yt > I‘/Iﬁ ifv(l,) = va, and l, is positive, for some p € {1,2,3};

o 1yt < IVI% ifv(l,) = v, and l, is negative, for some p € {1,2,3};

o x4 can be any if v(l,) # v,, for each p € {1,2,3}.

All the other outcomes of the followers’ game, i.e., those belonging to the
set {(ay,a9,a3) : aj,as,a3 € Awithay # as V ag # azV a; # az} U
{(x, x, x)}, cannot be NEs for any of the leader’s commitments.

Proof. Observe that, the followers’ payoffs do not depend on the leader’s
strategy x4 in the outcomes not in {(ay, ay,a1) : a; € A\ {x}}. Thus, for
every aj,as,az € A\ {x} such that a; # as V as # a3z V a1 # ag the
outcome (aq, as, az) cannot be an NE as the first follower would deviate
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by playing action Y, obtaining a utility at least as large as instead of

1
[V]+1°
\V\%' Also, for all az,a3 € A\ {x} the outcome (x, az, ag) is not an NE
since the second follower would be better off playing x (as she gets 1 > 0).
Analogously, for all a;,a3 € A\ {x} the outcome (a1, X, a3) cannot be an
NE as the third follower would deviate to x (getting a utility of 1 > 0).
For all a3 € A, a similar argument also applies to the outcome (x;, x, as) as
the first follower would have an incentive to deviate by playing any action
different from y (note that (y, x, x), whose payoffs are defined in the last
item of Definition is included). Moreover, for all a; € A\ {x} the
outcome (a1, X, x) is not an NE as the second follower would deviate to
any other action (getting a utility of 1). For all a;,ay € A\ {x}, the same
holds for the outcome (a,as, x), where the first follower would deviate
and play action y, and for the outcome (, az, x) where, for all as € \{x},
the second follower would deviate and play .

Therefore, the only outcomes which can be NEs in the followers’ game
are those in {(a1,as,a;) : a1 € A\ {x}}. Assume that the leader commits
to an arbitrary mixed strategy x4 € A,. For each a; € A\ {x} with
a1 = Yeo = lilals and for each p € {1,2,3}, the outcome (ay,ay,a;)
provides follower p with a utility of u,, such that:

o u, = xy* if v(l,) = v,, and [, is a positive literal;
o u, =1—2x4"ifv(l,) = v,, and [, is a negative literal;
The outcome (a1, aj, a;) is an NE if the following conditions hold:

o u, > IVI% for each p € {1,2, 3} such that [, is positive, as otherwise

follower p would deviate and play ;

° u, > |“/‘L+|1 for each p € {1, 2, 3} such that /, is negative, as otherwise

follower p would deviate and play x;

These conditions together with the definition of u,, prove the claim. 0

The characterization of the leader’s strategy space given in Proposi-
tion|.4]establishes the relationship between the leader’s utility in a WSPNE
of agame I' (C, V') and the feasibility of the corresponding 3-SAT instance.
We highlight it in the following proposition.

Proposition 4.5. Given a game I'.(C, V), the leader’s utility in a WSPNE
is 1 if and only if the corresponding 3-SAT instance is feasible, and it is
equal to € otherwise.
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Proof. The result follows form Proposition If the 3-SAT instance is
a yes instance (i.e., if it is feasible), there exists then a strategy x4 € Ay
such that all the NEs of the resulting followers’ game provide the leader
with a utility of 1. This is because there is a region corresponding to a truth
assignment which satisfies all the clauses. On the other hand, if the 3-SAT
instance is a no instance (i.e., if it is not satisfiable), then in each region
of the leader’s strategy space there exits an NE for the followers’ game
which provides the leader with a utility of €. Therefore, the followers would
always play such equilibrium due to the assumption of pessimism. [

We are now ready to state the result.

Theorem 4.3. With n > 4 and unless P = NP, the problem of computing a
WSPNE in an n-player normal-form SG is not in Poly-APX.

Proof. Given a generic 3-SAT instance, let us build its corresponding game
I'.(C,V) according to Definition This construction can be done in
polynomial time as |44 = |V| + 1 and |A| = |A)] = |As] = |A43] =
8|C| + 1 are polynomials in |V| and |C|, and, therefore, the number of
outcomes in I'.(C, V) is polynomial in |V| and |C'|. Furthermore, let us
select € € (0, 5v7) (the polynomiality of the reduction is preserved as 5
is representable in binary encoding with a polynomial number of bits).

By contradiction, let us assume that there exists a polynomial-time ap-
proximation algorithm .4 capable of constructing a solution to the problem
of computing a WSPNE with a multiplicative approximation factor m,
where poly (/) is any polynomial function of the size I of the normal-form
game given as input. By Proposition [4.5] it follows that, when applied to
I'.(C,V), A would return an approximate solution with value greater than
or equal to 1 - m > w7 (for a sufficiently large [V]) if and only if the
3-SAT instance is feasible. When the 3-SAT instance is not satisfiable, A
would return a solution with value at most ﬁ Since this would provide us
with a solution to 3-SAT in polynomial time, we conclude that the problem
of computing a WSPNE in an n-player normal-form SG cannot be approx-
imated in polynomial time to within any polynomial multiplicative factor

unless P = NP. ]

4.3 Single-Level Reformulation and Restriction

We propose a single-level reformulation of the problem of computing a
WSPNE admitting a supremum but, in general, not a maximum, and a cor-
responding restriction which always admits optimal (restricted) solutions.
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For notational simplicity, we consider the case with n = 3 players. Al-
though notationally more involved, the generalization to n > 3 is straight-
forward. With only two followers, Problem (4.2, i.e., the bilevel program-
ming formulation we gave in Section 4.1} reads:

sup min E E E Ut (" x5? x5°
1,22

z3 a1€A1 a2€A3 az€ A3

S.t. T3 € A3
ne g XYY oy
a1€A1 a2€A2 az3€A3 (4.3)
s.t. 1 € AN {O 1}m

Ty € argmax E g g Ugre®a(t x5? a5’

T2 a1€A] a2€A2 a3€As

S.t. To € AQ N {O, 1}m

4.3.1 Single-Level Reformulation

In order to cast Problem (4.3)) into a single-level problem, we first introduce
the following reformulation of the followers’ problem:

Lemma 4.1. The following MILP, parametric in 3, is an exact reformu-
lation of the followers’ problem of finding a pure NE which minimizes the
leader’s utility given a leader’s strategy 3 € Aj:

mln Z Z y“e Z Ug'2®g5® (4.4a)

a1€A1 as€As az€As3

sty Yy =1 (4.4b)

al EAl (ngAz

y e N (UPen — U )ag > 0 Vay,dh € Aryay € Ay (44c)

a3€A3

yho 37 (U — U )28 > 0 Vay € Ay ag,dy € Ay (4.4d)
a3€A3

ya1a2 S {O, 1} Val € Al,GQ S AQ. (446)

Proof. Note that, in Problem (#.3), a solution to the followers’ problem
satisfies 7% = 222 = 1 for some (a1, as) € A; x Ay and 2% = 222 = 0 for
all (a},a)) # (a1, as). Problem (@.4) encodes this in terms of the variable
y*%2 by imposing y**> = 1 if an only if (ay, ay) is an NE minimizing the
leader’s utility. Due to Constraints (4.4b) and {.4¢)), y*1** is equal to 1 for
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one and only one pair (ay, az). Due to Constraints (4.4c) and @.4d), for all
(a1, ay) such that y**2 = 1 there can be no action @} € A; (resp., a) € As)
by which the first follower (resp., the second follower) could obtain a better
payoff when assuming that the other would play action a (resp., action ay).
This guarantees that (a;, as) be an NE. Also note that Constraints
and boil down to the tautology 0 > 0 for any (a;,as) € Ay X Ay
with 1?2 = (0. By minimizing the objective function (which corresponds
to the leader’s utility), a pure NE with the desired properties is found. [

To arrive at a single-level reformulation of Problem (4.3), we rely on
linear programming duality to restate Problem (4.4) in terms of optimality
conditions which do not employ the min operator. First:

Lemma 4.2. The linear programming relaxation of Problem (@.4)) always
admits an optimal integer solution.

Proof. Let us focus on Constraints and analyze , for all (a1,as) €
Ay x Ag and a) € Ay, the coefficient ), (U*** — Uy, 3> which
multiplies y***2. The coefficient is equal to the regret the first player would
suffer from by not playing action af. If equal to 0, we have the tautol-
ogy 0 > 0. If the regret is positive, after dividing by >, (U;"** —

U1%2%) 29 both sides of the constraint we obtain y®1% > 0, which is sub-
sumed by the nonnegativity of y*'“2. If the regret is negative, after diving
both sides of the constraint again by Y-, (U[%% — Uy 19203) 285 Wwe ob-
tain y“1*?2 < 0, which implies y*'*> = 0. A similar reasoning applies to
Constraints (4.4d). Let us now define O as the set of pairs (ai, az) such
that there is as least an action a} or a), for which one of the followers suf-
fers from a strictly negative regret. Relying on O, Problem (4.4) can be
rewritten as:

mln E E ya1a2 § Ugla2a3 l.gB

a1€A1 a2€A2 a3€A3

s.t. Z Z Yy =1

a1€A1 a2€A2

Yy =0 V(ai,az) € O

ya1a2 € {07 1} Val S Al, o € AQ.
All variables y***2 with (a1, a2) € O can be discarded. We obtain a prob-
lem with a single constraint imposing that the sum of all the y“**? variables

with (ay,a2) ¢ O be equal to 1. The linear programming relaxation of
such problem always admits an optimal solution with y*“? = 1 for the pair
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(a1, az) which achieves the largest value of ), Us"*** x5 (ties can be
broken arbitrarily), and with y*1*> = ( otherw1se O

As a consequence of Lemma.2] we can prove the following:

Theorem 4.4. The following single-level QCQP is an exact reformulation

of Problem (4.3):
Ssu ai1az Ua1a2a3 as S,t_ 4.5a
;ra,ly3 Z Z Y Z ( )
B1,82 @1E€AL a2€A3 az€As

SNy =1 (4.5b)

al €A1 a2€A2

1o Z (U{haza; Ua1a2a3) g:s > () val’a’l € Aj,ay € Ay (4.5¢)

a3€A3
yh 7 (U — U280 > 0 Yay € Ay ag,dy € Ay (45d)
a3€As3
Z Z yalaz Z Ug,lagagxgg S Z U§l1a2a31§3+
a1€A1 as€As a3€As3 a3€As
_Z ﬁalaﬂh Z (Umazas _ Ua 0203) as
a16A1 a3€A3
=N gt N (U - U )2l Yay € Aay € Ay (45e)
a26A2 a3€As3
a36A3
a2t ) Vay,d) € Ay, as € Ay (4.59)
51924 > () Va; € Ay, az,a, € Ay (4.5h)
ya1a2 2 0 Val < Al, o € A2 (451)
x5 >0 Yasz € As.  (4.5))

Proof. By relying on Lemmal.2] we first introduce the linear programming
dual of the linear programming relaxation of Problem (4.4). Thanks to
Constraints4.4b}, y**2 € {0, 1} can be relaxed w.l.0.g. into y***2 € Z* for
all a; € Ay, ay € A,. This way, we do not have to introduce a dual variable
for each of the constraints y**?> < 1 which would be introduced when
relaxing y222 € {0, 1} into y*92 € [0, 1]. Letting a, ﬁf1a2a1 nd 5122
be the dual variables of, respectively, Constraints (#.4b)), (4.4c)), and (.4d),
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the dual reads:

max «
a,B1,82
a1a2a1 alazas a1a2a3 as
s.t. o + E Bi g (Uy - U )z’ +
a1€A1 az€As3
a1a2a2 a1a2a3 a1a2a3 as
+ E Ba E - U, )
a2€A2 a3€As3
< E Ugt®2® x3? Va; € Ay, a9 € Asy
a3€A3
a free
aiasa’
1 120 \V/(ll,a&EAl,CLQGAQ
aiasal
2 2 20 Val GAl,CLQ,(l,Q EAQ.

A set of optimality conditions for Problem (4.4) can then be derived by
simultaneously imposing primal and dual feasibility for the sets of primal
and dual variables (by imposing the respective constraints) and equating
the objective functions of the two problems. The dual variable o can then
be removed by substituting it by the primal objective function, leading to
Constraints (4.5¢). The result in the claim is obtained after introducing the
leader’s utility as objective function and then casting the resulting problem
as a maximization problem (in which a supremum is sought). [

Since, as shown in Proposition 4.1} the problem of computing a WSPNE
in a normal-form SG may only admit a supremum but not a maximum, the
same must hold for Problem (4.5)) due to its correctness (Theorem [4.4). We
formally highlight this property in the following proposition, showing in the
proof how this can manifest in terms of the variables of the formulation.

Proposition 4.6. Problem (4.5) may not admit a finite optimal solution.

Proof. Consider the game introduced in the proof of Proposition {.1] and
let z3 = (1 — p, p) for p € [0, 1]. Adopting, for convenience, the notation

(a1,a3) = (1,1), (a1,03) = (1,2), (a7, a3) = (2,1), and (af, a3) = (2,2),
Constraints (4.5¢) read:
025 +5) 0" <6105 )~ A1 =)
Y2 (545p) +y* <5+5p— B (1+p) — B2 (1+p)
y'2(5+ 5p) + y21 <1 = pEH(=05+p) = B32(=0.5+p)
y2(5+5p) + ¥ = BH(=1 = p) = 5521(0.5 — p).
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Note that the left-hand sides of the four constraints are all equal to the
objective function (i.e., to the leader’s utility).

Let us consider the case p < 0.5 for which, as shown in the proof of
Proposition (1,2) is the unique pure NE in the followers’ game. (1,2)
is obtained by letting y'? = 1 and y'! = y?! = y?? = 0, for which the left-
hand sides of the four constraints become equal to 7.5 — 5e. Note that such
value converges to the supremum as e — 0. For this choice of y and letting
p = 0.5 — efor e € (0,0.5] (which is equivalent to assuming p < 0.5), we
can rearrange the four constraints as follows:

1 o 75— Bet eBi

2= 1.5—¢€
(15 )( 122+5121)
211 +5212 > 6-5 — O¢€
b 15—¢
The second constraint implies 51%? = 32! = 0. Letting 3{'? = 3% = 0,
which is the least restriction on the first and fourth constraints, we get:
7.5 — be 6.5 — Se 7.5 — e
11 211 212 d g2 > .
Py — 15—¢€ d 5 +57 2 € and f; — 15—¢€

As € — 0, we have a finite lower bound for 31! and 372!, but we also have

P+ g3l > 8525 5 o0, which prevents 57! and 33'? from taking a
ﬁnlte value. With a similar argument, one can verify that there is no other
way of achieving an objective function value approaching 7.5 as, for p > 5,
the third constraint in the original system imposes an upper bound on the
objective function value of 1. [

4.3.2 A Restricted Single-Level (MILP) Formulation

As state-of-the-art numerical optimization solvers usually rely on the bound-
edness of their variables when tackling a problem, due to the result in
Proposition [.6] solving the single-level formulation in Problem [4.5] may
be numerically impossible.

We consider, here, the option of introducing an upper bound of M on
both 712" and B2, for all a, € Ay, as € As,d), € Ay, d) € Ay. Due
to the continuity of the objective function, this suffices to obtain a formula-
tion which, although being a restriction of the original one, always admits a
maximum (over the reals) as a consequence of Weierstrass’ extreme-value
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theorem. Quite conveniently, this restricted reformulation can be cast as an
MILP, as we now show.

Theorem 4.5. There is an exact MILP reformulation of Problem (4.3) for

the case where B11a2a1 < M and ﬁa1a2a2 < M hold for all a; € Ay, ay €
Ay, a) € Ay, dly € Ay, and a restricted one when the bounds are not valid.

Proof. After introducing the variable z#*2%, each bilinear product y**“2z5*
in Problem (4.5)) can be linearized by substituting z%'*2% for it and intro-
ducing the McCormick envelope constraints (McCormick, [1976), which
are sufficient to guarantee z%' %% = y*%2g3® if y*1?* takes binary val-
ues (Al-Khayyal and Falk, 1983). Assuming 8'*>"t € [0, M] for each

ay € Ay, ay € Ay, a) € Ay, we can restrict ourselves to = {0, M}.
This is the case also in the dual (reported in the proof of Theorem [.4)).
Indeed, the dual problem asks for solving the following problem:

Z /Bala2a1 Z( a1a2a3 Ua1a2a3) gg+

max min “ed aseds
B1.82>0 (a1,a2) €A1 X As 6a1a2a2 (Ua1a2ad Ua1a2a3) as
- b 2 3
a2€A2 a3€A3

The min operator ranges over functions (one for each pair (a1, as) € Ay X
Ay) defined on disjoint domains (the [3;, 3 variables contained in each such
function are not contained in any of the other ones). Therefore, we can
w.l.0.g. set the value of 3; and 3, so that each function be individually max-
imized. For each (a;,as) € Ay x As, this is achieved by setting, for each

aj € A (resp., db € Ay) B (resp., 52'%%) to its upper bound M if
Pagea (T8 —U2)as? 2 0(resp., 30 e 0, (U5 = Uy % )a5? =
0), otherwise setting 3; 12 (resp., 621a2a2) to its lower bound of 0.

€ {0, 1}, substitut-
ing M plma1 for each occurrence of 3, This way, for each a; €
Ay ay € A, dy € Ay, the term Blmal Za3eA3(Uala2a3 Uama?’) 3> be-

a azaq, aila a
comes MZaBGAB( Uprezes — g p 1M el We can, then, introduce

We can, therefore, introduce the variable pam“l

alagal

alaga as

ala CL a ala (l
the variable ¢, and impose ¢, ~ " = p;' "1 24® via the McCormick
envelope constraints. This way, M >, (U"?* — U 10208y, ‘1““2“1:5;3

: aijaza3 a1a2a3 010203a3
becomes the linear term M >, c 4, D q,ea, (U - U )q, .

Similar arguments hold for ﬁgma? leading to an MILP formulation.  [J
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The impact of bounding Ba“ml and (3, 10203 by M is explained as fol-
lows. Assume that those upper bounds are introduced into Problem (.5).
If M is not large enough for the chosen x5 (remember that, as shown in
Proposition 4.6, one may need M — oo for x3 approaching a discontinuity
point of the leader’s utility function), Constraints may remain active
for some (G, ay) which is not an NE for the chosen x3. Let (a;,as) be
the worst-case NE the followers would play and assume that the right-hand
side of Constraint for (G, as) is strictly smaller than the utility the
leader would obtain if the followers played the NE (a4, ay), namely,

a1a2a3 a3 . /Ba1a2a1 ( alflzag o Ua1a2ad) az

a3€As3 aj €Ay a3€A3
_ § 60102(12 § ( a1d2a3 Ua1a2a3 a3 < § a1a2a3 a3
aheAy az€As az€A3

Letting y“**? = 1, this constraint would be violated (as, with that value of
y, the left-hand side of the constraint would be Zag A5 Ugt %253, which
we assumed to be strictly larger than the right-hand s1de) This forces the

a1a2a1

choice of a different x5 for which the upper bound of M on [ and

Y 1293 g sufficiently large not to cause the same issue with the worst-case

NE corresponding to that x3, thus restricting the set of strategies the leader
could play. In spite of this, by solving the MILP reformulation outlined
in Theorem [4.5| we are always guaranteed to find optimal (restricted) solu-
tions to it (if M is large enough for the restricted problem to admit feasible
solutions). Such solutions correspond to feasible strategies of the leader,
guaranteeing her a lower bound on her utility at a WSPNE.

4.4 Exact Algorithms for Computing WSPNEs

In this section, we propose an exact exponential-time algorithm for the
computation of a WSPNE, i.e., of sup, ca, f(%,), which does not suf-
fer from the shortcomings of the formulations we introduced in the previ-
ous section. In particular, if there is no z,, € A, where the leader’s utility
f(x,) attains sup, _ca f(2n) (as f(x,) does not admit a maximum), our al-
gorithm also returns, together with the supremum, a strategy ,, which pro-
vides the leader with a utility equal to an a-approximation (in the additive
sense) of the supremum, namely, a strategy &,, satisfying sup, < f(2n)—
f(&,) < a for any additive loss a > 0 chosen a priori. We first introduce a
version of the algorithm based on explicit enumeration, in Subsection4.4.1]
which we then embed into a branch-and-bound scheme in Subsection[4.4.3]
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In the remainder of the section, we denote the closure of aset X C A,
relative to aff(A,) by X, its boundary relative to aff(A,,) by bd(X), and
its complement relative to A,, by X°. Note that, here, aff(A,,) denotes the
affine hull of A,,, i.e., the hyperplane in R™ containing A,,.

4.4.1 Enumerative Algorithm

Computing sup, a, f(75)

The key ingredient of our algorithm is what we call outcome configura-
tions. We say that a pair (S*,57) with St C Ap and S™ = Ap \ ST is
an outcome configuration for a given z,, € A, if, in the followers’ game
induced by z,,, all the followers’ action profiles a_,, € ST constitute an NE
and all the action profiles a_,, € S~ do not.

For every a_,, € Ap, we define X (a_,,) as the set of all leader’s strate-
gies x, € A, for which a_,, is an NE in the followers’ game induced by z,,.
Formally, X (a_,) corresponds to the following (closed) polytope:

a’_,,,an
Ty, € Ay E Uy —mranm > g Up "
X(a n) — an€An an€An
) :
Vp e F,a, € A, \{a,}
. / /
witha’ = (a1,...,ap1,a,, apy1, -, 1)

For every a_,, € Ap, we also introduce the set X“(a_,) of all z,, € A,
for which a_,, is not an NE. For that purpose, we first define the following
set foreach p € F':

/
. a—n,a a a_,,an g
Tn € Ay E Ug—mtranr < g Up "
Dp(af'nﬁ a’p) = an€An an€An
: / /
witha’ , = (a1,...,ap 1,0, apr1, .-, An 1)

Dy(a—n,a,), which is a not open nor closed polytope (as it has a miss-
ing facet, the one corresponding to its strict inequality), is the set of all
values of x,, for which player p would achieve a better utility by deviat-
ing from a_,, and playing a different action a;, € A,. For every p € F,

a_n € Ap, and a;, € A,, we call the corresponding set Dy(a_,,a;,) de-

generate if U,-m = U;,l % for each a, € A, (recall that ¢’ =
(a1, .. ap-1,a5, Gpi1, .-, an_1)). In a degenerate Dy(a_,,a,), the con—
straint 3, oy Up—nagr < 35, cq, Up """ reduces to 0 < 0. Since,

in principle, any player could deviate from a_np by playing any action not
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ina_,, Xa_,) is the following disjunctive set:

X(a—n) = U Dilan.a))

pEF \a,eA,\{ap}

Notice that, since any point in bd(X“(a_,)) which is not in bd(A,,)
would satisfy, for some a;, the (strict, originally) inequality of D,(a_,, a;)
as an equation, such point is not in X“(a_,) and, hence, bd(X“(a_,)) N

X¢a_,) € bd(A,). The closure X¢(a_,) of X¢(a_,) is obtained by dis-
carding any degenerate D,,(a_,,a;,) and by turning the strict constraint in
the definition of each nondegenerate D, (a_y, a;,) into a nonstrict one. Note
that degenerate sets are discarded as turning their strict inequality into a <
inequality would result in turning the empty set D,,(a_, a;,) (whose closure
is the empty set) into A,,. An illustration of X (a_,,) and X“(a_,,), together

with the closure X¢(a_,) of the latter, is reported in Figure

X(a_n)

Figure 4.5: An illustration of X (a_y,), X¢(a_y,), and X¢(a_y,) for the case with m = 3.
The three sets are depicted as subsets (highlighted in gray and continuous lines) of the
leader’s strategy space A,,. Dashed lines and circles indicate parts of A, which are
not contained in the sets.

For every outcome configuration (S™, S™), we define the following sets:

X(SH) = (] X(a—n) and X(S7):= (] X(a-n).

a_n€St a_n€S~

While the former is a closed polytope, the latter is the union of not open
nor closed polytopes and, thus, it is not open nor closed itself. Similarly
to X(a_,), X(S7) satisfies bd(X(S7)) N X(S~™) C bd(A,). The clo-
sure X (S—) of X (S57) is obtained by taking the closure of each X°(a_,,).

Hence, X (S7) =, - X(a_n).

a_n€
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By leveraging these definitions, we can focus on the set of all leader’s
strategies which realize the outcome configuration (S, S™), namely:

X(SHNX(S).

As for X(S7), X(S*) N X(S™) is not an open nor a closed set. Due to
X (ST) being closed, the only points of bd(X (S*)N X (S~)) which are not
in X(ST) N X(S7) itself are the very points in bd(X (S~)) which are not
in X(S7). As a consequence, X (S*) N X (S7) = X(ST) N X(S).

Let us define the set P := {(S*,S7) : St € 247 A §— = 24F \ S+},
which contains all the outcome configurations of the game. The following
theorem highlights the structure of f(x,), suggesting an iterative way of
expressing the problem of computing sup,, A f(2,). We will rely on it
when designing our algorithm.

Theorem 4.6. Let ¢)(x,; ST) := min Z U= mxom. It holds:

a7n65+

an€Anp
sup f(z,) = max max P(zn; ST).
Tn€A, (ST,S7)eP:  z,eX(ST)NX(S™)

X(STNX(S™)#£o

Proof. Let Al be the set of leader’s strategies x,, for which there exists
a pure NE in the followers’ game induced by z,, namely, A := {z, €
A, : f(x,) > —oo}. Since, by definition, f(z,) = —oo for any z,, ¢ A/,
and the supremum of f(x,,) is finite due to the finiteness of the payoffs (and
assuming the followers’ game admits at least a pure NE for some x,, € A,,),
we can, w.l.o.g., focus on A, and solve sup, . f(z,). In particular, the
collection of the sets X (S*) N X(S™) # & which are obtained for all
(S*,57) € P forms a partition of A!/. Due to the fact that at any z,, €
X (S*) N X(S7) the only pure NEs induced by x,, in the followers’ game
are those in S*, f(x,) = ¥(x,;ST). Since the supremum of a function
defined over a set is equal to the largest of the suprema of that function
over the subsets of such set, we have:

sup f(z,) =  max sup U(n; S*).
Tn€An (ST,S7)EP:  2,eX(ST)NX(S™)
X(ST)NX(S™)£2

What remains to show is that the following relationship holds for all
X(ST)NX(S™) # @:

sup P(wn; ST) = max___ tp(z,; ST).

T €X(ST)NX(S™) zn€X(ST)NX(S™)
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Since v (x,; ST) is a continuous function (it is the point-wise minimum of
finitely many continuous functions), its supremum over X (S*) N X (S™)
equals its maximum over the closure X (S*) N X (S~) of that set. Hence,
the relationship follows due to X (ST) N X(S—) = X(ST)NX(S~). O

In particular, Theorem [4.6|shows that f(z,,) is a piecewise function with
a piece for each set X (S™) N X (S™), each of which corresponding to the
(continuous over its domain) piecewise-affine function ¢(z,;S™). It fol-
lows that the only discontinuities of f(x,,) (due to which f(z,) may admit
a supremum but not a maximum) are those where, in A,,, z,, transitions
from a set X (S*) N X (S™) to another one.

We show how to translate the formula in Theorem [4.6]into an algorithm
by proving the following theorem:

Theorem 4.7. There exists a finite, exponential-time algorithm which com-

putes sup, ca f(x,) and, whenever sup, cn f(x,) = maxy e, f(2n),
also returns a strategy x;, with f(z}) = max,, ca, f(x,).

Proof. The algorithm relies on the expression given in Theorem {.6] All
pairs (S*,S7) € P can be constructed by enumeration in time exponential
in the size of the instance. |'| In particular, the set P contains 2" outcome
configurations, each corresponding to a bi-partition of the outcomes of the
followers’ game into S* and S~ (there are m™~! such outcomes, due to
having m actions and n — 1 followers).

For every p € I/, let us define the following sets, parametric in € > 0:

a__.a
Ty € Ay E Uy ag + € < E Up " " alr
A
Dp(a—nv apv 6) E an€Ap an€An
. / _ /
witha’ | = (a1, ..., ap-1,a,, Gpp1, .-, An1)

Xa_p;€) = U U Dp(a_n,ay;¢€) |,

peF %EAP\{%}
X(S75¢€) = ﬂ Xa—n;e€).
a_np,€S™

We can verify whether X (ST)N X (S™) # & by verifying whether there
exists some ¢ > 0 such that X (S*) N X (S™;¢€) # @. This can be done by

IRecall that the size of a game instance is lower bounded by m™.
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solving the following problem and checking if € > 0 in its solution:

max e€

st 2p € X(ST)NX(S™se) 4.7)
e>0
T, € A,.

Notice that degenerate sets D,(a_y, a;,) play no role in Problem (4.7). This
is because if Dp(a_,, a,) is degenerate its constraint reduces to € S 0 and,
thus, any solution to Problem with z,, belonging to a degenerate set
D,(a—n,a;) would achieve € equal to 0. Thus, ¢ > ( can be obtained only
by choosing x,, not belonging to a degenerate Dy(a_,,a;,). Problem (4.7)
can be cast as an MILP. To see this, observe that each X“(a_,;€) can be
expressed as an MILP with a binary variable for each term of the disjunction
which composes it, namely:

§ Ua naanxan +€ < § Up—n »an an + Ma n»a, a nyalp

an€An an€An

Vp € Fa, €A, \{ap} witha', = (a1,...,0a,,...,ap—1)  (4.82)

Z Z 1—z ™7 =1 (4.8b)

PEF ajeAp\{ay)

2% e 0,1} Vp € F,d, € A\ {a,} (4.8¢)
T, € A, (4.8d)
€>0. (4.8¢)

In Constraints (#.8), the constant M, R max,, ea, {Ug " ~U, ,’"’a"}
is key to deactivate any instance of Constraints (4.8a) when the correspond-
ing z, """ is equal to 1. The set X (S~ ;¢) is obtained by simultaneously
imposing Constraints (.8)) forall a_,, € S™.

After verifying X (S*) N X(S—) # @ by solving Problem (@&.7), the
Value of‘maxxn EX(SH)NX(S ] w(xn', ST) can be computed in, at most, expo-
nential time by solving the following MILP:

max 1)
7%n
st. 1< Z Ug—noan gn Va_, € ST
an€An (49)
T, € X(ST)NX(S~;0)
neR
Ty € Ay,
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where the first constraint accounts for the maxmin aspect of the problem.
The largest value of 7) found over all sets X (S*T)NX (S™) forall (S*,57) €
P corresponds to sup,, ca, f(2n).

In the algorithm, to verify whether f(z,) admits max,, ca, f(z,) (and
to compute it if it does) we solve the following problem (rather than the
aforementioned max, _ yg+)xy ¥(Tn; S )):

o ni57)iel: 4.10
eZO,xnee))(((Sql)%))(((sf;e)[w(l' ); €] (4.10)

This problem calls for a pair (x,,€) with 2, € X(ST) N X(S7;€) such
that, among all pairs which maximize ¢ (z,; S™), € is as large as possible.
This way, in any solution (x,,€) with ¢ > 0 we have x, € X(S*) N
X (S7) (rather than x, € X(S*) N X(S)). Since, there, ¢ (x,;ST) =
f(z,), we conclude that f(x,) admits a maximum (equal to the value of
the supremum) if € > 0, whereas it only admits a supremum if € = 0.
Problem (4.10) can be solved in, at most, exponential time by solving

the following lex-MILP:

max [n ;€]

1,Zn,€
st. n< Z Ug—mtmxom Va_, € ST
an€An
T, € X(SHNX(S;e) (4.11)
neR
e>0
Tn € Ay,

where 7) is maximized first, and € second. In practice, it suffices to solve two
MILPs in sequence: one in which the first objective function is maximized,
and then another one in which the second objective function is maximized
after imposing the first objective to be equal to its optimal value. 0

Finding an a-Approximate Strategy

For those cases where f(x,) does not admit a maximum, we look for a
strategy Z,, such that, for any given additive loss a > 0, sup,, ca, f(zn) —
f(#,) < a, i.e., for an (additively) a-approximate strategy z,,. Its existence
is guaranteed by the following lemma:

Lemma 4.3. Consider the sets X C R", for somen € N, andY C R, and
a function f : X — Y with s := sup,x f(x) satisfying s < oco. For any
a € (0, s], there exists thenanx € X : s — f(x) < a.
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Proof. By negating the conclusion, we deduce the existence of some « €
(0, s] such that, for every x € X, s — f(z) > a. Then, f(x) < s —« for all
x € X. This implies s = sup,.y f(z) < s —a < s: acontradiction.  [J

After running the algorithm we outlined in the proof of Theorem (4.6| to
compute the value of the supremum, an a-approximate strategy z,, can be
computed a posteriori thanks to the following result:

Theorem 4.8. Assume that f(x,) does not admit a maximum over A,, and
that, according to the formula in Theorem s 1= sup, ca, [(@n) is
attained at some outcome configuration (S™,S™). Then, an a-approximate
strategy x,, can be computed for any o > 0 in at most exponential time by
solving the following MILP:

e
.. Z Ug—mongin >s—a  Va_, €8t
anern (4.12)
T, € X(ST)NX(S ;¢
e>0
T, € A,

Proof. Letz’ € X(St)NX(S™) be the strategy where the supremum is at-
tained accordmg to the formula in Theorem[4.6] namely, where ¢ (z7;, ST) =

max, .y s+ynx@=) ¥(%n; ST) = s. Problem calls for a solution z,,
of value at least s — « (thus, for an a-approximate strategy) belonging to
X(ST)N X (S;€) with € as large as possible, whose existence is guaran-
teed by Lemma Let (Z,, €) be an optimal solution to Problem #.12).
Ifé > 0,2, € X(ST)NX(S™) (rather than z,, € X(S*) N X (S™)). Thus,
f(x,) is continuous at x,, = &, implying ¢(z,; ST) = f(x,). Therefore,
by playing z,, the leader achieves a utility of at least s — a. ]

Outline of the Explicit Enumeration Algorithm

The complete enumerative algorithm is detailed in Algorithm §.1| In the
pseudocode, CHECKEMPTYNESS(S™, S7) is a subroutine which looks for
a value of € > 0 which is optimal for Problem (4.7), while SOLVE-LEX-
MILP(S*, S7) is another subroutine which solves Problem (@.11)). Note
that Problem may be infeasible. If this is the case, we assume that
CHECKEMPTYNESS(S™, S7) returns € = 0, so that the outcome configu-
ration (S*,S7) is discarded. Let us also observe that (in Algorithm |4.1)
Problem (4.11)) cannot be infeasible, as it is always solved for an out-
come configuration (S*,S~) whose corresponding Problem is fea-
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sible. Due to the lexicographic nature of the algorithm, f(x,) admits a
maximum if and only if the algorithm returns a solution with best.e* > 0.
If best.e* = 0, x}, is just a strategy where sup, ., f(2y) is attained (in
the sense of Theorem [4.6). In the latter case, an a-approximate strategy is
found by invoking SOLVE-MILP-APPROX (best.S™T, best.S™, best_value),
which solves Problem (4.12)) on the configuration (best.S™,best.S™) on
which the supremum has been found.

Algorithm 4.1 Explicit Enumeration

1: function EXPLICIT ENUMERATION
best < nil

wn

3 best_val < —oo
4 forall ST C Ar do
5: ST« Ap \ S+
6: (e,+) + CHECKEMPTYNESS(ST,S™) > Solve MILP Problem (#7)
7 if € > 0 then
8: (m, €*, %) < SOLVE-LEX-MILP(S*,S7) > Solve lex-MILP Problem
9: if n > best_val then
10: best < (ST,57, %, €¥)
11: best_val < n
12: end if
13: end if
14: end for
15: if best.e* > 0 then
16: Iy < best.xyp
17: else
18: &y, < SOLVE-MILP-APPROX (best.ST, best.S™, best_val) > Solve MILP Problem #12)
19: end if
20: return best_val, best.x;,, Tn

21: end function

4.4.2 On The Polynomial Representability of WSPNEs

The algorithm that we have presented is based on solving Problem @.11] a
number of times, once per (ST,S~) € P. As Problem is an MILP,
its solutions can be computed by a standard branch-and-bound algorithm
based on solving, in an enumeration tree, a set of linear programming relax-
ations of Problem[.11]in which the value of (some of) its binary variables is
fixed to either 0 or 1. We remark that both Problem [4.11] and its relaxations
with fixed binary variables contain a polynomial (in the game size) number
of variables and constraints. Moreover, all the coefficients in the problem
are polynomially bounded, as they are produced by adding/subtracting the
players’ payoffs. Since the extreme solution of an LP can be encoded by a
number of bits which is also bounded by a polynomial function of the in-
stance size (see Lemma 8.2, page 373, in (Bertsimas and Tsitsiklis, [1997)),
we have that any z,, which constitutes a WSPNE can be succinctly encoded
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by a polynomial number of bits. This observation completes the proof of
Theorem showing that WSPNE belongs to NP.

4.4.3 Branch-and-Bound Algorithm

As it is clear, computing sup, . f(x,) with the enumerative algorithm
can be impractical for any game of interesting size, as it requires the explicit
enumeration of all the outcome configurations of a game—many of which
will, incidentally, yield empty regions X (S*) N X (S~). A more efficient
algorithm, albeit one still running in exponential time in the worst-case, can
be designed by relying on a branch-and-bound scheme.

Computing sup, A f(zn)

Rather than defining S~ = Ap \ ST, assume now S™ C Ap \ ST. In this
case, we call the corresponding pair (ST, S™) a relaxed outcome configura-
tion. Starting from any followers’ profile a_,, € Ap with X (a_,,) # &, the
algorithm constructs and explores, through a sequence of branching opera-
tions, two search trees, whose nodes correspond to relaxed outcome config-
urations. One tree accounts for the case where a_,, is an NE and contains
the relaxed outcome configuration (S*,S7) = ({a_,}, @) as root node.
The other tree accounts for the case where a_,, is not an NE, featuring as
root node the relaxed outcome configuration (S*,S7) = (&, {a_,}).

If S— C Ar \ ST (which can often be the case when relaxed outcome
configurations are adopted), solving max, .y s+nx5) Y (2,; ST) might
not give a strategy x,, for which the only pure NEs in the followers’ game
it induces are those in S, even if z,, € X (S*) N X (S™) (rather than x,, €
X (ST)N X (S7)). This is because, due to ST U S~ C Ap, there might be
another action profile, say a’_,, € A\ (STUS™), providing the leader with
a utility strictly smaller than that corresponding to all the action profiles
in ST. Since, if this is the case, the followers would respond to x,, by play-
ing a’_,, rather than any of the profiles in S, max _ x(s+)nxE) Y (@n; S )
could be strictly larger than sup, <, f(%,), thus not being a valid candi-
date for the computation of the latter.

In order to detect whether one such a’_, exists, it suffices to carry out
a feasibility check (on x,). This corresponds to looking for a pure NE in
the followers’ game different from those in .S~ (which may become NEs
on bd(X(S*) N X(S7)) which minimizes the leader’s utility—this can
be done by inspection in O(m™~1). If the feasibility check returns some
a', ¢ ST, the branch-and-bound tree is expanded by performing a branch-
ing operation. Two nodes are introduced: a left node with (S} ,S; ) where
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S+ STuU{d ,} and S; = S~ (which accounts for the case where

. is a pure NE), and a right node with (S}, Sp) where S} = S* and
Sg =S uU{d,} (Wthh accounts for the case where ', is not a pure
NE). If, differently, o’ ,, € ST, then ¥)(x,,; ST) represents a valid candidate
for the computation of sup, A f(2,) and, thus, no further branching is
needed (and (ST, S7) is a leaf node).

Proposition 4.7. Solving max, .y s+ynx5=) V(2,; ST) for some relaxed
outcome configuration (S*,S™) gives an upper bound on the leader’s util-
ity under the assumption that all followers’ action profiles in ST constitute
an NE and those in S~ do not.

Proof. Due to (ST, S7) being a relaxed outcome configuration, there could
be outcomes not in St which are NEs for some z,, € X (S7) N X(S7).

Due to ¢(z,; ST) being defined as min,__cg+ Zan ca, U @masn, ignor-

ing any such NE at any x,, € X (ST) N X (S~) can only result in the min
operator considering fewer outcomes a_,,, thus overestimating ¢(In7 S +)
and, ultimately, f(x,). Thus, the claim follows. O]

As a consequence of Proposition optimal values obtained when
computing max, .y s+)nxE) Y (xz,; ST) throughout the search tree can
be used as bounds as in a standard branch-and-bound method. Given that
Max, .x(s+)X(5°) (xy,; ST) is not well-defined for nodes with ST = &,
for them we solve a restriction of Problem (4.1]) with constraints imposing
that all the followers’ action profiles in S~ are not NEs. We employ the
following formulation, introduced directly for the lexicographic case:

max |y Usy n:cgn,e] (4.13a)
Yoo acA
o oyrr=1 (4.13b)
(lfneAF
g D (U = Uy g 2 0
aneAn
Vpe Fa_, € AF,CL; € A, \{a,}
witha' , = (a1,...,ap 1,0, apy1,. .. an1)  (4.13c)
y* e {0,1} Va_, € Ap  (4.13d)
T, €A, (4.13e)
T, € X(S75€). (4.131)
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The problem can be turned into a lex-MILP by linearising each bilinear
product y*~"z* by means of McCormick’s envelope constraints and by
restating Constraint (4.13f)) as done in the MILP Constraints (4.8).

Finding an a-Approximate Strategy

In the context of the branch-and-bound algorithm, an a-approximate strat-
egy 1, cannot be found by just relying on the a posteriori procedure out-
lined in Theorem This is because when (S™, S7) is a relaxed outcome
configuration there might be an action profile @’ ,, € Ap \ (ST US™) (ie.,
one not accounted for in the relaxed outcome configuration) which not only
is an NE in the followers’ game induced by z,,, but which also provides the
leader with a utility strictly smaller than v (Z,; S™). Then, the strategy 7,
found with the procedure of Theorem {.8] may return a utility arbitrarily
smaller than the supremum s and, in particular, smaller than s — a.

To cope with this shortcoming and establish whether such an o’ , ex-
ists, we first compute ,, according to the a posteriori procedure of Theo-
rem[.8|and, then, perform a feasibility check. If we obtain an action profile
a, € ST, &, is then an c-approximate strategy and the algorithm halts. If,
differently, we obtain some a’_,, ¢ S™ for which the leader obtains a utility
strictly smaller than v (z,; S™), we carry out a new branching operation,
creating a left and a right child node in which a’_,, is added to, respectively,
St and S—. This procedure is then reapplied on both nodes, recursively,
until a strategy z,, for which the feasibility check returns an action profile
in ST is found. Such a strategy is, by construction, c-approximate.

Observe that, due to the correctness of the algorithm for the computation
of the supremum, there cannot be at 27 an NE ' ,, worse than the worst-
case one in S*. If a new outcome a’_,, becomes the worst-case NE at i,
due to the fact that it is not a worst-case NE at z, there must be a strategy
T, which is a convex combination of x and z,, where either a’_, is not an
NE or, if it is, it yields a leader’s utility not worse than that obtained with
the worst-case NE in S*. An a-approximate strategy is thus guaranteed to
be found on the segment joining &,, and x;, by applying Lemma[4.3| with X
equal to that segment. Thus, the algorithm is guaranteed to converge.

Outline of the Branch-and-Bound Algorithm

The complete outline of the branch-and-bound algorithm is detailed in Al-
gorithm @ F is the frontier of the two search trees, containing all nodes
which have yet to be explored. INITIALIZE() is a subprocedure which cre-
ates the root nodes of the two search trees, while PICK() extracts from F the
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Algorithm 4.2 Branch-and-Bound

1:
2
3
4.
5:
6.
7
8

9:

10:
11:
12:

13:
14:

15:
16:
17:

18:
19:
20:
21:
22:
23:
24
25:
26:
27:
28:
29:

function BRANCH-AND-BOUND

best < nil, b+ —oco, ub<+ co
F < INITIALIZE()
while 7 # @& do
node < F.PICK()
if node.ub > Ib then
a—y < FEASIBILITYCHECK(node.x},, node.S™)
ifa_,, € node.ST then
best < (node.St,node.S~,node.x},, node.e*)
lb < node.ub
else
St =node.ST U{a_n}
F « F + CREATENODE(S} , node.S™)
Sg =node.S™ U{a_n}
F « F + CREATENODE(node.S%, Sg;)
end if

ub < max_{node.ub}
node€F
end if

end while

if best.e* > 0 then
Ty < best.x}

else

2n < SOLVE-MILP-APPROX (best.ST best.S™, best_val)

a’_,, < FEASIBILITYCHECK (&, best.S™)
ifa’ , ¢ best.ST then

> Solve MILP Problem @12)

#y, + BRANCH-AND-BOUND-APPROX (best.St, best.S ™, best.z},)

end if
end if
return ub, best.xy,, Tn

30: end function

Algorithm 4.3 CreateNode

1:
2
3
4.
5:
6
7
8

function CREATENODE(S™T, S™)

(e,+) < CHECKEMPTYNESS(St,S7)
if € > O then
node < EMPTYNODE()
node.ST «+ St
node.S™ + S~
if ST = & then
(m, €*, %) < SOLVE-LEX-MILP-OPT(S*,S™)
else
(n, €*,x%) < SOLVE-LEX-MILP(S*, S7)
end if
node.ub < n
node.x}, < 7,
node.€*  ¢*
return node
end if
return &

18: end function

> Solve MILP Problem

> Solve lex-MILP Problem @I3))

> Solve lex-MILP Problem (#.17])
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next node to be explored. FEASIBILITYCHECK (z,, S~ ) performs the fea-
sibility check operation for the leader’s strategy x,,, looking for the worst-
case pure NE in the game induced by z,, and ignoring any outcome in S~.
CREATENODE(S™, S7) (detailed in Algorithm [4.3) adds a new node to F,
also computing its upper bound and the corresponding values of z,, and e.
More specifically, CREATENODE(S™, S™) performs the same operations of
a generic step of the enumerative procedure in Algorithm 4. 1|for a given S
and S, with the only difference that, here, we invoke SOLVE-LEX-MILP-
OpT(S™,S7) when ST = & to solve Problem (@.13), while we invoke
SOLVE-LEX-MILP(S™, S7) to solve Problem {.1T)) if ST # &. In the last
part of the algorithm, SOLVE-MILP-APPROX (best.S™, best.S™, best_val)
attempts to compute an a-approximate strategy as done in Algorithm @.1]
If the feasibility check fails for the returned strategy Z,, then the sub-
procedure BRANCH-AND-BOUND-APPROX (best.S™, best.S™, best.x?) is
run, executing a second branch-and-bound method, as described in Subsec-
tion 4.4.3] until an a-approximate solution is found.
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CHAPTER

Computing Stackelberg-Nash Equilibria in
Stackelberg Polymatrix Games

In this chapter and the following Chapter 6] we study the problem of com-
puting SPNE:s in succinct SGs with a single leader and multiple followers.
Specifically, we focus here on polymatrix games. As for normal-form SGs,
we restrict ourselves to the case in which the followers are only allowed
to play pure strategies, since the unrestricted problem is computationally
intractable even with only two followers (Basilico et al.,[2016, 2017a)).

First, in Section [5.1} we introduce two classes of Stackelberg polyma-
trix games which allow us to characterize the computational complexity of
finding SPNEs in polymatrix games. We also show that these two classes
of games are intimately connected with two-player Bayesian Stackelberg
games, and, thus, our computational results can be directly extended to the
Bayesian setting. Section[5.2]formally defines the computational problems
addressed in the rest of the chapter. Finally, Section [5.3]| presents our com-
plexity results for Stackelberg polymatrix games, while Section [5.4] pro-
vides exact algorithms for finding SPNEs in such games.
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Chapter 5. Computing SNEs in Stackelberg Polymatrix Games

5.1 Two Relevant Classes of Stackelberg Polymatrix Games

We introduce two classes of Stackelberg polymatrix games (SPGs) which
are crucial for providing a complete characterization of the computational
complexity of finding SPNESs in polymatrix games. Moreover, these classes
of games are of interest in their own, as they are connected with particular
Bayesian (normal-form) SGs and security games.

Definition 5.1 (One-Level Tree SPG). An SPG with a single leader and
multiple followers I' = (N, A, U) is a one-level tree Stackelberg polyma-
trix game (OLTSPG) if, for every pair p,q € F, it holds U, , = U, , = 0.

Intuitively, in an OLTSPG the followers play only against the leader,
while they do not play against each other (this is encoded by letting the
follower-follower utility matrices be identically equal to zero). Thus, while
a general SPG can be graphically depicted as a complete graph whose ver-
tices represent players, the graphical representation of an OLTSPG is a tree
with only one level, in which the root node corresponds to the leader and
the leaves are associated to the followers. Moreover, we also introduce the
following subclass of OLTSPGs:

Definition 5.2 (Star SPG). An OLTSPG " = (N, A,U) is a star Stackel-
berg polymatrix game (SSPQG) if, for every p € F, it holds m, = m and
U, p = Uy, where m is the number of actions available to each follower and
U, € Qm*"™ is the leader’s utility matrix when playing against a follower.

An SSPG is a particular OLTSPG in which the leader’s payoffs are al-
ways the same, regardless of the follower she is playing against.

Notice that OLTSPGs and SSPGs are closely connected with many se-
curity scenarios. Indeed, in security games with multiple attackers (i.e.,
multiple followers), it is often the case that the attackers do not influence
each other’s payoffs, since they have different preferences over the targets,
as itis the case, e.g., when some groups of criminals attack different spots in
the same city. This scenario corresponds to the OLTSPG model. Moreover,
SSPGs can represent situations in which the payoffs of the defender (i.e.,
the leader) are not affected by the identity of the attacker who performed
the attack, as, from the defender’s perspective, it may be more important
protecting the targets than knowing who committed the attack.

5.1.1 Connection with Bayesian Normal-Form SGs

Next, we show the key connection between our classes of SPGs and Bayesian
SGs with a single leader and a single follower, where the latter can be of dif-
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ferent types, while the former has only one type. Specifically, OLTSPGs are
equivalent to what we define as Bayesian SGs with interdependent types, in
which the leader’s utility may depend on the follower’s type. Furthermore,
SPGs are equivalent to what we call Bayesian SGs with independent types,
where the leader’s utility does not depend on the follower’s type. Formally:

Definition 5.3 (Bayesian SG with Interdependent Types). A Bayesian SG
with interdependent types (BSG-INT) is a Bayesian SG with a single leader
and a single follower I' = (N, 0, A, U) in which the leader has a single
type, i.e., |©, = 1, and, thus, we can define © = Oy, 1 € A(Oy), A =

— ; [Af,0, %A
ngeef Af}gf X Ay, and U = {Up,ef}peN,GfGGf with Upﬂf eQ £0f ‘.

Definition 5.4 (Bayesian SG with Independent Types). A Bayesian SG with
independent types (BSG-IND) is an instance I' = (N, 0,2, A, U) of BSG-
INT in which, for every follower’s type 0y € Oy, it holds Ayy, = Ay and
Uro, = Ui, where Ay is the finite set of follower’s actions (common to
all the follower’s types) and U, € QIAr¥1Ad is the leader’s utility matrix
(which does not depend on the follower’s type).

The following theorem, whose formal proof follows from (Howson Jr
and Rosenthal, [1974), shows the connection between our classes of SPGs
and Bayesian SGs with interdependent and independent types.

Theorem 5.1. There exists a polynomial-time-computable function which
maps any instance of BSG-INT (respectively, BSG-IND) to an OLTSPG
(respectively, SSPG) and vice versa, where:

e each follower’s type 0y € ©y in the Bayesian SG corresponds to a
follower p € F in the SPG, i.e., Afﬁf = A, and Uro; = Upns

o the leader ( in the Bayesian SG corresponds to the leader n in the
SPG, i.e, Ay =A,and U, ), = UeTef (respectively, U, = UnT);

such that, given any mixed strategy profile, the expected utility of each
player in the OLTSPG (respectively, SSPG) and the corresponding player
or follower’s type in the BSG-INT (respectively, BSG-IND) are the same.

We remark that, given the equivalences established in Theorem [5.1] all
the computational results (including approximation results) that hold for
OLTSPGs can be directly extended to BSGs-INT, while the results regard-
ing SSPGs are also valid for BSGs-IND, and vice versa. As a conse-
quence, computing an SSPNE in OLTSPGs is already know to be Poly-
APX-complete (Letchford et al., 2009).
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5.2 The Problem and Its Formulation

As for normal-form SGs, we let Ap = Xoer A, be the set of follow-
ers’ action profiles, i.e., all the collections of followers’ actions a_,, =
(ay,...,an—1). Then, we can formally define the problem of computing an
SSPNE in an n-player SPGs as the following bilevel problem:

max max E E Uyt
Tn€Ap a_n€EAR >

pEF an€A, (5 1)
s.t.  a, € argmax Z Uprte + Z Upr'mxyt Vp € F.
ap€Ap q#peN an€Ay,

Notice that the objective in Problem (5.1)) is the leader’s expected util-
ity when the followers play the actions prescribed by a_,, and the leader
plays the mixed strategy z,. Moreover, the arg max constraints require
that each follower’s action a, be a best response, thus guaranteeing that
a_, = (ai,...,a,_1) be a pure NE for the given x,,. In particular, the first
term in the arg max constraint accounts for follower p’s utility when play-
ing action a,, against the other followers ¢ # p € F', while the second term
is the utility obtained by playing against the leader.

Analogously, computing a WSPNE in an n-player SPG amounts to solve
the following bilevel problem:

sup min E E Unn'®

2n€A, a_nEAR

pEF an€A, ( )
apa, apQn ,.0n
st. a, € argmax E Ui + E Upgh'™ ay Vp € F.
ap€Ap q#peN an€Ay,

We remark that the sup operator in Problem (5.2)) is needed since, as
it is the case in general normal-form SGs, the problem may not admit a
maximum (see also Proposition §.T]).

Notice that, when focusing on the special case of OLTSPGs, the first
term in the arg max constraint can be removed, as U,, , = 0 for every pair of
followers p # q € F. As aresult, a_,, € Ap is a pure NE in the followers’
game resulting from the leader’s mixed-strategy commitment z,, € A, if
and only if each follower is playing a best response to x,, in the two-player
normal-form game played against the leader. Thus, since the followers’
utilities in such games are liner functions of z,, (specifically, for p € F,
itisequalto », _, Uph'™ x%), the restriction to followers playing pure
strategies is without loss of generality when working with OLTSPGs.
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5.3 Computational Complexity

In Subsection we show that the problem of computing a WSPNE is
Poly-APX-complete, even if we restrict the attention to OLTSPGs. E] More-
over, given the connection between OLTSPGs and BSGs-INT, established
in Theorem [5.1] the same result also holds for the latter. Then, in Subsec-
tion[5.3.2] we prove that, when the number of players in non-fixed, finding
an SSPNE is not in Poly-APX unless P = NP, while the same holds for
WSPNEs even with a fixed number of players. This is in contrast with
the case of n-player normal-form SGs, in which the problem of finding
an SSPNE can be solved in polynomial time. We remark that, when the
number of players n in an SPG is fixed, an SSPNE can be computed in
polynomial time by adapting the algorithm proposed in Theorem

5.3.1 Approximating a WSPNE in OLTSPGs

We study the computational complexity of approximating a WSPNE. Our
results rely on an approximation-preserving reduction from the Maximum
Clique problem, which is Poly-APX-hard (Zuckerman), 2006).

Definition 5.5 (MAX-CLIQUE). Given an undirected graph G = (V, E),

find a maximum clique of G, i.e., a complete subgraph with maximum size.
Theorem 5.2. Computing a WSPNE in SSPGs is Poly-APX-hard.

Proof. First, we provide a polynomial reduction from MAX-CLIQUE to
the problem of finding a WSPNE, reducing an arbitrary instance of MAX-
CLIQUE to an SSPG. Then, we prove that the correspondence among in-
stances is correct and the reduction is approximation-preserving. Specifi-
cally, we show that the graph G defined by MAX-CLIQUE admits a clique
of size J if and only if the leader gets a utility of J in a WSPNE.

Mapping. Letting V' = {vy,..., v}, for every vertex v, € V we
introduce a follower p, i.e., N = F U {n} with ' = {1,...,|V|} and
n = |V| + 1. Each follower has two actions, i.e., A, = {xo,x1} for all
p € F, while the leader has an action per vertex, i.e., A, = {1,...,|V]|}.
Players’ utilities are defined as follows:

o U)on =1+ |V|*forevery p € F and a, € A, with (v,,v,,) ¢ E;
o Uxotn = 1forevery p € Fand a,, € A, with (v,,v,,) € E;

o Uxitn = |V|forevery p € F and a,, € A, with a,, = p;

IComputing an SSPNE is already known to be Poly-APX-complete in OLTSPGs (Letchford et al.}[2009).
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e Ui = (forevery p € Fand a, € A, with a,, # p;
o UJinXo = (and Upx' = 1forall a, € A,.

If. Suppose that the graph G admits a clique C C V of size J. W.l.o.g.,
we can assume J < |V, since instances with a maximum clique of size
|V| can be safely ruled out as we can check if the graph is complete in
polynomial time. Consider a leader’s mixed strategy such that each action
a, € A, with v,, € C is played with probability equal to % Then, each
follower p € F with v, € C plays x;: in fact, by playing ;, they get
a utility of ‘—‘;' > 1, while by playing x, they can only get 1, since no
a, € A, with (v,,v,,) ¢ E is ever played by the leader, given that C is a
clique. Therefore, the leader’s utility is |C| = J by playing such strategy.

Only if. Suppose that, in a WSPNE of the SSPG, the leader gets a
utility of J and, thus, given the definition of the game, there are exactly
J followers who play action x;. Let C be the subset of vertices v, such
that follower p plays action y;: we prove that C is a clique. In order for
follower p to play x; instead of X, the leader must play action a,, = p with
probability greater than or equal to |—‘1,|, otherwise the follower would get a
higher utility by playing xo. Moreover, the leader cannot play any action
a, € A, such that (v,,v,,) ¢ E with probability at least ‘71|, because
otherwise the follower would play y, getting a utility greater than or equal
to 1+ ‘—‘1/‘ - |[V|* = 1+ |V, which is strictly greater than |V, i.e., the
maximum utility the leader can get by playing action x;. Thus, the leader
must play all the J actions a,, = p such that v, € C with probability at least
ﬁ, and there is no pair of vertices v,, v,, € C such that (v,,v,,) ¢ E. So,
the vertices in C are completely connected, and C is a clique of size J.

The reduction is approximation-preserving since the leader’s utility co-
incides with the cardinality of the clique. Thus, given that MAX-CLIQUE
is Poly-APX-hard, the result follows. Notice that the reduction works in
both the strong SPNE and the weak SPNE cases, as there is no follower
who is indifferent among multiple best responses. [

Next, we provide a polynomial-time approximation algorithm for the
WSPNE finding problem guaranteeing an approximation factor polynomial
in the game size, thus showing that the problem is in the Poly-APX class.

Theorem 5.3. Computing a WSPNE in OLTSPGs is in Poly-APX.

Proof. To prove the result, we provide an algorithm .4 working as follows.
First, A makes the leader play a two-player normal-form SG against each
follower independently. Let U;; , be the utility the leader gets in the game
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played against follower p € F. Then, the algorithm selects the leader’s
strategy which is played against a follower p such that Uy , is maximum.
The utility the leader gets adopting the strategy computed by means of al-
gorithm A is equal to U™ > max,ep Uy, while the utility she would get

in a WSPNE is equal to UP"" < (n — 1) - max,ep Uy . Thus, algorithm A
guarantees an approximation factor equal to

*
U;?PX maXyep Un’p 1 1

UPPT = (n—1) -maxepUs, n—1 O(n)

This concludes the proof. 0

The next result directly follows from Theorems [5.2]and [5.3]
Theorem 5.4. Computing a WSPNE in OLTSPGs is Poly-APX-complete.

5.3.2 Inapproximability of SPNEs in General SPGs

In the previous subsection, we analyzed the approximation complexity of
finding equilibria in the specific setting of OLTSPGs. Now, we investigate
the approximability of computing an S/WSPNE in general SPGs.

We provide two inapproximability results. The first one is for the prob-
lem of computing an SSPNE in general SPGs with a non-fixed number of
players, and it relies on a reduction from 3-SAT (see Definition [4.3]).

Theorem 5.5. The problem of computing an SSPNE in SPGs is not in Poly-
APX unless P = NP.

Proof. We provide a reduction from 3-SAT.
Mapping. Given a 3-SAT instance, i.e., a set V = {vy,..., vy} of

variables and a set of three-literal clauses C' == {¢1,...,¢|c|}, we build
an SPG with n = |C| + 1 players, as follows. The set of players is N =
F U {n}, where the followers in /' = {1,...,|C|} are associated with the

clauses in C, i.e., follower p € F' corresponds to ¢, € C. The leader
(player n) has an action for each variable in V, plus an additional one, i.e.,
A, = {1,...,|V],w} (where w = |V|+ 1). On the other hand, each
follower has only four actions, namely A, = {xo, x1, X2, X3} for every
p € F. For any clause ¢, € C, with ¢, = [; V I3 V I3, the payoffs of the
corresponding follower p are so defined:

o UXin = |V|+ 1forevery i € {1,2,3} and a,, € A, withv,, = v(l;)

and [; positive (recall that v(l;) denotes the variable of [;);

o UyYitn = ( for every i € {1,2,3} and a,, € A, such that v,, # v(l;)
and [; is positive;
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UXitn = 0 for every 7 € {1,2,3} and a,, € A, such that v,, = v(l;)
and [; is negative;

Uy = WHTTI for every i € {1,2,3} and a,, € A, such that v,, #

v(l;) and [; is negative;

Uxoan = 0 for every a, € Ay;

Upy'@ =0fora, € Ay \ {xo} and a, € A,, forevery ¢ € F'\ {p};
o Upq"" = g fora, € A, \ {xo}. forevery ¢ € F'\ {p};

o Uxoxo = |V|+1forevery g € '\ {p};

The leader’s payoffs are defined as follows:
o Unp" = ‘C| for every a,, € Ay, a, € A, \ {xo}, and p € F;

° U;jj]gXO = |C‘ for every a,, € A,;

where € > 0 is an arbitrarily small positive constant. In the following, for
the ease of presentation and with abuse of notation, we define U,%™ as
the utility follower p € F' expects to obtain by playing against the leader,
when the latter plays strategy =, € A, e, Uph " = 3 4 Uph™ zir.
Furthermore, given a truth assignment to the variables T+ / —» {O 1}, let
us deﬁne X(T) as the set of leader’s strategies x, € A, such that z¢» >
|V|+1 if T'(v,,) = 1, while 29 < \V|+1 whenever T'(v,,) = 0. Clearly,
no matter the truth assignment 7, the set X (7") is always non-empty, as
one can make the probabilities in the strategy x,, sum up to one by properly
choosing z!’. On the other hand, given a leader’s strategy z,, € A, we
define 7" as the truth assignment in Which T (v,,) =1 if Tom > |V|1 T
While T (v,,) = 0 whenever x%" < IV\ -7 (the case 27 = IV\ 7 deserves a
different treatment, although the proof can be easily extended to take it into
consideration, we omit it for simplicity). W.L.o.g., let us assume |C| > 3.

Before going into the core of the proof, we prove the following:

Lemma 5.1. For any leader’s strategy x,, € A,, and follower p € F, there
exists an action a, € A, \ {xo} such that Uy’ > 1 if and only if ¢,
evaluates to true under T"".

Proof. Suppose that 7" makes ¢, = I, VI3V [3 true, and let /; be one of the
literals that evaluate to true in ¢, (at least one must exist). Letting a, € A,
be such that v,, = v(l;), given the definition of 7", 2% > \VI 5 if li is

. a
positive, whereas z0" < IV\ —7 When /; is negative. Two cases are possible.
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If [; is positive, then UXi*» =z - (|V|+1) > 1, while, if /; is negative we
have Ui = (1 — xq‘;") |‘|/“/J|rl > 1. Thus, x; is the desired action.

Now, let us prove the other way around. Suppose a, € A, \ {xo0} is
such that U,%™ > 1 and consider the case in which a, = ; and literal
l; is positive in ¢, (similar arguments also hold for the case where [; is
negative). Letting a,, € A, be such that v,, = v(l;), it easily follows that
zé - ([V]+1) > 1, implying that 29~ > \Vll —- Thus, given the definition
of T, ¢, must evaluate to true. O

Yes instance. Suppose that the given 3-SAT instance has a yes answer,
i.e., there exists a truth assignment 7' that satisfies all the clauses. We prove
that, if this is the case, then in an SSPNE the leader gets a utility of 1.
Consider a leader’s strategy x,, € X(7') and a followers’ action profile
a_, € Ap where follower p’s action a, is such that a, = x; and literal
l; of ¢, evaluates to true under truth assignment 7. Clearly, the action
profile is always well-defined since 7' satisfies all the clauses. Moreover,
when there are many possible choices for action a,, we assume that the
follower plays the one providing her with the maximum utility given z,,.
Now, we prove that a_,, is a pure NE in the followers’ game resulting from
the leader’s commitment to z,,. Let p € F be a follower. Clearly, the
follower’s expected utility in action profile a_,, is U,» " since she gets 0
by playing against the other followers. The follower could deviate from
a, in two different ways, either by playing an action corresponding to a
different literal in the clause or by playing (. In the first case, the follower
cannot get more than what she gets by playing ayp, given the definition of
ap. In the second case, the follower gets =— C| - (|C| = 1) = 1, which is the
utility obtained by playing against the other followers. Observing that 7' is
actually the same as 7" and using Lemmaa we conclude that Up%™ > 1
and no follower has an incentive to deviate from a_,,, which makes 1t apure
NE given z,,. Finally, since we are in the strong case, the followers always
play a_,, since it is the NE maximizing the leader’s utility, as, in it, the
leader gains |C] - ﬁ = 1, which is her maximum payoff. Moreover, for the
same reason, the leader’s utility in an SSPNE is 1.

No instance. Suppose the 3-SAT instance has a no answer, i.e., there is
no truth assignment which satisfies all the clauses. First, we prove that the
followers’ action profile a_,, € Ap in which all the followers play o is a
pure NE, no matter the leader’s strategy x,. In a_,,, every follower gets a
utility of (|C|—1)-(|V'|+1) which does not depend on the leader’s strategy.
Now, suppose that follower p € F' deviates from a_,, by playing some
action a, # X0, then she would get Up%,™ < |V|+1, which is clearly strictly
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less than |V| - (]C| — 1) given the assumption s > 3. Hence, a_,, is always
a pure NE in the followers’ game and it provides the leader with a utility of
|C|- \_é‘l = ¢. Finally, we show that, for all leader’s strategies x,, € A,,, there
cannot be other NEs in the followers’ game, and, thus, a_,, is the unique
NE the followers can play. Let us start proving that all the action profiles
in which some followers play a, # X, and some others play y, cannot be
NEs. Let p € I be a follower such that a,, # x,. Clearly, p has an incentive
to deviate by playing xo since Uph™ < [V[+1 <f - iz + 4o~ (V[ +1)
given that fi > 1, where f; is the number of followers other than p who
are playing a, # Xxo and f, is the number of followers playing xo. In
conclusion, it remains to prove that the followers’ action profile in which
they all play actions a, # X, cannot be an NE. Let p € F' be a follower such
that ¢, is false under truth assignment 7" (she must exist, as, otherwise,
the 3-SAT instance would have answer yes). Clearly, p has an incentive to
deviate playing x, since, using Lemma , Uphm <1=(|C|-1)- ‘ C|1—1'
Therefore, in an SSPNE, the leader must get a utility of e.

Contradiction. Suppose there exists a polynomial-time approximation
algorithm A with approximation factor Wl(n)’ where poly(n) is any poly-

nomial function of n. Moreover, let us fix ¢ = 2% (notice that the poly-
nomiality of the reduction is preserved, as e can still be represented with
a number of bits polynomial in n). If the 3-SAT instance has answer yes,
then A, when applied to the corresponding polymatrix game, must return
a solution with value greater than or equal to Wl(n) > e. Instead, if the
answer is no, A must return a solution of value We(n) < €. Thus, the ex-
istence of A would imply that 3-SAT is solvable in polynomial time (the
answer is yes if and only if the returned solution has value greater than ¢),
which is an absurd, unless P = NP. ]

The second inapproximability result we provide (still based on a reduc-
tion from 3-SAT) is for the problem of computing a WSPNE in general
SPGs, which we prove to be harder than the corresponding problem for
SSPNE:s, as we show that it is not in Poly-APX even when the number of
players is fixed. Formally:

Theorem 5.6. The problem of computing a WSPNE in SPGs is not in Poly-
APX even when n = 4, unless P = NP.

Proof. We provide a reduction from 3-SAT.

Mapping. Given a 3-SAT instance, i.e., V = {vy,..., vy} and C' =
{¢1,..., 90|}, we build an SPG with n = 4 players, as follows. The leader
(player 4) has an action for each variable in V/, plus an additional one, i.e.,
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Ay = {1,...,|V],w} (where w = |V| + 1). On the other hand, each
follower has 8 actions per clause (each corresponding to a truth assignment
to the variables in the clause), plus an additional one, namely A = A; =
Ay = A3 ={ea = lilals | c€ {1,...,|C|},a € {1,...,8}}U{x}, where
®ca = l1l5l3 identifies a truth assignment to the variables in ¢, such that
v(l;) is set to true if and only if /; is a positive literal. For each follower
p € F', her payoffs are defined as follows:

Uph™ = 1forall a, = ¢oy = lilals € A4, \ {x} and a,, € A, \ {w}
with either v(l,) = v,, and [, positive or v(l,) # v,, and [, negative;

Upi'™ = 0 forall a, = ¢eq = lilals € A, \ {x} and a,, € A, \ {w}
with either v(l,) = v,, and [, negative or v(l,) # v,, and [, positive;

Uphn' = 0forall a, = ¢ = lilaly € A\ {x} if [, is positive, while
Uph’ = 1if it is negative;

Uxyr =0forall a, € A

Up'* =0foralla, € A\ {x},a,=a, € A\ {x}.andq € F'\ {p};
Upy't = —1foralla, € A\{x},a, # a, € A\{x},andq € F\{p};
UXx=0and Ufx = 1forallg > p € F;

Uye = m for all a, = ¢ea = lilaly € A, \ {x} with [, positive,
while Uyy! = % if [, is negative, for every ¢ > p € F

Ut = m for all a, = ¢oq = l1l2l3 € A\ {x} with [, positive,
while U3 = % if [, is negative, for every ¢ > p € F

Uyt =0foralla, € A\ {x}andgq >p € F;

Uph¥ = 1foralla, € A\ {x}andgq>p€ F.

The payoffs for the leader are so defined:
o Uyl = % forall a, € A, and a, = ¢y = l1lal3 € A\ {f} if the

€

truth assignment identified by ¢., makes ¢, true, while U}, = £
otherwise, where ¢ > 0;

UgnX = 1forall a, € A,.

Before going into the core of the proof, we prove the following:

85



Chapter 5. Computing SNEs in Stackelberg Polymatrix Games

Lemma 5.2. For every ¢., = l1l3ls € A\{x}, the outcome (¢ca, Gca, Gea) IS
a pure NE in the followers’ game whenever the leader commits to a strategy
T, € A, satisfying the following constraints:

o xin > IVIﬁ ifv(l,) = v,, and l, is a positive literal, for some p € F';

o yin < IVIﬁ ifv(l,) = va, and l, is a negative literal, for some p € F.

All the outcomes of the followers’ game that are not in {(¢ca, Geas Gea) |
a, € A\ {x}} cannot be part of a WSPNE.

Proof. Initially, we prove the first part of the statement. Let z, € A, be
an arbitrary leader’s strategy. Then, for every ¢., = l1l2l3 € A\ {x}, the
outcome (Qeq, Gea, Pea) provides follower p with the following utilities U,:

o U, =zt ifv(l,) = v,, and [, is positive;
o U, =1—zifv(l,) = v,, and [, is negative.
Thus, by definition, (¢4, ®ca, dea) is an NE if the following conditions hold:

o U, > IV\% for each p € F' such that [, is positive, as otherwise p

would deviate and play ;

o U, > I‘lf\% for each p € F' such that [, is negative, as otherwise p

would deviate and play .

Notice that, for every x,, € A, there always exists at least one outcome
(hcas Peas Pea) Which is an NE in the followers’ game. Moreover, all the
outcomes (a1, as, az) such that a;, as, a3 € A\ {x} and a, # a, for some
p, q € F cannot be NEs since the followers get a negative payoff, while they
can obtain a positive utility by deviating to y. Furthermore, the following
outcomes cannot be NEs:

e (X, X, X), as the first follower would deviate by playing any other ac-
tion, increasing her utility from zero to at least 1;

e (x,x,as3), forany az € A\ {x}, as the third follower would deviate
playing action y, which guarantees her a utility of 2 instead of < 1;

e (x,as,x), forany a; € A\ {x}, as the first follower would deviate to
a9, thus increasing her utility above 1;

e (ay,x,x),forany a; € A\ {x}, as the second follower would deviate
to a1, thus increasing her utility above 1;

86



5.4. Exact Algorithm for Finding a WSPNE in OLTSPGs

e (x,as,a3), forany ay = ag € A\ {x}, as the second follower would
deviate to Yy, thus increasing her utility above 1;

e (ay,x,as), forany a; = ag € A\ {x}, as the third follower would
deviate to x, thus increasing her utility above 1.

Finally, all the outcomes (a1, az, x), for all a; = as € A\ {x}, are never
played by the followers in a WSPNE since, even if they could become NEs
for some leader’s commitment, they always provide the leader with a utility
greater than 1, while, as previously shown, there is always at least another
NE which gives her a utility at most equal to 1. U

Yes instance. Suppose that the given 3-SAT instance has a yes answer,
i.e., there exists a truth assignment which satisfies all the clauses. Then, by
Lemma there exists a strategy =, € A, such that the worst (for the
leader) NE in the followers’ game provides her with a utility of 1. Thus,
the leader’s utility in a WSPNE is 1.

No instance. Let us consider the case in which the instance has a no
answer. By Lemma for every leader commitment z,, € A, there exists
an NE in the followers’ game that gives the leader a utility of €. Thus, the
leader’s utility in a WSPNE is e.

Contradiction. Now, suppose there exists a polynomial-time approx-
imation algorithm A with approximation factor m, where poly(n) is
any polynomial function of n. Moreover, let us fix e = 5. If the 3-SAT
instance has answer yes, then A, when applied to the corresponding SPG,
must return a solution with value greater than or equal to m > €. In-
stead, if the answer is no, A must return a solution of value m < €.

Thus, the existence of A would imply that 3-SAT is solvable in polynomial
time, which is an absurd, unless P = NP. O

5.4 Exact Algorithm for Finding a WSPNE in OLTSPGs

We provide an exact algorithm for computing a WSPNE in OLTSPGs whose
compute time is exponential in the number of players and polynomial in the
number of actions available to the players. The algorithm extends the pro-
cedure given in (Von Stengel and Zamir, 2010) to find a supremum of the
leader’s utility function with two-player normal-form SGs, and it also in-
cludes a procedure to compute a strategy that allows the leader to achieve
an a-approximation (in additive sense) of the supremum when there is no
maximum, for any o > 0.
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The algorithm is based on the enumeration of all the followers’ ac-
tion profiles, i.e., all the tuples a_, = (ai,...,a,-1) € Ap, and, for
each of them, it computes the best strategy the leader can commit to (in
the weak case) provided that a, is a best response for follower p, for ev-
ery p € F. For the ease of notation, given a, € A, with p € F, let
Up” € Ql4»l be a vector whose components are defined as Up%™, for every
a, € A,. The complete algorithm procedure is detailed in Algorithm
where the parameter o defines the quality of the approximation of the supre-
mum, whenever a maximum does not exist. At each iteration, the algo-
rithm calls two sub-procedures that solve two LP programs. Specifically,
SOLVE-EMPTYNESS-CHECK({7} } ,cF, @_,) computes the optimum of the
following program:

max €
€e20,xn €A,
s.t. E Uprimay — E Upf’" w>e Vpe Foa,c A\T,
an€An an€Anp

while SOLVE-MAX-MIN({7}, },er, a_,) solves the following:

max E Up
$7L€An

pEF
st.ov, <Y anah o Vp e F,a, €T,
an€An
n n aan n . /
2/; Ugnanzin — Z; b = (5 =0 Vp€ Fa, € A\T,
an€ an€
Car, 20 Vp € F,d, € A\ T,.
§

Finally, FIND-APX ({7}, },cr, a*,, v(a*,,), ) employs the following LP pro-
gram to find a leader’s strategy providing an a-approximation of the supre-
mum:

max €
e>0,zn€A,
S.t. va > U(ain) —a
peF
we X e wergeT,
an€An,

SO Ut — 7 Uskate > ¢ Vpe Fa € A4,\ T,

an€An an€An
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Algorithm 5.1 Exact-WSPNE

1: function EXACT-WSPNE(«)
2: foralla_,, = (a1,...,an—1) € Ap do

3: forall p € F do
’
4: Tpe{aéeAP | Uy® =U§”}
S: end for
6: € < SOLVE-EMPTYNESS-CHECK({Tp }peF, G —n)
7: if ¢ > 0 then
8: v(a—n), zn(a—n),¢%, ) + SOLVE-MAX-MIN({T} }peF, a—n)
P
9: Bla—n) + |{<§;} | CZ;) =0}>0
10: end if
11: end for
12: a*, <+ argmax, ca,v(a—n)
13: if 3(a* ,,) then
14: return FIND-APX({Tp }peF,a* ,,v(a’,), a)
15: end if
16: return z,, (a* )

17: end function

The following theorem shows that Algorithm [5.1]is correct.

Theorem 5.7. Given an OLTSPG, Algorithm [5.1] finds a WSPNE, and,
whenever the leader’s utility function does not admit a maximum, it returns
an a-approximation of the supremum.

Proof. Before proving the statement, we introduce some useful notation.
Given a, € A,, withp € F, let X(a,) C A, be the set of those strategies
x, € A, such that follower p’s best response to z,, is the action a,, i.e.,

X(ap) = {zn € Ay | ap € argmaxyca, 3, ca, ;’,‘ﬁanx#}' Given
a followers’ action profile a_,, = (ay,...,a,-1) € Ap, let X(a_,) =
Mper X (ap). We denote with X°(-) the interior of X (-) relative to A, and
we call X (+) full-dimensional if X°(-) is non-empty.

In order to prove the result, we define the search problem of computing
a WSPNE in OLTSPGs, as follows:
max  max min Z Z U;::;Ja;’xfﬁ, (5.3)

a—n€Ap zpn€X(a_ 4
" n€X(a—n) LEAR UpP=U,? pEF an€Ay

where Ap ={a_, € Ar | X(a_,) is full-dimensional }.
First, using a simple inductive argument, we derive a new definition for
A,,, which is as follows:

A=) X(an) (5.4)



Chapter 5. Computing SNEs in Stackelberg Polymatrix Games

Let us start noticing that A, = |J, ., X(a_,). Then, take a’,, € Ap \
Ap and define S = Ay \ U, capqo  X(a-n). We observe that S is
a subset of X (a’ ), and, thus, it is also a subset of X°(a’, ), which is
empty since a’_,, ¢ Ap, so S is empty. Therefore, we can write A,, =
U eapmgar 3 X(a—p), which we use as new definition for A,. Iterating
in this manner until all the elements in Ar \ Ap have been considered, we
eventually obtain the result.

Second, we recall a result from Von Stengel and Zamir| (2010), i.e., for
every a,, a,, € Ay, it holds:

o € X°(ay) Ny € X(d)) = U™ = Uy, (5.5)

We are now ready to prove Equation (5.3)), as follows:

. a. a
V= sup min E E Unp "z
nEAF zn€X(a

a
Tn€An an) pEF an€Ay

a a
= max  sup min g E Unp "xom,
GAF Tn GX

a— nGADQ; eX(a_ n) a’_,) DEF aneAn

where the first equality directly follows from the definition of the problem,
while the second one is obtained rewriting A,, as given by (5.4). Restricting
X(a_p) to X°(a_,) and using (5.5)), we obtain:

V > max sup Z Z U,i‘,’;“*’ o

a-n€AD 4 exo(a_ n) EAF Tn EX a’,) Ve F ancin

. a, a
= max sup min E E Unp "xpr
/

a_n€A
n=OP an€X0(an) I_HEAF:U;p:UaP peEF an€An

. a (l
= max  Ssup min E E Unp " xir

a_n€A
nEAD @ EX(an) of AR USP=UP peF anedn

> max  sup min Z Z Uanap m =V,

a-n€AD CCnGX(a—n) EAF Tn GX 7n pEF an€An

where the last equality holds since the minimum is taken over a finite set of
linear functions and it is continuous, while the last inequality comes from
the fact that the minimum is taken over a larger set of elements. Hence, all
the inequalities must hold as equalities, which proves Equation (5.3).

The algorithm exploits Equation (5.3) to compute a WSPNE. Notice
that, if X (a_,) is not full-dimensional, then by calling the sub-procedure
SOLVE-EMPTYNESS-CHECK({T} },cr,a_,) We get zero, as, if there is
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no strategy x, € X°(a_,), then there is always at least one inequality
in the LP program which can be satisfied only by setting ¢ = 0. The
algorithm iterates over all the followers’ action profiles in Ap, as every
a_, € Ap \ Ap is discarded since ¢ = 0 for such a_,. Then, for each re-
maining action profile, the algorithm solves the max-min expression on the
right of Equation (5.3)), which can be done with the LP program solved by
SOLVE-MAX-MIN({7},},eF,a_y). Finally, the algorithm selects the fol-
lowers’ action profile with the highest max-min expression value.

In conclusion, note that, given some a_,, € Ap, f(a_,) is true if and
only if z,(a_,) is such that there is at least one follower p who has a best
response a; that is not in 7, i.e., at least one variable (5; is zero. Thus,

if 5(a*,,) is true, the leader’s utility function does not admit a maximum,

—n

since for x,, " there is some follower who can play a best response which
is worse than the one played in a*,, in terms of leader’s utility. If that
is the case, FIND-APX({T}}pcr,a*,,,v"=n, ) finds an a-approximation
of the supremum v%~» by looking for a strategy x,, € X°(a*,), with the
additional constraints imposing that the leader’s utility (in the weak case)
does not fall below v*~» — a. Such approximation always exists since
X°(a*,,) is non-empty and the leader’s utility is the minimum of a finite set

of affine functions. ]

Even though, as described next, one can adopt the algorithm proposed
in (Von Stengel and Zamir, 2010) to find a WSPNE in an OLTSPG, this
would result in a procedure that is more inefficient than Algorithm[5.1] In-
deed, one should first transform an OLTSPG into a BSG-INT, by means of
the mapping provided in Theorem and, then, cast the resulting game in
normal form. However, this would require the solution of an exponential
number of LP programs, each with an exponential number of constraints,
since the number of actions of the resulting normal-form SG is exponential
in the size of the original game. Conversely, Algorithm [5.1] exploits the
separability of players’ utilities, avoiding the explicit construction of the
normal form before the execution of the algorithm. As a result, our algo-
rithm still requires the solution of an exponential number of LP programs,
but each with a polynomial number of constraints. Notice that avoiding
the explicit construction of the normal form also allows the execution of
Algorithm [5.1]in an anytime fashion, stopping the algorithm whenever the
available time is expired.
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CHAPTER

Computing Stackelberg-Nash Equilibria in
Stackelberg Congestion Games

In this chapter, we continue the study of the problem of computing SPNEs
in succinct SGs with a single leader and multiple followers, focusing on
congestion games. We remark that, in these games, restricting the followers
to pure strategies is without loss of generality, since the followers’ game
resulting from a leader’s mixed-strategy commitment is still a congestion
game, and, thus, it admits at least one pure NE (Rosenthal, |1973) which
can be reached by the followers in an iterative fashion by playing a best-
response dynamics (Monderer and Shapley, 1996).

Initially, in Section [6.1], we formally define the models and the compu-
tational problems we study, also pointing out some application examples.
Then, we extensively address Stackelberg singleton congestion games, iden-
tifying two features which allow for a characterization of hard and easy
game instances. The first feature concerns the symmetry of the players
(whether they have the same action spaces or not), while the second fea-
ture is about the shape of the cost functions (monotonically increasing or
not). In particular, Section [6.2] presents computational complexity results
that completely characterize hard game instances, while Section [6.3] pro-
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vides polynomial-time algorithms for easy instances. Then, we switch the
attention to more general settings, specifically, Section [6.4] studies games
with non-singleton actions, while Section [6.5]extends some of the positive
results for symmetric Stackelberg singleton congestion games to the case
in which the players are split into a finite number of classes. In conclu-
sion, Section [6.6] shows how to formulate the problem of finding SSPNEs
in congestion games (in different game classes) as an MILP.

6.1 The Model and Its Applications

First, we introduce some additional notation useful in the following and
provide the formal definitions of Stackelberg congestion games and the re-
lated equilibrium-computation problems studied in this chapter. We con-
clude the section with some application examples showing how the games
we consider map to real-world problems.

6.1.1 Stackelberg Congestion Games and Their Variants

As for other game models, in the Stackelberg counterpart of a congestion
game, we define N = F'U {n}, where F is the set of followers and player
n is the leader. Moreover, in order to capture as much real-world settings as
possible, we assume that the leader’s costs may differ from the followers’.
Formally, we study the following class of games:

Definition 6.1 (Stackelberg Congestion Game). A Stackelberg congestion
game (SCQG) is a tuple (N, R, A, ¢, cr), where:

e N, R, and A are defined as in a congestion game, with N = F'U{n};

o ¢, = {Cintier and cp = {cir}icr are finite sets of, respectively,
leader’s and followers’ cost functions, with ¢; ,,c;r : N — Q being
the costs of resource 1 as a function of its congestion for, respectively,
the leader and the followers.

As usual, we assume ¢; ,(0) = ¢; #(0) = 0 for every i € R. We call
the players’ cost functions (weakly) monotonic if, for every resource i € R,
cin(y) < cin(y+1)and ¢; p(y) < ¢ p(y + 1) forall y € N, and strictly
monotonic if all the inequalities are strict. Whenever the inequalities are
not satisfied, we say that the players’ cost functions are non-monotonic.

In this chapter, we collectively denote by © = (z,,,a_,,) a strategy pro-
file in which the leader plays a (possibly) mixed strategy x,, € A,, and the
followers play as prescribed by the action profile a_,, = (ay,...,a,-1) €

Ap, where Ap == X, A, is the set of followers” action profiles.
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Leta_, = (ai,...,a,—1) € Ap be a followers” action profile. Over-
loading notation, we denote by )= |{p € F' | a, = i}| the number
of followers selecting resource ¢ € R in a_,. This quantity is equal to the
resource congestion caused by the followers’ presence only. Moreover, we
call followers’ configuration (induced by the action profile a_,,) the vector
Va_, € N” whose i-th component is v/, forall i € R.

For any leader’s strategy x,, € A,,, we define the followers’ expected
cost for resource ¢ € R given x,, as the function ¢}, : N — Q. Specifically,

%> 1s a function of the number y € N of followers selectlng resource i, i.e.:

Cfff«“(y) = $;CZF(y +1)+ (1 - x;)czp(y)

Note that, given a leader’s strategy x,, and a followers’ congestion y, all
the followers who select resource ¢ € 2 experience a congestion that may
(with probability z!) or may not (with probability 1 — x?) be incremented
by one w.r.t. ¥, depending on whether the leader chooses resource ¢ or not.
Given the strategy profile + = (x,,a_,), the costs experienced by each
follower p € F' and the leader are, respectively,

G=D ) and =30 air Y el

i€ap an€An i€an

Note that, whenever the leader selects resource ¢ € R (which happens with
probability x?), her costs depends on the followers’ congestion v/’ _ plus
an additional unit of congestion which due to her choosing that resource.

Different subclasses of SCGs can be defined by making additional as-
sumptions on their elements. One possibility is to restrict the structure of
the players’ action sets A,. Along this direction, we address, in the first
part of this chapter, games in which players’ actions are required to be sin-
gletons, i.e., |a,| = 1 for every p € N and a, € A,. Thus, when studying
such games, we identify actions with resources. Formally:

Definition 6.2 (Stackelberg Singleton Congestion Game). A Stackelberg
singleton congestion game (SSCG) is an SCGT' = (N, R, A, c,,cr) in
which we define A, C R forallp € N.

We recall that, when working with singleton games, we use z,, € A,, as
if it were directly defined over resources in A,,, with z?, being the prob-
ability of playing resource ¢ € A,. Moreover, given a strategy profile
r = (x,,a_,), the following holds:

¢, =crpvgr,) and ¢ = Z ahein(Vi 4+ 1).
€A,
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Another possibility is to consider different kinds of players’ structures.
We focus on two notable cases. In the first one, all players share the same
set of actions, i.e., A, = A C 2% for all p € N. We refer to these games
as symmetric. Instead, in the second case, there exists a finite set 7 =
{1,..., T} of followers’ classes, with followers of the same class sharing
the same set of actions. We say that these games are 7 -class. Specifically,
in a T-class SCG, we can partition the followers into 7" disjoint sets, i.e.,
F = UteT F,, so that, foreach t € T, A, .= A, C 2F for all p € F,.
We also let n; = |F;| be the number of followers of class ¢ € 7. When
studying these games, given a followers’ action profile a_,, € Ap, we let
vt = |{p € Fy | i € ap,}| be the number of followers of class ¢ €
T selecting resource ¢ € R in a_,. Moreover, we define the followers’
configuration of class t induced by a_,, as the vector l/é_n € N” whose -th
component is /' . Let us remark that symmetric SCGs are a special case
of T-class SCGs with only one class, i.e., 7 = {1}, and leader’s action set
equal to the followers’, i.e., A, = Aj.

Observe that 7 -class SSCGs, and, in particular, symmetric Stackelberg
singleton congestion games (SSSCGs), can be fully analyzed using follow-
ers’ configurations, rather than action profiles. This is because only the
number of followers of each class selecting each resource is significant,
and, thus, a followers’ action profile a_,, € A can be equivalently repre-
sented with the followers’ configurations {¢} };c7. Thus, we can directly
use the vector v € N” with },_. """ = n, to denote a followers’ configu-
ration of class ¢t € T. Moreover, for notational convenience, given {v' },c7,
we let v € N” be such that v/ .=}, 1" fori € R.

6.1.2 Computing SPNEs in SCGs

We study the computational problem of finding SPNEs in SCGs. As usual,
we address two versions of the problem: the strong one (i.e., finding an
SSPNE), where we assume that followers play a pure NE minimizing the
leader’s cost, and the weak one (i.e., finding a WSPNE), which assumes
that they play a pure NE maximizing the leader’s cost.

In an SCG, after observing a leader’s commitment z,, € A, the fol-
lowers play a congestion game where the resource costs are specified by
the functions ¢, for i € R. Given a strategy profile x = (z,,,a_,), the
followers’ action profile a_,, is a pure NE in the followers’ game for z,, if,
for every follower p € F' and action a; € A,, it holds:

x x! / / / /
¢, < ¢, , where v’ = (v,,a” ) anda’, = (a1,...,qa,,...,0,1).
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Moreover, given z,, € A,,, overloading notation, we let £(z,,) be the set of
pure NEs in the followers’ game for z,,.

In the specific setting of SSCGs, given z = (z,,a_,), the followers’
action profile a_,, is a pure NE for z,, if the following holds:

e (Vi) < e p(vi?, +1) Vp € Fa) € A,

Furthermore, in 7 -class SSCGs, given 0 = (z,, {v' }e7), the followers’
configurations {v'};c7 define a pure NE for z,, if the following holds:

cf}(ui) < cj.’,'};(yj +1) VteT,icA " >0,j€A,.

Given the previous definitions, finding an SSPNE and a WSPNE amounts
to solving two bilevel problems, respectively,

xruafn)

min min ¢ and inf max  c!
Tn€An  a_n€€(zy) Tn€An  a_n€E(xn)
Clearly, an SSPNE always exists in SCGs (Von Stengel and Zamir, 2010),
and, since the same objective function is minimized in both levels, the prob-
lem can be equivalently rewritten as the following single-level problem:

min cﬁfc”’“*").
Tn€An, a—n€E(xn)
Moreover, let us observe that the problem of computing a WSPNE calls for
an inf rather than a min since, in general, the problem may not admit a min-
imum (but only an infimum). When the problem does admit a minimum,

a WSPNE does not exist (Von Stengel and Zamir, 2010). The following
proposition shows that this happens even in the basic case of SSSCGs.

Proposition 6.1. There are SSSCGs in which a WSPNE does not exist.

Proof. Consider the following instance of an SSSCGs (whose cost func-
tions are reported in the table below), where |F| = 1 and R = {ry, 5 }.[1]

Y Crin Cri ,F|Cron Cry F
1) 2 1 2 1
21 0 2 2 2

Clearly, the single follower selects r; if 2]} < 5, she chooses 79 if 2]} >
and she is indifferent between r; and 7o if 91:21 = ; Thus, the leader’s cost

!n the rest of the chapter, for the ease of presentation and to avoid cumbersome notation, instead of denoting
players and resources with integers, i.e, N := {1,...,n} and R := {1,...,r}, we assign labels to them (such
as 1 and r2 in the proof of Proposition @ Clearly, we can always map such labels to integers.
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1822z if 27! < %, whileitis 2if z]! > %, since, in the pessimistic case,
the follower selects 7, rather than vy when 27! = % As aresult, the problem
of computing a WSPNE achieves an infimum with value 1 at 2! = %, but it
does not admit a minimum. Thus, the game does not admit a WSPNE. [J

6.1.3 Some Applications of SCGs

Introduced in (Suri et al., 2007), one of the simplest problems that can be
modeled as an SCG is a job scheduling problem where the users (players)
select which machines (resources) have to execute their jobs (such as in
virtualized environments or data centers). The time needed to complete a
job on a machine (the resource cost) depends on its workload (the resource
congestion). Assuming a single job per player to be executed on a single
machine without preemption, the players’ actions are singletons and the
problem fits in the specific setting of SSCGs. The case of a single-leader
Stackelberg game arises when one of the players is the owner of the ma-
chines and is willing to share her resources with the others, but, being the
owner, she decides which resource/machine to pick before the others do.
Under the assumption that the players schedule their jobs in an open-loop
fashion, i.e., without any knowledge of the current congestion of the ma-
chines, it is plausible that the followers could not observe the machine on
which the leader’s job is running. It is therefore natural, for the leader, to
try and achieve a smaller cost by committing to a mixed strategy.

Another application can be found in facility location problems (Konur
and Geunes, 2012) where the players are firms and they have to decide on
which site to locate their infrastructures (which, depending on the specific
application, may be, e.g., factories, shops, or mineral extraction plants).
Each firm selects a location from a list of candidate sites (the resources)
and the cost it incurs depends on the number of firms that made the same
choice. In these scenarios, the single-leader Stackelberg game case arises
whenever one of the firms either has a competitive advantage over the oth-
ers (due to, e.g., being a governmental agency) or, as in the job scheduling
problem, it owns the candidate sites and, thus, can decide before the other
ones where to locate its infrastructures. Mixed-strategy commitments are
plausible when the time between the choice of the location and the begin-
ning of the construction works of the facility is extremely long, due to, e.g.,
administrative issues and/or the time needed for obtaining the authoriza-
tions. In this case, the follower could prefer to choose her location before
observing the beginning of the construction works of the leader’s facility to
avoid incurring an excessive delay with respect to the leader.
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6.2 Computational Complexity Results on SSCGs

In this section, we address the problem of computing SPNEs in SSCGs,
i.e., games with singleton actions. We start our analysis with some negative
results that identify which are the hard-to-solve game instances. In partic-
ular, Subsection [6.2.1] focuses on the case of general SSCGs with players
having different action spaces, while Subsection [6.2.2] analyses the special
case of SSSCGs, in which the players are symmetric.

6.2.1 NP-hardness and Inapproximability of SSCGs

We start showing that the problem of computing an S/WSPNE in SSCGs
with different action spaces is computationally intractable even if the leader
can only select a single resource and all the costs are monotonic functions of
the resource congestion. This also shows that, in general non-Stackelberg
singleton congestion games with different action spaces, computing an NE
which maximizes/minimizes the usage of a resource (or the cost incurred
by a player) is hard, which may be of independent interest. Moreover,
given that our intractability results hold even when the leader has only one
resource available, computing an S/WSPNE in SSCGs with different action
spaces is intractable even if we restrict the leader to pure strategies.

First, we prove that finding an SSPNE is not in Poly-APX unless P =
NP using a reduction from 3-SAT. As a result, the leader’s cost in an
SSPNE cannot be approximated, in polynomial time, up to any approxi-
mation factor which depends polynomially on the size of the game given
as input, unless P = NP. Then, we show that the same intractability result
holds for WSPNEs by means of a different reduction still based on 3-SAT.

Computational Complexity of Finding an SSPNE in SSCGs

We analyze the problem of computing an SSPNE in SSCGs with different
action spaces. The hardness and inapproximability results that we present
are based on a reduction from 3-SAT (see Definition . In the following,
we simply denote a 3-SAT instance as a pair (C, V). We introduce our
reduction in the proof of the following theorem.

Theorem 6.1. Computing an SSPNE in SSCGs with different action spaces
is NP-hard, even if the leader has only one action (i.e., she can only select
a single resource) and the cost functions are monotonic.

Proof. We provide a reduction from 3-SAT showing that the existence of
a polynomial-time algorithm for finding an SSPNE in SSCGs would allow
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us to solve any 3-SAT instance in polynomial time. Specifically, given a

3-SAT instance (C, V') and a real number 0 < € < 4, we build an instance

['.(C,V) of SSCG admitting an SSPNE in which the leader’s cost is € if

and only if (C, V) is satisfiable; if not, the leader’s cost is 4 in any SSPNE.
Mapping. I'.(C, V) is defined as follows:

e N = F U {n}with F = {popos | 6 € C}U {po | v € V} U
{pv,k7p177k | (S ‘/ak € {L ceey |C|}} U {p¢,v7p¢ﬂ7 | ¢ S C7U S V}’

e R={r} U{ry | o€ CtU{ry,roprs,rms:e|vEVEU{rpwTss |
peCuveVl;

o Ay, ={retU{rgi |l € o}, Ay, = {rg,m} forall ¢ € C;

o Ay ={rvismo}, Apyy = 1o, o) forallv e Vik € {1,...,|C};
o A, ={ry,rys, 5.} forallv e V;

o Ay, = {rvrou} Ap,, = Ars,res) forall g € C,v € V;

o A, ={r}.

The cost functions take values according to the following table, and satisfy

Cro,F = Cry,F> Cry o F = Cry o Fs Cro o F = Cryy F> and Cri,F = Crym (let us re-
mark that, given € < 4, they are all monotonic functions of the congestion):

Y Cry, F Cry,F CryyF Cry o F CryF
1 2 0 0 1 €
2, |C] 3 0 6 6 4
[1C|+ 1, 0] 5 7 6 6 4

Figure shows an example of a game instance I'.(C, V).

Given a 3-SAT instance (C, V), I'.(C, V') can be constructed in poly-
nomial time, as it features n = 2|C| + |V| + 4|C||V| + 1 players and
r = |C|+4|V|+2|C||V| + 1 resources. Since, in I'.(C, V), the leader can
only select a single resource, 7, the only leader’s commitment is z,, € A,, :
x;t = 1. As aresult, the leader’s cost is € if and only if no follower selects
resource 1;; otherwise, it is 4.

If. Assume that (C,V) is satisfiable, and let T : V' — {0,1} be a
truth assignment satisfying all the clauses in C'. Using 7", we show how to
recover a followers’ action profile a_,, = (ay,...,a,_1) € Ap such that
a_, € E(x,), with x = (z,,,a_,) providing ¢& = e. Note that, since € is
the minimum cost the leader can achieve and the followers behave in favor
of the leader, = is an SSPNE. In particular, let a, o = T for all p € C.
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Figure 6.1: Example of a game instance T'.(C, V') used in the reduction in the proof of
Theorem withV = {x,y,z}, C ={¢1,d2}, o1 =axVyVz, and o =TVyV Z

Moreover, if T'(v) = 1, let ap, = ry; and a,, , = 74, a, , = 745 for all
¢ € C, while, forall k € {1,...,[|C|}, leta,,, = ry, and a,, , = 75.
Instead, if T'(v) = 0, let a,, = 7, and a,, , = 74, ap,, = T4, for all
¢ € C, while, forall k € {1,...,[C[}, leta,,, = 75, and a,,, = 7.
Notice that, since either 7'(v) = 1 or T'(v) = 0, two cases are possible. If
T'(v) = 1,wehave ) = |C| (followers p, ), v;* = |C| (followers p 1),
vat = |C] (followers p, 1), and v,”, = 1 (follower p,). If T'(v) = 0, we
have v/* = |C| (followers py ), vi* = |C| (followers p, x), va"), = |C|
(followers p; x), and v, = 1 (follower p,). Assume, w.l.o.g., T'(v) = 1,
as the other case is analogous. First, no follower py, would deviate from
Ty 10 T4, as, otherwise, she would incur a cost of at least 1, rather than 0.
The same holds for followers py 5, as their cost is at most 6 while, if any
of them switched to 3, she would incur a cost of 7. Similarly, followers
Dy Would not deviate from 7, ; (as 6 < 7) and followers p; , would not
deviate from 75 (as 0 < 6). Since ;" = 1, follower p, would not deviate
from 13, (as 0 < 6 and 0 < 4 ). Furthermore, since 7" is a truth assignment
satisfying (C, V'), at least one literal [ € ¢ evaluates to true under 7" for
every ¢ € C. Leta,, = ry,; for every ¢ € C. Since [ evaluates to true, it
must be a,, , = 7y, thus p, is the only follower who selects 74;. As a result,
Py incurs a cost of 1, and she has no incentive to deviate. Finally, p,; does
not deviate from r, to 1, as 2 < 4. Thus, we can conclude that a_,, is an
NE and that, since no follower chose r;, the leader’s cost is e.

Only if. Suppose there exists an SSPNE = = (z,,a_,) in which the
leader’s cost is €. We show that, in polynomial time, one can recover a truth
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assignment 7" that satisfies all the clauses in C' from a_,, = (ay, ..., a,_1).
First, notice that no follower selects r; in a_,, as, otherwise, the leader’s cost
would be 4 > €. As a consequence, all followers py ; and p, must select one
of the other resources available to them, i.e, a,, , = 7y and a,, € {7y .75, }.
Moreover, there cannot be two followers using resource 4 for every ¢ € C
as, otherwise, p,; would have an incentive to deviate from r4 to r; (as
5 > 4). Thus, a,, # 1y, and, forall ¢ € C, there must be a literal [ € ¢ such
that a,, = r4,. In addition, there cannot be two followers selecting 74 as,
otherwise, p, would have an incentive to deviate to r, (as 5 < 6). Thus, it
must be the case that a,,, , = ;. This implies that v/ =< |C as, otherwise,
the cost of py; would be 7 > 6, and that follower would change resource,
switching to r4;. Thus, at least one of the followers p; ;, must select 7 as,
otherwise, ;' > |C|. As a consequence, if [ is positive and v(l) = v, p,
selects r; ¢+ as, if she selected 7, +, she would have an incentive to deviate
(as 6 > 4). Moreover, no other follower would select 7 ; as, otherwise, p,
would deviate to r;, (as 6 > 4). This implies that ,”" = 1 (follower p,,)
and all the followers p; j, select resource 73, while the followers py ; choose
resources 7, 5. On the other hand, if [ is negative and v(l) = v, similar
arguments allow us to conclude that ;" = 1 (follower p,) and all the
followers p, . select resource r,,, while the followers py ,, choose resources
¢ As aresult, either g™, = 1 or 1", = 1. In conclusion, we can define
a well-defined truth assignment 7" such that 7'(v) = 1 if a,, = r;,; and
T'(v) = 0if a,, = r,,. As previously shown, for every ¢ € C' there exists a
literal | € ¢ such that a,, , = ;, which, letting v = v(l), implies vt = 1.
Thus, T'(v(l)) = 1if [ is positive, while v,”! = 1 and T'(v(l)) = 0 if
negative. Hence, 7" satisfies all the clauses. [

The proof of Theorem|[6.1] also shows the following:

Corollary 6.1.1. In general non-Stackelberg singleton congestion games
with different action spaces, computing an NE minimizing the cost of a
given player (or the usage of a given resource) is NP-hard even if the cost
functions are monotonic.

Proof. The result is easily proved by noticing that, in the I'.(C, V') games
defined in the proof of Theorem [6.1] since the leader can only use a single
resource any SSPNE = = (z,,a_,) is also an NE. Thus, given that the
followers behave in favor of the leader, such games admit an NE with ¢, =
e if and only if the corresponding 3-SAT instance is satisfiable; otherwise
¢ = 4in any NE. As aresult, due to 3-SAT being NP-complete, computing
an NE minimizing the cost of a given player (the leader) is NP-hard. Since

102



6.2. Computational Complexity Results on SSCGs

T

¢, = eif and only if vj* = 0, the same holds for the problem of finding
an NE which minimizes the usage of a given resource. [

Theorem [6.1] also implies that the leader’s cost in an SSPNE cannot be
efficiently approximated up to any factor which depends polynomially on
the size of the input:

Corollary 6.1.2. The problem of computing an SSPNE in SSCGs with dif-
ferent action spaces is not in Poly-APX unless P = NP even if the leader
has only one action and the cost functions are monotonic.

Proof. Given a 3-SAT instance (C, V'), let us build an SSCG I'.(C, V') as
in the proof of Theorem We have already proved that I'.(C, V') ad-
mits an SSPNE = = (x,,a_,) in which ¢/ = ¢ if and only if (C,V)
is satisfiable and that, otherwise, c¢; = 4. Let e = 27% Assume that
there exists a polynomial-time approximation algorithm .4 with approxi-
mation factor poly(n,r), i.e., a polynomial function of n and r. Assume
(C,V) is satisfiable. A applied to I'.(C, V') would return a solution with
& < 5= poly(n, ). Since, for n and r large enough, 5= poly(n,r) < 4,
A would allows us to decide in polynomial time whether (C, V') is satisfi-
able, a contradiction unless P = NP. O]

Since the intractability results in Theorem [6.1] and Corollary hold
even when the leader can select only a single resource, we also obtain the
following:

Corollary 6.1.3. The problem of computing an SSPNE in SSCGs with dif-
ferent action spaces is NP-hard and not in Poly-APX unless P = NP even
if we restrict the leader to pure-strategy commitments.

Since the followers break ties in favor of the leader in the reduction, the
results in Theorem [6.1] and Corollaries [6.1.2] and [6.1.3] do not apply to the
problem of finding a WSPNE. We consider this case in the next subsection.

Computational Complexity of Finding a WSPNE in SSCGs

The hardness and inapproximability results that we are about to present for
the problem of computing a WSPNE in SSCGs with different action spaces
are still based on 3-SAT but rely on a different reduction.

Theorem 6.2. Computing a WSPNE in SSCGs with different action spaces
is NP-hard even if the leader has only one action and the cost functions are
monotonic.
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Proof. We provide a reduction from 3-SAT showing that the existence of
a polynomial-time algorithm for computing a WSPNE in SSCGs would
allow us to solve any 3-SAT instance in polynomial time. Specifically,
given a 3-SAT instance (C, V') and a real number 0 < ¢ < 4, we build an
SSCG instance I'.(C, V') such that it admits a WSPNE where the leader’s
cost is € if and only if the 3-SAT instance admits a no answer, i.e., if and
only if (C, V) is not satisfiable. Instead, if the 3-SAT instance has answer
yes, i.e., if (C, V') is satisfiable, then the leader’s cost is 4 in any WSPNE.
Mapping. I'.(C, V) is defined as follows:

o N =F U {n}, where F' = {py: | ¢ € C} U {pyt,pv;05 | v €
VU{pgloeCled} Ufppwpos|ldeCueVl

e R={r}U{ry| o € CYU{rys,ru,r5 | v € VIU{rpp1os| ¢ €
C,veVl;

o Ay, ={rg,r}forall ¢ € C;

* A, = {rv,tarv}aA G = {T’U,hrﬁ},ApU’t = {7"1,7,5,7}} forallv € V;
o Ay, ={rs} U{rg}foralp € C,l € ¢;

o Ap,, ={rvrents Ap,, = {rs, 1o} forall ¢ € C,v €V

o A, ={r}.

The cost functions take values according to the following table, and satisfy
Cry,F = Cpy Fs Cry o F = Cry , F and ¢,, p = ¢, (let us remark that, given
€ < 4, they are all monotonic functions of the resource congestion):

Yy Cr¢,F Cr, ,F Crv,t,F Crd)v,F Cry,F
1 2 1 2 0 €
2,C] 51 5 7 ¢
C|+1 5 6 5 7 €
IC|+|V|+1,00]| 5 6 5 7 4

Figure shows an example of the game instance I'.(C, V).

Given (C,V), T'.(C, V') can be constructed in polynomial time, as it
features n = 3|C| + |C| + 3|V| + 2|C||V| + 1 players and r = |C| +
3|V| + 2|C||V| + 1 resources. Observe that, in I'.(C, V), the leader can
only select a single resource r; and, hence, the only leader’s commitment
sz, € A, : x]t = 1. As aresult, the leader’s cost is 4 if and only if all
followers p,; and p, ; select resource 7;; otherwise, it is €.

If. Suppose that the 3-SAT instance has answer no, i.e., there is no truth
assignment to the variables in V' that satisfies all the clauses in C'. We prove
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Figure 6.2: Example of a game instance T'.(C, V') used in the reduction in the proof of
Theoremwith V={z,y,2}, C ={d1,02}, p1 =axVyVz and o =T VyV Z

that, in that case, I'.(C, V') admits a WSPNE with leader’s cost equal to e.
By contradiction, let us assume there exists a WSPNE z = (z,,a_,) in
which the leader’s cost ¢Z is 4 > e¢. We show that a_,, = (a1,...,a,_1)
can be employed to recover, in polynomial time, a truth assignment 7’ that
satisfies all the clauses in (', which is a contradiction. First, let us notice
that all the followers p, ; and p, ; select r; in a_,, as, otherwise, the leader’s
cost would be € < 4. As aresult, a,,, = r; forall ¢ € C'and a,,, = 1,
for all v € V. Thus, for every v € V, at least one between p, and p;
must select 7, , as, otherwise, player p,,, would deviate from 7, (as 2 < 4).
If a,, = r,4, then all the followers p, , select r, as, otherwise, p, would
have an incentive to deviate from r,; (since ;> < |C| and p, would incur
a cost of 1 < 2 by switching to r,). Similarly, if a,, = 7, then all
the followers py 5 select 75. Let us define a truth assignment 7" such that
T(v) = 1ifay, =1y T(v) = 0if ap, = 3 and T'(v) is either 1 or 0
whenever a,, = a,, = r,,. Clearly, T" is well-defined. Since a,,, = 1y
for all ¢ € C, there must be at least one follower using resource r4 for
every ¢ € C as, otherwise, ps: would have an incentive to deviate from r;
to ry (as 4 > 2). Thus, for each ¢ € C' there must be a literal [ € ¢ such
that a,, , = ry. This implies that a,,,, = rg; as, otherwise, follower p; ,
would deviate from 7 to r4; (as 2 > 0). As a result, it must be the case
that a,, = ry, since, if a,, = ), then py; would select r; instead of 7.
Thus, T'(v(l)) = 1if L is positive and T'(v(l)) = 0 if negative. Therefore, T’
satisfies all the clauses, a contradiction.

Only if. Suppose that the 3-SAT instance admits answer yes, i.e., there
exists a truth assignment to the variables which satisfies all the clauses in
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C. We prove that in any WSPNE of I'.(C, V') the leader’s cost is 4 >
e. Let T : V — {1,0} be one such truth assignment. We show how to
recover from 7' a followers’ action profile a_,, = (ai,...,a,-1) € Ap
suchthata_,, € (), with x = (x,,, a_,) providing ¢& = 4. Since 4 is the
maximum cost the leader can achieve and the followers behave against the
leader, x is clearly a WSPNE. In particular, let a,, , = r; for all ¢ € C' and
ap,, = ¢ forall v € V. Moreover, if T'(v) = 1, let a,, = 74, ap, = 7oy,
and, for all ¢ € C, q, oo = Tow and ap, - = 15 Additionally, for every
clause ¢ € C and [ € ¢ such that v(l) = v, let ay, , = 7y if [ is positive,
while a,, , = r4; if it is negative. Conversely, if T'(v) = 0, let a,, = 75,
ap, = Tuy, and, for all ¢ € C, a,, , = ry45 and a,, = 1,. Furthermore,
for every clause ¢ € C'and [ € ¢ such that v(l) = v, let a,, , = g4 if [ is
negative, and a,, , = 74, if it is positive. Notice that, since either T'(v) = 1
or T'(v) = 0, one between p,, and p; selects 7, ;. Assume, w.l.o.g., T'(v) = 1
(as the other case is analogous). First, no follower py4 , would deviate from
T4 1O Ty, as, otherwise, she would incur a cost of 1, rather than 0. The same
holds for followers py, 5, as their cost is 1 while, if any of them switched to
74,5, she would incur a cost of 7, because a,, , = 745. Similarly, since
there is one follower selecting 7, ¢, follower p,, ; would not deviate from r;
(as 4 < 5), while follower p, would not deviate from r, because her cost
is 1 < 5 and p; would not switch from 7, ; (as she would get 6 rather than
1). Furthermore, since 7 is a truth assignment satisfying (C, V'), for each
¢ € C there exists at least one literal [ € ¢ that evaluates to true under 7'.
Thus, p; 4 would not deviate from r, (as she pays either 2 or 5 instead of
7), and all the followers p,; would not deviate from 7, (as 4 < 5). We can
conclude that a_,, is an NE. Since |C| 4 |V| follower use 14, ¢f = 4. [

Theorem|[6.2] also implies the following:

Corollary 6.2.1. In general non-Stackelberg singleton congestion games
with different action spaces, computing an NE maximizing the cost of a
given player (or the usage of a given resource) is NP-hard even if the cost
functions are monotonic.

Proof. In games I'.(C, V') such as those used in the proof of Theorem [6.2]
any WSPNE is also an NE (since the leader can choose a single action).
Moreover, ['.(C, V) admits a WSPNE = = (z,,a_,) in which ¢& = 4 if
and only if the given 3-SAT instance has answer no, otherwise ¢ = ¢. This
proves the result for the problem of finding an NE maximizing the cost of a
given player. Since ¢}, = 4 if and only if v}* = |C| + |V/|, the same holds
for computing an NE maximizing the usage of a given resource. ]
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Furthermore, from Theorem [6.2]it directly follows that the leader’s cost
in a WSPNE cannot be efficiently approximated up to any approximation
factor which depends polynomially on the size of the input:

Corollary 6.2.2. The problem of computing a WSPNE in SSCGs with dif-
ferent action spaces is not in Poly-APX unless P = NP, even if the leader
has only one action and the cost functions are monotonic.

Proof. Given a 3-SAT instance (C, V'), let us build an instance I'.(C, V)
of SSCG as in the proof of Theorem [6.2] We have already proven that
I'.(C,V) admits a WSPNE z = (z,,,a_,) in which ¢ = € if and only if the
3-SAT instance has answer no; otherwise, ¢ = 4 in any WSPNE. Let ¢ =
2n4+r. Assume that there exists a polynomial-time approximation algorithm
A with approximation factor poly(n, '), i.e., a polynomial function of n and
r. Assume the answer to the 3-SAT instance is no. A applied to I'.(C, V)
would return a solution with ¢, < ﬁ poly(n,r). Since, for n and r large
enough, 5= poly(n,r) < 4, A would allow us to decide in polynomial
time whether the answer to the 3-SAT instance is yes or no, a contradiction
unless P = NP. [

Since in the reduction the leader only has one resource available we can
conclude the following:

Corollary 6.2.3. The problem of computing a WSPNE in SSCGs with dif-
ferent action spaces is NP-hard and not in Poly-APX unless P = NP even
if we restrict the leader to pure-strategy commitments.

6.2.2 NP-hardness and Inapproximability of SSSCGs

Now, we focus on SSSCGs (the subset of SSCGs in which the players have
identical action spaces), showing that the problem of finding an S/WSPNE
in such games is NP-hard and not in Poly-APX unless P = NP. This result
matches the other result that we have established for the problem of com-
puting an S/WSPNE in general SSCGs with different action spaces. For
SSSCGs, the inapproximability result relies on the non-monotonicity of
the players’ cost functions and on the leader’s ability to commit to mixed
strategies. This must necessarily be the case since, as we will show in Sec-
tion[6.3] the problem is easy when the cost functions are monotonic and the
players are symmetric (Theorem[6.9), and the same holds even with generic
cost functions if we restrict the leader to pure-strategy commitments (The-

orem [6.11]and its Corollary [6.11.1).
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For the problem of computing an SSPNE, we rely on a reduction from
K-PARTITION, a variant of PARTITION with an additional size con-
straint, whereas we adopt a different reduction based on the classical ver-
sion of PARTITION for the problem of computing a WSPNE. The two

problems are defined as follows:

Definition 6.3 (PARTITION). Given a finite set S = {y1, ..., y;s|} of pos-
itive integers y; € L+ with ), _ ¢ y; even, is there a partition (S',S\ ') of
S, with 8" C S, such that ZinS’ Y = ZyiES\SI y;?

Definition 6.4 (K-PARTITION). Given a finite set S = {y1,...,ys|} of
positive integers y; € Z" with both |S| and ) _,_sy; even and a positive
integer K < |£2\ is there a partition (§',S\ §’) of S, with 8" C S and
|S'| = K suchthat } . .o yi =3, co\s i’

Letting Y = % ZyiES yi» we assume for both problems that y; < Y for
ally; € S. Indeed, if some y; > Y then ) o y; > Y holds forevery S’ C
S and, thus, the answer to both PARTITlOKI and K-PARTITION is trivially
no. PARTITION is well-known to be NP-complete (Johnson and Garey,
1979). To see that K-PARTITION is also NP-complete (its membership
to NP is clear), it suffices to observe that PARTITION has answer yes if
and only if K-PARTITION has answer yes for some K € {1, ce %l}
This gives us a simple reduction from PARTITION to /K -PARTITION: after
solving K-PARTITION @ times, once per value of K € {1, e %}, if

answer yes is found for some K, PARTITION has answer yes; if, instead,
answer yes is never found, PARTITION has answer no.

Computational Complexity of Finding an SSPNE in SSSCGs

We start our analysis with the problem of computing an SSPNE in SSSCGs.
We introduce our main reduction in the proof of the following theorem.

Theorem 6.3. Computing an SSPNE in SSSCGs is NP-hard.

Proof. We prove the theorem using a reduction from K-PARTITION, show-
ing that the existence of a polynomial-time algorithm for computing an
SSPNE in SSSCGs would allow us to solve K-PARTITION in polynomial
time. Let (S, K') be a given K-PARTITION instance, and let us recall that
we assumed y; < Y forall y; € S, where Y = %Zy cs Yi- Clearly, any
valid partition (§’,S \ &’) is uniquely defined by a subset S C S such
that . o yi = Y and |§'| = K. Letw; = § forall y; € S. Due to
having y; < Y for all y; € S, we also have w; < 1. Given (S, K), we
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build an instance I' (S, K') of SSSCG with 0 < e < 1 such that there exists
an SSPNE z = (z,,,v) in which ¢ = ¢ if and only if the K-PARTITION
instance (S, K') admits answer yes.

Mapping. I'.(S, K) is defined as follows:

o N =FU{n},with |F| = 4|S| +2;
o R={r,}U{r,}U{ri|y eSh

The players’ cost functions are specified in the following table:

Y Cry F Crin Crtl JF Cryn CrtQ JF CrtQ n
1 2Y Y 3y v 1 Y4
2 0 Y 3y?2  y4 | 4y?  v4
3 - e | 3y? Yt | 4y? Y
25— +1 2 4 2 4
4 o Y 3Y Y 4Y Y
[5,4|S| — 2K] 4?2y | 3v? vt | 4v? yd
48| - 2K +1 vr Y | 2y y4 | 4y? vt
48| — 2K +2 v: Yy |1 vt avr v
[4|S| — 2K +3,00] | 4Y2 Y | 0 Y* |4y Y4

Clearly, I'.(S, K') can be built in polynomial time, as it features n =
4|S| + 3 players and r = |S| + 2 resources.

If. Suppose that the K-PARTITION instance (S, K') admits a yes an-
swer. Let &’ C S be aset of integers with |S'| = K'and ) | o y; =Y. We
prove that I'.(S, K') admits an SSPNE x = (z,,, v) in which ¢! = €. Given
S’, we build the followers’ configuration v € R" and the leader’s strategy
x, € Ay Let v = 2and 2 = w; forall y; € S', while, for every y; ¢ &',
let v = 0 and 2" = 0. Moreover, let v"1 = 4|S| — 2K + 1, it =0,
vz = 1, and 2,> = 0. First, let us observe that the leader’s strategy x,, is
well-defined, as

foj—i—x;tl—i—x:fg = ng: Zwi: Z%:l’

yi €S yi €S’ yi €S’ yi €S’

where the last equality follows from the fact that S’ defines a partition of
S. Next, we show that v is an NE for x,, with the following argument.

e All the followers who selected resource 7;, with y; € S’, do not have
any incentive to change resource, as their cost is w; - wl = 1 and

they cannot improve it by switching to another resource. Indeed, if
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they selected a resource r; with y; € &', they would incur a cost of
1

w.s

wij (1 —w;) + —2— - w; = 2Y > 1. Similarly, their cost would
be 2Y if they choose r; with y; ¢ S’. They would not benefit from
choosing resource 7, as they would incur a cost of 1, which is the
same as their current cost, and they would not switch to resource 7,

as their cost would become 4Y?2 > 1.

e All the followers who selected resource 74, incur a cost of 2Y. Thus,
they do not have an incentive to deviate to a resource r; with y; € &,
as they would still incur a cost of 2Y". The same holds for resources 7;
with y; ¢ S’. Similarly, if they chose to play 7,, they would incur a
cost of 4Y2 > 2V,

e The follower who chose resource 7, does not deviate, as her cost is 1
and she would incur a cost of 2Y and 1 if she switched to resource 7;
(for some y; € §) and ry,, respectively.

Overall, the leader’s cost is:

=D w1 an w07 + 1)+ 02, (V2 4 1) =

Yi€S
= E iy, (V1) = E €w; = €.
y; €S’ y, €S’

Only if. Suppose that I'.(S, K') has an SSPNE = = (x,,,v) in which
¢® = e. Then, z," = 2,2 = 0 must hold. Moreover, the leader must
place positive probability only on resources r; with v = 2. Clearly, there
is always a resource r; with " = 2 and z]' > (0. Next, we prove that
v = 4]|S|—2K + 1. By contradiction, assume that v"1 # 4|S| — 2K + 1.

Three cases are possible.

e "1 = () implies that either there exists at least one resource r; with
V" > 5 or vtz = 2, but, then, the followers who chose r; or, respec-
tively, r;,, would deviate by choosing r;,, decreasing their cost from
4Y? to 3Y2.

o 1 < v < 4|S| — 2K implies that the followers who selected r;,

incur a cost of 3Y2. Thus, they would deviate to some resource r;
. . . 2y —-L 41
with 1" = 2, since their cost would be at most —— < 3Y>.

o 1 > 4|S| — 2K + 2 implies that the followers’ cost when they
deviate by playing resource 7y, is 0. Thus, the followers who selected
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a resource 7; with v = 2 and z]’ > 0 would change resource, since
their current cost is strictly greater than 0.

The only remaining option for v € £(z,,) is v = 4|S| — 2K + 1. Then,
v"2 = 1 must hold as, if v"*2 = 0, a follower would switch form resource
T4, to resource 7y, (incurring a cost of 1 instead of 2Y > 1), while, if
v"2 > 2, the followers who selected resource 7, would deviate to resource
¢, (incurring a cost of 1 instead of 4Y? > 1). Let us now consider a
resource 1; with " = 2. We prove that 2] = w; by contradiction. Two
cases are possible.

o If 77 < w;, the followers’ cost by switching to resource 7; satisfies

1 2y — L +1 1 2y — L +1
—(l—z)+——a < —(1—w;)) + —————w; = 2Y,
w; w; wi wi

where the inequality holds since the left-most quantity is a convex
1

1
combination of wl and with weights (1 — z’¢) and 2%, and,

1
’lU

since - < ™ , its maximum for x;? < wj is attained at x,’ = w;.
Thus, we deduce that a follower would deV1ate from resource 4, to 7;
(as her current cost is 2Y"), contradicting the fact that v € £(z,,).

o If 277 > w;, we reach a contradiction since the cost incurred by the
followers who are using resource r; would be —x” > 1 and they
would deviate playing resource 74, decreasing thelr cost to 1.

We have shown that 2]/ = w; for every resource r; with v"* = 2. Finally,
let ; be a resource with v"* # 2. Clearly, it must be the case that 2]/ = 0
since the leader’s cost is €. Moreover, it cannot be the case that v = 1, as,
if it were the case, the follower would deviate to resource r;, with a cost of
1, instead of 2Y. Similarly, " > 3 cannot hold, as one of the followers
who are selecting resource r; would deviate playing r;,, since her current
cost is greater than 1. Thus, either v = 2 or v = (. As a consequence,
there are K resources r; with v = 2 and z!* = w;, and |S| — K resources
r; with v™ = 0 and z]¢ = 0. Let us define &’ as the set of y; € S such that
the corresponding r; satisfy v = 2. Since Zy e Ty =1 and )t = w; for
all such resources r;, we have that o w; = > s % = 1, and, thus,
Y oyes Yi =Y. Asaresult, (§',§\ &) is solution to K- PARTITION. O

Next, we show that even approximating the leader’s cost in an SSPNE
up to any polynomial factor of the input size is hard.

111



Chapter 6. Computing SNEs in Stackelberg Congestion Games

Theorem 6.4. The problem of computing an SSPNE in SSCGs is not in Poly-
APX unless P = NP.

Proof. In order to prove the result, we rely on the reduction introduced
in the proof of Theorem We have already shown that in an SSPNE
r = (zn,v) of I' (S, K) it holds ¢ = ¢ if and only if the corresponding
instance of K-PARTITION (S, K) admits a yes answer. Now, we prove
that, when the K-PARTITION instance admits a no answer, ¢ > 1 in any
SSPNE. By contradiction, assume that there exists an SSPNE z = (x,,, V)
in which ¢ < 1. Let S’ C S be the set of integers corresponding to a group
of resources r; with ™ = 2 (at least one must exist since the leader’s cost
is smaller than 1). Then, Zyi cs Tyl > % since Zyi es\s' Tn + R

. T
must be smaller than % in order to have ¢, < 1. Moreover, Tt < % and

2 < % must both hold as, if not, we would get ¢ > 1. We prove, now,
that v"1 = 4|S| — 2K + 2 by contradiction. We identify three cases:

e "1 = () implies that either there exists at least one resource r; with
vt > 5 or V"2 = 2, and, thus, either a follower who selected resource
r; or one who selected resource 7, would have an incentive to deviate
to resource 7y, (as 4Y? > 3Y?).

o1 < v < 4]S| — 2K — 1 implies that one of the followers who

selected r;, would have an incentive to deviate to r; with v = 2, as
1

. 2y—2L 41
she would incur a cost smaller than or equal to ——— < 3Y2.

e "1 = 4|S| — 2K implies that the cost incurred by the followers who

selected resource 7y, is greater or equal than 3Y?(1 — %) + % as
1

, . 2y -1 41
Tt < % Thus, since —*— < 2Y? < 3Y? — % + %, these
followers would deviate from 7, to a resource r; with " = 2.

o "1 > 4|S| — 2K + 2 implies that the followers’ cost after deviating
to resource 7, would be 0 and, since there exists at least one resource
r; with v = 2 and z]? > 0, one of the followers who selected such
resource would switch from it in favor of 7, .

Thus, vt = 4]|S| — 2K + 1. Let us consider resource r4,. If vz = 0, the
followers’ cost incurred when deviating to resource r;, would be smaller
than or equal to (1 — &) + & (as z,®> < %), while the cost incurred
by choosing resource 7, is at least 2Y (1 — 55) + 55 > (1 — &) + .
Instead, if v™2 > 2, the followers’ cost for resource r;, is 4Y? and they
would have an incentive to deviate to r;, to decrease their cost to 1 or less.
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Thus, v"2 = 1. We deduce z,,' = 0 as, otherwise (i.e., with z,;* > 0), a
follower would deviate from resource 7, to 7, decreasing her cost to 1 or
less. Let us focus on resources r; with v = 2. If 277 < w;, the followers’
cost of deviating to 7; is

1 2Y — L +1 1 2Y — L +1
Sl T T e (1) 4+ Ty, = 2

and they would deviate from 7, to r;, as their current cost is 2Y". Instead,
if 277 > w; the cost of any follower who selected r; is greater than 1 and
she would deviate to resource r;, to decrease her cost to 1. Thus, ]/ = w;
for all resources r; with " = 2. Now, let us consider a resource r; with
v # 2. Clearly, i < % must hold since ¢;, < 1. If v"* = 1, the followers’
cost for resource r; is at least 2Y L > 1 while, if " > 3, the followers’ cost
for resource 7; is at least > 1. In both cases, the followers who selected
resource r; would have an 1 incentive to deviate to 4, (as they would pay 1).
Thus, either v™ = 2 or v™ = (. As a consequence, there are K resources 7;
with v" = 2 and 2" = w; and |S|— K resources r; with v = 0. If ¢} < 1,
there must be a subset S’ C Swith Y o 2l =3 o w; > Y1 which

implies that ) o % > Yt and Y0 oy > Y — 1. Note that i €N

and > o i = Yzyq-,e:s' wz VY esti <Y.Thus, > _oyi=Y
and (S8, S\ &) is solution to {-PARTITION. So far, we have proven that
(S, K) admits an SSPNE =z = (x,,v) in which ¢ = ¢ if and only if
(S, K) has answer yes and that, otherwise, ¢/ > 1 in any SSPNE. Let ¢ =
2,1%. Assume that there exists a polynomial-time approximation algorithm
A with approximation factor poly(n, ), i.e., a polynomial function of n
and . Assume (S, K') has answer yes. A applied to I'.(S, K') would return
a solution with ¢ < 2,1% poly(n,r). Since, for n and r large enough,
s poly(n,r) < 1, A would allows us to establish, in polynomial time,

the answer to (S, K), a contradiction unless P = NP. O

Computational Complexity of Finding a WSPNE in SSSCGs

We focus now on the problem of computing a WSPNE in SSSCGs. The
proof of the following theorem introduces our main reduction.

Theorem 6.5. Computing a WSPNE in SSSCGs is NP-hard.

Proof. We provide a reduction from PARTITION showing that the exis-
tence of a polynomial-time algorithm for computing a WSPNE in SSSCGs
would allow us to solve PARTITION in polynomial time. Given a PAR-
TITION instance with a set S of positive integers, let, as in the previous
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proof, Y = %Zyie s¥iand w; = ¥ for all y; € S. Let us also recall that

we assumed, w.l.o.g., y; < Y forall y; € S, and, thus, w; < 1. Given S,

we build an instance I'.(S) of SSSCG with 0 < € < 1 such that ¢’ = e€ina

WSPNE = = (z,, v) if and only if PARTITION admits answer yes.
Mapping. I'.(S) is defined as follows:

o N = FU({n}, with |F| = 3|S|;
e R={r}u{r |y €S}

with the following cost functions:

Y Cr; F Crin | Cri,F Crym

1 0 € 1 Y?

2 L yi | 1 vyt

Wy W
3 1 € 1 Y4
l-w;— 7

4 0 Y4 1 Y4
5, 00 Y € 1 Y4
[5, o0]

Clearly, I'.(S) can be built in polynomial time, as it features n = 3|S|
players, and = |S| + 1 resources.

If. Suppose that the PARTITION instance admits a yes answer, and let
§" C Sbesuchthat sy =Y. We show that there exists a WSPNE
r = (x,,v) in which ¢ = €. Let 2! = w; forall y; € &', zi = 0 for
all y; ¢ &', and z7* = 0. We prove that ¢ = ¢ for any x = (x,, ) with
v € E(x,). Assume, by contradiction, that there exists an NE v € £(x,,)
such that ¢ = e. This implies that there is a resource 7; with y; € S” and
either v = 1 orv™ = 3. If v™ = 1, the cost incurred by the followers who

select r; is " ! —w; > 1 and any of them would deviate to resource 7, to

i~ 31
decrease her cost to 1. If " = 3, the followers’ cost is kwi% (1—w;) > 1
and any of them would deviate to resource 7;. In both cases, this contradicts
the fact that v is an NE, and, thus, it must be that " # 1 and v" # 3 for
all y; € S’ As aresult, ¢Z = ¢ for any © = (x,,v) withv € E(z,,).

Only if. Suppose that I'.(S) admits a WSPNE z = (x,,r) in which
¢y = e. Then, 2]t = 0 and ]’ > 0 only if resource 7; is such that " # 1
and " # 3. Let us define R’ C R as the set of resources r; with 2] <
w; — %, R" as the set of resources r; with w; — % < zp < w; + %,
and R" as the set of resources r; with zi > w; + % Let v € R" be a
followers’ configuration such that v"* = 1 for all ; € R/, v"i = 0 for all
ri € R\, v =3forallr; € R”, and v = 3|S| — ZnER\{n} vy,. First,
we show that v € £(x,,). Indeed, all the followers who selected resource
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T incurs a cost of 1, all those who selected a resource r; € R’ incur a cost
of —x) < 1, and all those who selected resource r; € R" incur a cost
Wi — Y4

of 1;(1 — a7') < 1. If any follower deviated, she would incur a cost
wlfﬂ

greater than or equal than 1. In particular, no follower would deviate to a

resource r; € R’, as she would incur a cost that is a convex combination

of values greater than 1. Similarly, no follower would deviate to a resource

r; € R"orr; € R"”, as she would incur a cost of, respectively, w__l T x>
Ly

1 or Yz, > 1. Finally, no follower has an incentive to switch to resource
¢, as her cost would not decrease. This shows that, in the followers’ game
resulting from x,,, there exists an NE such that, whenever the leader selects
aresource 7; in R U R”, she incurs a cost of Y4, Thus, given that ¢ = ¢,
R' = R" = @ must hold. Let us define S’ C § as the set of integers y; € S
whose corresponding resource r; is such that w; — % < ai < w; + %
For all the other resources r;, it must be ]’ = 0. Since Zy cs Ty =1, we

have ZyiES’ (wi - %) <1l< ZinS’ (wi + Y4) and, therefore,

%<1 Z <Zwl<1+z Y+1,

yzeé" y; €S’ ylGS’
which implies Y —1 < >° oy <Y + 1. Since ) o y; is an integer
quantity, >, s y; = Y, implying that &’ solves PARTITION. ]

Finally, we show that the same inapproximability result that we have
established for SSPNEs also holds for WSPNE:s.

Theorem 6.6. The problem of computing a WSPNE in SSCGs is not in
Poly-APX unless P = NP.

Proof. In order to prove the result, we rely on the reduction introduced
in the proof of Theorem [6.5] We have already shown that in a WSPNE
r = (z,,v) of I'.(S) it holds ¢! = e if and only if the corresponding
instance of PARTITION admits a yes answer. Now, we show that, if the
partition problem has no answer, then ¢; > 1 in any WSPNE. Suppose,
by contradiction, that there is a leader’s strategy z,, such that all NEs of
the resulting followers’ game provide the leader with a cost smaller than
1. Then, x7i < % for all resources r; such that v = 3, ]/ < % for
all resources r; such that v =1, and 27t < Y14 If there is a resource
r; with 77 > w; + Y4, we have already proven that there is an NE with
V" = 3 providing the leader with a cost greater than Y42" > 1. Con-

’I’L

sider the set S” C S of integers y; corresponding to resources r; with
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a7 < w; — g7. We have already shown that there is an NE with v = 1
for all yy; € S”. Since the leader can select these resources with, at most,
probability o1 (as Z csr T < $7), there is a set S’ of resources r; with

w;— Y4 < < wityr andzy csr Th > 1— Y4 Fromz ES/<wZ+Y4) >

> yes Tni > 1 — gk, we obtain ) ES,wl>1—YL—m>Y L. From

Y es/ (Wimgx) <D0, corwni < 1, wededuce Yo o wi < 1+‘5| < L

Thus,Y —1 <3 oy <Y + land,since ) s y;is an integer quan—
tity, we have that > s, v; = Y, showing that &' is a solution to PARTI-
TION. We have proven that I'.(S) admits a WSPNE z = (z,,, v) in which

i

¢t = ¢ if and only if the PARTITION instance has a yes answer, while,
otherwise, ¢, > 11in any WSPNE. Let € = 2,1% Assume that there exists
a polynomial-time approximation algorithm A with approximation factor
poly(n, ), i.e., a polynomial function of n and r. Assume the PARTITION
instance has answer yes. A applied to I'.(S) would return a solution with
& < 5= poly(n, ). Since, for n and r large enough, 5 poly(n,r) < 1,
A would allow us to decide in polynomial time whether the PARTITION
instance has a yes or no answer, a contradiction unless P = NP. O

6.3 Polynomial-Time Algorithms for SSCGs

We have shown that the problem of computing an S/WSPNE in SSCGs is,
both in the general case and when restricting ourselves to SSSCGs, compu-
tationally intractable. We provide, here, two positive results for SSSCGs,
showing that, under certain conditions, the computation of an S/WSPNE in
these games can be carried out in polynomial time.

First, we design a polynomial-time algorithm for finding an S/WSPNE
in SSSCGs where the players’ costs are monotonic functions of the re-
source congestion. The algorithm relies on the fact that, as we will show,
in such games the leader cannot decrease her cost by playing mixed strate-
gies and, thus, pure-strategy commitments are sufficient. We also exhibit
a few examples showing that our algorithm cannot be easily extended to
more general settings as, if the players have either different action spaces or
non-monotonic cost functions, the leader could be better off playing mixed
strategies, thus violating the fundamental assumption of our algorithm.

Finally, we show that, if we restrict our attention to pure-strategy com-
mitments in SSSCGs, an S/WSPNE can be found in polynomial time by
means of a dynamic programming (DP) algorithm, even when the players’
cost functions are generic.
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6.3.1 Polynomial-Time Algorithms for Computing an S/WSPNE in
SSSCGs with Monotonic Cost Functions

Let us recall that, in SSSCGs, an NE minimizing the social cost can be
computed in polynomial time (Ileong et al., 2005)). It is also easy to show
that an NE minimizing/maximizing the cost incurred by one player can be
found efficiently using an algorithm similar to that of [leong et al.| (2005)
(see Section [6.3.3] for additional details). As a consequence, computing an
S/WSPNE would also be easy if an equilibrium could only be induced by a
leader’s pure-strategy commitment. This is, unfortunately, not the case, as
there are SSSCGs admitting S/WSPNEs in which the leader’s commitment
is a mixed strategy and the followers’ configuration could only be induced
by the leader committing to a mixed strategy.

Proposition 6.2. There are SSSCGs with strictly monotonic cost functions
which admit an S/WSPNE x = (x,,v) where the leader’s strategy x,, is
mixed and, additionally, the followers’ configuration v is an NE only for
mixed-strategy commitments of the leader.

Proof. Consider the following SSSCG with strictly monotonic cost func-
tions where |F'| = 3 and R = {ry,ro, r3}.

Y| Cyimn Cri,F | Cran CrayF | Crzn Cr3 F
1 1 1 3 4 1 1
2| 2 3 4 D 2 3
31 3 6 5 6 3 6

The followers configuration v = (1,1,1)" in which each follower selects
a different resource is not an NE if the leader commits to a pure strategy
while, e.g., itis an NE for z]! = x7° = % and 72 = 0. Notice that the game
admits S/WSPNEs in which the leader’s commitment is a mixed strategy.
For instance, for ]! = z3 = 7 and 27> = 0 the leader incurs a cost of 2

and there is no other strategy which allows her to pay less than 2. [

Next, we focus on finding SSPNEs in SSSCGs with weakly monotonic
cost functions. We show that, for every strategy profile x = (x,,, ) where
the leader’s commitment z,, is a mixed strategy and v is an NE in the follow-
ers’ game, there is another strategy profile & = (&,,, ) where the leader’s
commitment ,, is a pure strategy with cost no larger than the one for x.
In particular, this implies that, in order to achieve an SSPNE, the leader
can always commit to a pure strategy. This is formalized in the following
theorem, whose proof shows constructively how to build z from .
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The idea of the proof is the following. Let z = (x,,v) be a strategy
profile where x,, is a mixed strategy and v is an NE in the followers’ game.
Assume that the leader switched to selecting with probability one any of the
resources for which she would incur the minimum cost when committing
to x,,. As this would increase the congestion of that resource, due to the
cost functions being weakly monotonic the followers could only react by
switching to another resource—this translates in the leader incurring a cost
on that resource which is never larger than the one she would incur when
committing to the mixed strategy x,,.

Theorem 6.7. Every SSSCG with weakly monotonic cost functions admits
an SSPNE x = (x,,,v) in which x,, is pure.

Proof. Given a strategy profile = (z,,, ) with z,, mixed and v € £(x,,),
we show how to construct another strategy profile & = (Z,,7) with v €
&(Z,) in which &, is pure and 2 < ¢®. Let S = {i € R | ¢ > 0} be the
set of resources played by the leader with positive probability in x,, and let
i* € argmines ¢; (V' + 1). Clearly, since the leader’s utility is a convex
combination weighted by z,, of the costs she incurs in the resources chosen
with positive probability, ¢ = >, 4 2hcin(V' + 1) > crn(v” + 1).
Moreover, since v is an NE for z,,, the following holds by definition:

cﬁ};(yi) < c;?,’};(uj +1)VieR:v'>0,j€R. 6.1)

Let us define z,, € A, such that iﬁ: = 1. We now show that such z,, is part
of an SSPNE. Notice that ¢;-.(y) = ¢; r(y) forally € Nandi € R\ {i*}

(as the leader does not select these resources), while ¢ (y) = ¢ p(y +1)
for all y € N (as the leader selects that resource). Since, in the strong
case, the followers behave in favor of the leader, it is sufficient to exhibit
a v € E(Z,) such that # = (&,,7) satisfies ¢Z < ¢Z. We construct a
sequence of followers configurations which starts from v and reaches such
v. Given I, let us consider the sequence (v(0) = v,v(1),...,v(T) = D)
such that each configuration differs from the previous one in that a single
follower has changed resource, strictly decreasing her cost. Formally, this
corresponds to showing that, for all 0 < ¢t < T, there is a pair 7,7 € R
such that v(t)* > 0, v(t +1)" = v(t)' = 1, v(t + 1) = v(t) + 1, and
clu(v(t)) > cina(v(t + 1)7). Moreover, let us assume that a follower
deviates to resource i*, i.e., v(t + 1) > v(t)"", only if this is the only
way of strictly decreasing some follower’s cost. This is w.l.o.g., as it is
consistent with the assumption that the followers break ties in favor of the
leader. Let us now prove that the sequence of followers’ configurations
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satisfies the following:
vit+1)" <v@t)" VO<t<T. (6.2)

By contradiction, assume there exists 0 < ¢ < T such that v(¢ + Y >
v(t)"". Then, there is a follower who can strictly decrease her costin v(t) by
choosing i* instead of some j # i* € R : v(t)? > 0, i.e., i p(v(t)" +1) <

cina(v(t)7) holds. Thus, given that ¢f7 o (v(t)"” 4 1) = ¢ p(v(t)” +2) and
cff;,(y(t)j) = ¢; r(v(t)7), we conclude that:

cirp(V” +1) < cinp(V(t)” +2) < ir(v(t)), (6.3)

where the first inequality holds since v(t)"" = 1" (as Equation (6.2) holds
for the elements of the sequence preceding v/(¢) and the number of follow-
ers selecting i* cannot decrease with respect to 2" ). Two cases are possi-
ble. In the first one, v(t)? < v/, implying, by monotonicity, ¢; p(v(t)?) <
¢jr(v7) < ¢fp(v7), which, together with Equations (6.1) and (6.3), leads
to a contradiction. In the second case, v(t)’ > 1/ implies that there exists
k # i* € R such that v(t)* < v* (and v* > 0), otherwise >_,_, v(t)" >
n — 1. It follows that ¢; p(v(t)7) < ¢ p(v(t)* 4+ 1) < ¢ (VF), where the
first inequality holds since, due to our assumptions on the sequence, it can-
notbe ¢; p(v(t)7) > cpp(v(t)* 4+ 1) as v(t + 1) > ()", and the second
inequality follows from v/(¢)* < v*. Thus, Equations and give a
contradiction. As a result, Equation holds, and, thus, 7" < v*". Given
the monotonicity of the costs, we conclude that ¢ < . The prove the
claim, it now suffices to take as strategy profile x = (z,, ) an SSPNE in
which z,, is mixed—since the leader’s cost at x is the smallest possible, her
cost at £ will be identical to it. ]

We prove, now, that a similar result holds for the weak case, i.e., for
computing a WSPNE. The result is weaker though, as it requires the stronger
assumption that the followers’ cost functions be strictly monotonic.

The idea of the proof is similar to the previous one. Given a WSPNE
x = (z,,v) in which z, is a mixed strategy, we show that there exists
another WSPNE & = (z,,, V) where the leader’s commitment Z,, is a pure
strategy which selects with probability one any of the resources for which
the leader incurs the minimum cost when committing to x,,. In order to
show this, we prove, by contradiction, that any NE © for z,, provides the
leader with a cost smaller than or equal to the one for x.

Theorem 6.8. Every SSSCG in which the leader’s and followers’ cost func-
tions are, respectively, weakly and strictly monotonic, admits a WSPNE
x = (xy,v) in which x,, is pure.
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Proof. Assume there exists a WSPNE z = (z,, ) in which z,, is mixed.
We show that there must be another WSPNE & = (Z,, V) such that Z,, is
pure. Let us define * € R and z,, € A, as in the proof of Theorem|6.7} so
that ¢ > ¢+, (" + 1) and Equation (6.1)) holds. Given that the followers
behave pessimistically, we need to show that, for every v € £(z,), T =
(&, V) satisfies ¢z < ¢®. By contradiction, assume ¢Z > ¢, which implies
Cir (D7 4+ 1) > cio (V" + 1). It easily follows from the monotonicity of
the costs that 7~ > v*". Thus, there must be a resource j € R such that
») < 17 as, otherwise, Y, p ' > n — 1. Let us also remark that 1/ > 0.
Thus:

e +1) < p(@ +1) <gp( +1) < (), (6.4)

where the first inequality follows from v*° < ", the second one from the
fact that © is an NE for ,,, and the third one from 27 < 7. Equation (6.1))
implies ¢ (v7) < ¢ p (v +1). If €55 (17) < €2 p(v” + 1), then Equa-
tion (6.4) leads to a contradiction. Otherwise, if ¢j. (/) = ¢ p(v”" + 1)
all the inequalities in Equation (6.4)) hold as equations. This, however, im-
plies ¢ (v + 1) = ¢ p(0" + 1) and ¢; p(07 4+ 1) = (1), which
1S a contradiction since z,, is mixed and the followers’ cost functions are
strictly monotonic. [

Theorem [6.§] fails to hold if the followers’ cost functions are weakly,
rather than strictly, monotonic, as the following result shows:

Proposition 6.3. There are SSSCGs with weakly monotonic cost functions
where any WSPNE prescribes the leader to play a mixed strategy.

Proof. Consider the following instance of SSSCG with weakly monotonic
cost functions, where |F| = 1 and R = {ry,r2}.

YiCrin Cr,F|Cran Cry F
1] 1 1 1 1
21 2 1 2 1

Clearly, any followers’ configuration is an NE in this game, independently
of the leader’s commitment. Whenever the leader commits to a pure strat-
egy, be it the selection of r; or 7y, the follower, due to the pessimistic
assumption, chooses the same resource, so to have the leader incur a cost
as large as possible (of 2). By uniformly randomizing between the two
resources, though, the leader can reduce her cost to 25 + 2 = 1.5. O
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Relying on Theorems [6.7)and [6.8] we can compute an SSPNE (respec-
tively, WSPNE) by enumerating the leader’s pure strategies and, for each
of them, computing a followers” NE which results in the smallest (respec-
tively, largest) leader’s cost. Such NE can be computed by applying a sim-
ple greedy procedure which progressively assigns followers to resources.
At each step, a single follower is assigned to the resource which is cheap-
est for her, given how the previously considered followers have been dis-
tributed over the resources. At a given step, among all the resources mini-
mizing followers’ cost the procedure selects one minimizing (respectively,
maximizing) the leader’s cost. An S/WSPNE is then obtained by picking
any leader’s pure strategy for which the leader’s cost is the smallest.

The detailed procedure is described in Algorithm [6.1] where, for some
S C Randi € S, the function S-PICK(S, 7) (respectively, W-PICK(S, 7))
returns some resource j* € S, giving precedence to resources j* # ¢ (re-
spectively, j* = 7).

Algorithm 6.1 Algorithm for computing an S/WSPNE in SSSCG with monotonic costs.

1: function COMPUTE-S/W-SPNE
foralli € R do

3 $nm(—ln€An:xiL:1
4 v[i,j]+ 0 VijER

5: while =, v[i, j] < ndo
6 S + argminjcp C]zﬁ:[l](’/[ivﬂ +1)
7 j* < S/W-PICK(S, 1)

8: vli,j*] + v, ¥ ] + 1
9: end while

10: Cn M <~ Ci,n(”[iv 'L] + 1)
11: end for

12: i* « arg min;c g ¢ [i]

13: return x = (z,[¢*], v[i*,])

14: end function

Let us remark that, in Algorithm x,[], v[-,], and ¢,[-] are the al-
gorithm’s variables and, for every i € R, v]i,j| denotes the number of
followers selecting resource 7 € R in the NE which is reached when the
leader’s strategy is x,,[i].

Theorem 6.9. Algorithm[6.1]is correct and it runs in time O(nr logr).

Proof. We rely on the pseudocode reported in Algorithm [6.1] to show its
correctness. Thanks to Theorems and [6.8] we only need to prove that,
for every © € R and after the execution of the while loop, the followers
configuration v is such that, for all j € R, v/ = v[i, j] is an NE for x,,[i]
minimizing (or maximizing) the leader’s cost. First, let us show that v is
an NE. Suppose, by contradiction, that it is not. Then, there exists j €
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R :v; > 0and k € R such that cf}m(uj) > ci’}[f]( 4+ 1). Let #* be
the value of v[i, k] during the step in which v[, 5] is set to its final value
1. Clearly, c; il (i) > ci”}[l](uk +1) > cij’}d(ﬂk + 1), and the algorithm
would have not incremented v[i, j] during that step, a contradiction. Let
us show now that (z,,[i], v) is an S/WSPNE. In the remainder of the proof,
we focus on the strong case (the weak one can be treated analogously).
Suppose, by contradiction, that v is not an NE minimizing the leader’s cost
for z,[i] (i.e., not an SSPNE). Then, there exists another NE & for z,,[i]
such that ¢; ,, (0" + 1) < ¢;,(v* + 1). Given the monotonicity of the costs,
»* < v* must hold. Therefore, there must exist some j # ¢ € R such that
07 > 1J. Let us consider the step in which v[i, 4] is set to %, and let 7 be
the value of 1[4, j] during that step. Note that c;; i) < c;-}m (77 4+1) must
hold as, otherwise, the algorithm would have 1ncremented v|i, 7] instead of
v[i,i]. But, then, cx"[l](yj +1) < cx}[l](l/j +1) < c;?:#l}(ﬁj ), which implies
cm“[’](u +1) < ¢} ") < ¢ H(ﬂj +1) < c;’jp[i](ﬁj), contradicting the
fact that 7 is an NE for the glven 7]
Since the while loop is executed exactly 7 times, each execution carries
out n steps. Using efficient data structures, each step takes time O(logr).
Thus, the overall running time is O(nr logr). O

Next, we provide a characterization of S/WSPNEs in SSSCGs with
monotonic costs under the additional assumption that leader’s and follow-
ers’ costs be equal, which may be of independent interest besides the com-
putation of S/WSPNE:s.

Theorem 6.10. Given an SSSCG with monotonic costs and ¢, = cp =
{¢i}ier, any S/'WSPNE x = (x,,,v) with x,, pure is an NE.

Proof. Let x = (z,,) be an S/'WSPNE with ¢ = 1 for some i* € R.
Clearly, given that v € &(xy,), ¢;"(v*) < ¢j* (7 + 1) holds for every i €
R : v* > 0 and for every j € R. Therefore, no follower has an incentive
to change resource. Thus, it is sufficient to prove that the leader has no
incentive to deviate from resource ¢* unilaterally, i.e., without assuming
that the followers would react to her deviation (which is the case in the
Stackelberg setting). If v > 0, we have c;« (v +1) = ¢ (V") < &5 (Vi +
1) = ¢; (v 4+ 1) for every j # i* € R, and it immediately follows that the
leader does not deviate and « is an NE. The case in which v~ = 0 is more
involved. By contradiction, assume that z is not an NE. As a consequence,
the leader must have an incentive to deviate to some resource j # i* € R,
ie, ce(V" +1) = (1) > ¢;(v? +1). Let &, with 22 = 1 be the

122



6.3. Polynomial-Time Algorithms for SSCGs

strategy the leader commits to. We prove (by contradiction) that, for every
v e &E(&y,), & = (Z,,0) provides the leader with a cost strictly smaller
than ¢;«(1). Assume ¢;(27 4+ 1) > ¢;<(1). Three cases are possible. In the
first one, 27 < 17 and ¢;+(1) > ¢;(1? + 1) > ¢;(07 + 1) > ¢;+(1). In the
second one, 7/ = v and ¢;(07 + 1) > ¢x(1) > ¢;(v/ + 1). In the third
case, o/ > 17, which implies that there must be a resource k¥ # * € R
such that 7* < v*, and ¢;+(1) > ¢;(1V + 1) > (V%) > (0% + 1) >
¢j(P7 +1) > ¢=(1). As all the cases lead to a contradiction, it must be
¢j(P7 + 1) < ¢(1). The proof is complete as, in #, the leader’s cost is
¢;j(P7 +1) < ¢+(1), contradicting the fact that = is an S/WSPNE. O

6.3.2 On the Necessity of the Assumptions

We provide some examples showing why Algorithm cannot be easily
extended to more general settings—the reason being that Theorems |6.7|and
[6.8]do not hold if the assumption of monotonicity is dropped.

First, let us analyze the general case of SSSCGs in which the costs need
not be monotonic functions of the resource congestion:

Proposition 6.4. There are SSSCGs in which, even if the cost functions of
one player only are nonmonotonic, be it the leader or one of the followers,
any S/WSPNE prescribes the leader to play a mixed strategy.

Proof. Consider the following instance of SSSCG with non-monotonic fol-
lowers’ cost functions, where R = {ry,r2} and |F| = 1.

Y|Crin Cri,F|Cran Cro F
1] 1 2 1 2
2 1 2 1

The follower selects ro whenever z,, < 1, while, if 27! > 1, she chooses
r1. The leader’s cost is 2 — «7! if 27} < 2, and 1+ a7} if 27! > . There is,
thus, a unique S/WSPNEE that prescribes the leader to commit to z,, with
Tt =ap = 5.

Consider now the following instance of SSSCG with non-monotonic
leader’s cost functions, where R = {ry, 72} and |F| = 1.

Yy Crl,n Cﬁ,F Crg,n CTQ,F
2 1 2 1
210 2 0 2

—_
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The follower selects ro if 2]} > 1 5 and rl if ]l < 1 . The leader’s cost is
thus 2271 if 271 > 1 5 and 2 — 27t if x” < . There is, thus a unique O/PSE

which prescribes the leader to commit to xn with 2]! = 272 = % O]

Finally, we show that Theorems [6.7] and [6.8|do not hold for general SS-
CGs with different action spaces, even if the cost functions are monotonic:

Proposition 6.5. There are SSCGs with different action spaces and mono-
tonic cost functions where any S/WSPNE prescribes the leader to play a
mixed strategy.

Proof. Consider the following SSCG with R = {ry,rqs, r3}, two followers
F - {php?}’ and Ap1 — {Tla TQ}) Apz - {T27 T3}7 An - {Th TQ}:

Y| C,F Crim | CroF Crygm | Cr3,F
1 1 0 0 1 3
2 1 1 2 1 3
3 1 1 4 1 3

If the leader plays z]! = 1, there is a unique NE where follower p; plays
r1 and follower ps plays 5. Indeed, py incurs a cost of 0 and, thus, has
no incentive to deviate, while p; would incur a cost of 2 > 1 by deviating
to 9. Thus, the leader’s cost is 1. The leader’s cost is also 1 if she played
272 =1, as p, would also choose 7y, while p; would choose 7;. Let us show
that the leader can commit to a mixed strategy and incur a cost smaller than
1. Indeed, with 27! = 272 = 1 , there is a followers” NE where p; chooses
ro and po chooses r3: Pl, 1ncurr1ng a cost of 1 (smaller or equal than any
other cost), has no incentive to deviate, while p», currently incurring a cost
of 3, by switching to 7, would incur the same (expected) cost of 3 (i.e., a
cost of 2 with probability % and one of 4 with probability %), thus having no
incentive to deviate. At that NE, the leader’s cost is O - % +1- % = % L]

6.3.3 Pure-Strategy Commitment in SSSCGs with Generic Costs

We propose, here, a simple polynomial-time algorithm for computing an
S/WSPNE in SSSCGs with generic costs where the leader is restricted to
pure-strategy commitments. It is based on a dynamic programming algo-
rithm proposed in ([eong et al., 2005) for the computation of an optimal NE
in symmetric non-Stackelberg singleton congestion games. The original al-
gorithm runs in O(n%r®). One can compute an S/WSPNE in 7 iterations,
fixing, at each iteration, the action the leader would choose and calling the
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previous algorithm to compute an NE which either minimizes or maximizes
the leader’s cost. This takes, overall, O(n5r%).

We show, in the following, how to improve the complexity of the orig-
inal algorithm to O(n*r?), thanks to which we can compute an S/WSPNE
for the restricted case in O(n'r?). The algorithm is based on the same re-
cursive formula shown in (Ieong et al., [2005), which we reintroduce, here,
in a different and, possibly, clearer way.

Let O(h, B, M, V) be the cost of an optimal NE for a symmetric SCG
without leadership restricted to h resources {1, 2, ..., h} C R and B players,
where M is the largest cost incurred by a player and V' is the smallest cost
a player would incur if she were to switch to another resource.

Proposition 6.6. O(h, B, M, V) satisfies the following recursive equation:

O(haBaMaV): min O(h—l,p,m,v)—l—(B—p)ch(B—p)

pe{0,...,B}

meZt,vezZt
st. m<M (6.5a)
v>V (6.5b)
en(B —p) <M (6.5¢)
cn(B=p+1)>V (6.5d)
cn(B—p)<w (6.5¢)
cn(B—p+1)>m. (6.5%)

Proof. We show that all the constraints are necessary for the definition of
O(h, B, M, V) to be respected. If Constraint were not satisfied, m >
M would imply that there is at least a resource among those in {1,...,h —
1} costing strictly more than M. If Constraint (6.5b) were not satisfied,
v < V would imply that the cost to deviate to a resource among those
in {1,...,h — 1} is strictly smaller than V. If Constraint were not
satisfied, ¢,(B — p) > M would imply that M is smaller than the cost of
the most expensive chosen resource. If Constraint (6.5d) were not satisfied,
cn(B —p+1) <V would imply that V' is larger than the cheapest cost a
player would incur upon deviating to another resource. If Constraint
were not satisfied, ¢,(B — p) > v would imply that each of the B — p
players who chose resource A would have an incentive to deviate to any
of the resources in {1,...,h — 1}. If Constraint (6.5f) were not satisfied,
cn(B —p+ 1) < m would imply that at least one of the p players who
selected a resource in {1,...,h — 1} (i.e., all those incurring a cost of m)
would have an incentive to deviate to resource h. ]
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We now show how to simplify the recursive formula for O(h, B, M, V'):

Theorem 6.11. O(h, B, M, V') satisfies the following recursive equation.:

O(h, B,M,V) =
= min_ O(h—1,p,m(p)*,v(p)*) + (B — p) ca(B — p)
pe{0,...,B}
st. cp(B—p) <M (6.6a)

cn(B—p+1)>V, (6.6b)
where m(p)* = min{M, c,(B —p+ 1)} and v(p)* = max{V, c;(B — p)}.

Proof. Constraints (6.5a)—(6.51) and (6.5b)—(6.5¢€) imply, respectively, m <
min{M, c,(B —p+ 1)} and v > max{V, ¢,(B — p)}. Hence, m(p)* and
v(p)* are feasible for Problem (6.5). Notice that, if m’ > m and v' < v,
the feasible region underlying O(h, p, m’,v’) contains the one underlying
O(h, p,m,v), which implies O(h,p,m',v") < O(h,p, m,v). The claim
follows since m(p)* and v(p)* are, respectively, the largest and smallest
values m and v can take. ]

Corollary 6.11.1. In symmetric non-Stackelberg singleton congestion games,
an optimal NE can be found in O(n*r3). In SSSCGs with the leader re-
stricted to pure strategies, an S/WSPNE can be found in O(n’r?).

Proof. Since there are at most nr different values of ¢;(y), forall j € R
and y € N, there are at most nr values of M and at most nr values of V.
There are also exactly r values of h and exactly n of B. Hence, the dy-
namic programming table of O(h, B, M, V') contains O(n?r3) entries. Due
to Theorem (6.11]), computing an entry of the table requires O(n). Overall,
an optimal NE is computed in O(n?r?). For the case with leadership re-
stricted to pure strategies, it suffices to run the algorithm for each resource
the leader may choose, obtaining a complexity of O(n*r). [l

6.4 Results on Non-singleton SCGs

We now study the problem of computing an SSPNE in general SCGs with
non-singleton actions, proving it is intractable even when the game is sym-
metric, cost functions are monotonic, and players’ actions are made of only
two resources. Thus, non-singleton actions make the problem considerably
harder than in the singleton case, which admits a polynomial-time algo-
rithm in symmetric games with monotonic costs (see Theorem[6.9).
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In particular, we show that the problem is NP-hard and not in Poly-
APX, unless P = NP, by means of a reduction from 3-SAT. Intuitively,
given € > 0, we map any 3-SAT instance to an SCG that admits an SSPNE
x with ¢} = € if and only if 3-SAT is satisfiable, otherwise ¢, = 1.

Theorem 6.12. Computing an SSPNE in symmetric SCGs is NP-hard, even
when cost functions are monotonic and players’ actions have cardinality at
most two.

Proof. We provide a reduction from 3-SAT showing that a polynomial-time
algorithm for finding an SSPNE in SCGs would allow us to solve any 3-
SAT instance in polynomial time. Given a 3-SAT instance (C, V') and a
number 0 < € < 1, we build an SCG I'.(C, V') admitting an SSPNE x with
cr = eif and only if (C, V') is satisfiable.

Mapping. I'.(C, U) is defined as follows:

e N=FU{n}withF={p, |veV}U{p, | ¢pecC}
® R:{Tw}U{TU7T’DaTU,t|U€V}U{r¢|¢60};

o A, ={ay, = {ry,mos}, a5 = {15,704} | v € V}U{a, = {ru}} U
{(l¢71 = {T¢,7‘l} ’ peC|le gb} forallp € N.

Cost functions are specified in the following table, and, additionally, ¢,, r =
¢ pand ¢, = ¢; pforalli € R.

) Cr¢,F CT‘U,F Crv,t,F Crw,F
1 1 0 3 €
2,1C)+VI+1] | 5 2 5 4

Clearly, I'.(C, V) can be constructed in polynomial time, since n =
|ICl+|V]+1,r=|C|+3|V|+1,and |A,| = 3|C|+2|V|+ 1forp € N.
We remark that T’ (C, V') is symmetric, cost functions are monotonic, and
each action has cardinality at most two. Moreover, the leader’s cost is € if
and only if she is the only player using the singleton action a,,, otherwise
her cost is at least 1, since other actions contain two resources.

If. Suppose that (C, V') is satisfiable, and let 7 : V' — {0, 1} be a truth
assignment satisfying all clauses in C'. Let x,, € A,, : 2% = 1. Using 7,
we can build z = (z,,,a_,), with a_,, € E(z,,), such that ¢! = €. Since € is
the minimum leader’s cost and the followers behave in favor of the leader,
is an SSPNE. In particular, for every ¢ € C, there must be a follower p € F
such that a, = a4, where | € ¢ evaluates to true under 7. Clearly, one
such literal [ € ¢ always exists. When there are many, take one minimizing
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vt . Moreover, for every v € V, if T'(v) = 1, respectively T'(v) = 0,
there must be a follower p € [ such that a, = ag, respectively a, = a,.
Thus, v,*, = 1 forall ¢ € C, and, similarly, v,"" = 1 forallv € V.
Additionally, v;* = 0 as there are |C| + |V/| followers. Next, we show that
a_, € E(x,). First, followers p € F with a, = a4 experience a cost ¢ =
CT¢7F(VCT£”) + ¢ p(vt ) < 3, since vo’, = 1. Thus, they do not have any
incentive to deviate. If they switch to a,  (with ¢’ # ¢), then they would
pay at least 5 (as ng'n = 1). Furthermore, they do not deviate to a4 s (with
I' #£1 € ¢), as, if I’ is false, then they would pay 3, while, when [’ is true,
they would incur a cost of ¢, 7 (va’,) + ¢y p(va”,) > ¢ (asva”, > VL ).
If, instead, they deviate to a, or ag, then their cost would be at least 5 (as

Tv,t

v,”, = 1). Moreover, they do not switch to a,,, since they would pay 4.

Tv,t

Followers p € F with a, = a, has cost ¢} = ¢,, p(v}" )+cr,, r(va’) =3
since v;* = 1. Thus, they do not deviate, as they would pay at least 4.
Similarly, followers p € F' with a, = a; do not deviate. As a result, a_,, is
an NE and, since x7» = 1 and v;» = 0, itholds ¢}, = e.

Only if. Suppose there exists an SSPNE x = (z,,, a) such that ¢’ = e.
Thus, 2% = 1 and v}* = 0. Forv € V, v,", < 1, otherwise, if v", > 2,
some followers would have an incentive to deviate to action a,,, paying
4 < 5. Analogously, for ¢ € C, v,*, < 1. Since there are |C| + |V|
followers, v, = 1 forevery v € V, and v,°, = 1 for every ¢ € C. Thus,
for every v € V/, there exists p € [ such that either a, = a, or a, = as,
and no other follower selects actions a, and a;. Define a truth assignment
T such that T'(u) = 1 if there is p € F with a, = a;, while T'(v) = 0 if
there is p € F' with a, = a,. Clearly, T is well-defined. Moreover, for
every ¢ € (), there exists a unique follower p € F' and a literal [ € ¢ such
that a, = a4, as %, = 1. This implies that no follower plays a;, otherwise
her cost would be at least 5, and she would deviate to a,,, paying 4. Thus,
if [ is positive, there is p € I’ with a, = ay, while, if it is negative, there is
p € F with a, = a,. Therefore, 7" satisfies all clauses. L]

By letting € = 2%, where [ is the game size, the reduction used for

Theorem [6.12] also shows the following:

Theorem 6.13. The problem of computing an SSPNE in symmetric SCGs
is not in Poly-APX unless P = NP, even when costs are monotonic and
players’ actions have cardinality two.

Proof. Given a 3-SAT instance (C, V'), we build an SCGI'.(C, V') as in the
proof of Theorem As previously shown, in an SSPNE z of I'.(C, U),
it holds ¢ = ¢ if and only if (C,V) is satisfiable. Next, we prove that,
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if (C,V) is not satisfiable, then any SSPNE z has ¢/ > 1. Suppose, by
contradiction, there exists an SSPNE x = (x,,, a) with ¢ < 1. This implies
that x7» > 0 and v;* = 0, otherwise ¢, > 1. Moreover, all the followers
must experience a cost at most of 4, otherwise they would have an incentive
to switch to a,. Thus, for every v € V, it must be the case that v, <
1, otherwise, if Va”_ji > 2, some followers would have a cost at least 5.
Similarly, for every ¢ € C, it must be the case that v,”, < 1. Following
the same reasoning as in the proof of Theorem [6.12] we can build a truth
assignment satisfying all clauses, a contradiction. Finally, lete = 5 4, where
I'isthe size of I'.(C, V'). Suppose there is a polynomial-time approximation
algorithm A with approximation factor poly(7), i.e., a polynomial function
of I. If (C,V) is satisfiable, then .4 applied to I'.(C, V') would return a
solution with cost at most 2%poly([ ) < 1, for I large enough. Thus, A
would allow us to solve any 3-SAT instance in polynomial time, which is a
contradiction unless P = NP holds. [

In conclusion, we provide some side results that deepen our analysis on
how non-singleton actions impact on the complexity of finding an SSPNE
in SCGs. The following theorem shows that our intractability results hold
even in SCGs where only the followers have non-singleton actions.

Theorem 6.14. The problem of computing an SSPNE in SCGs is NP-hard
and not in Poly-APX unless P = NP, even when leader’s actions are sin-
gletons, costs are monotonic, and followers are symmetric with actions of
cardinality at most two.

Proof. The result is obtained from the proofs of Theorems [6.12] and @
by setting A,, = {a,,} in the reduction.

Let us observe that, since the SSPNEs of the games used in our reduc-
tion prescribe the leader to play a pure strategy, we have that the results in
Theorems and hold even if we restrict the leader to pure-
strategy commitments.

In conclusion, we consider the case in which only the leader has non-
singleton actions. It is easy to show that in SCGs with symmetric followers
having singleton actions, an SSPNE can be found in polynomial time if
we restrict the leader to play pure strategies. A polynomial-time algorithm
enumerates the leader’s pure strategies, and, for each of them, it computes
an NE minimizing the leader’s cost in the resulting followers’ symmetric
singleton congestion game, which can be done in polynomial time using
dynamic programming, as shown by leong et al.| (2005).
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6.5 SSCGs with Multiple User Classes

In this section, we switch the attention to 7 -class SSCGs, a generalization
of symmetric SSCGs in which the players are partitioned into a finite num-
ber of classes. As shown by Theorem|[6.3] finding an SSPNE in symmetric
SSCGs with non-monotonic costs is NP-hard, while the problem becomes
easy if: (a) we assume that the leader can only play pure strategies (Corol-
lary [6.T1.1)), or (b) we force players’ costs be monotonic (Theorem [6.9).
Here, first we show that, under condition (a), computing an SSPNE is easy
also in 7 -class SSCGs with a fixed number of classes. Next, we prove
that, if condition (a) does not hold, then the problem is NP-hard in 7 -class
SSCGs even if we enforce (b) and there are only four followers’ classes.

Let us start providing a polynomial-time algorithm for computing SSP-
NEs in 7T -class SSCGs with a fixed number of classes and the leader re-
stricted to pure strategies. We extend the dynamic programming method
based on the recursive formula defined by Problem|[6.5)and Corollary
Specifically, let O(h, By, ..., By, My, ..., Mp,Vi,...,Vr) be the cost of
an optimal NE for a 7 -class singleton congestion game restricted to h re-
sources {1,2,...,h} C R and B, players for each class t € T, where M,
is the largest cost experienced by a player of class ¢ and V; is the smallest
cost a player of class ¢ would get by switching to another resource.

Lemma 6.1. O(h, By,...,Bp,My,..., My, Vi, ..., Vr) satisfies:

O(h,By,...,Bp,My,...,Mp,Vi,..., V) =
= min O(h—1,py1,...,pr,m1,...,mp,v1,...,07) + by (b)

p+€{0,...,B} VteT
me€{0,..., M} VEET
vee{l,.., Vi } VteT

st. b= (Bi—p) (6.7a)
teT
B; = p; VieT :hé¢A (6.7b)
my < M, vte T (6.7¢)
v >V, Vte T (6.7d)
cn(b) < M, VteT :B,—p >0 (6.7¢)
cn(b+1) >V, VtieT :heA (6.71)
cn(b) < vy VteT By —p >0 (6.7g)
cn(b+1) > my Vte T :heA. (6.7h)
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Proof. We show that all the constraints are necessary. If Constrains
were not satisfied, at least one player would play an action not available to
her. If Constraints were not satisfied, there would exist a ¢ € T such
that m; > M,, and, thus, there would be at least a resource in {1,...,h—1}
having cost larger than M, for players of class ¢. If Constraints were
not satisfied, there would exist a ¢ € T such that v; < V;, and, thus, players
of class ¢ would incur a cost strictly smaller than V; when deviating to a
resource in {1,...,h — 1}. If Constraints were not satisfied, there
would exist at € T : B, — p; > 0 such that ¢;(b) > M,, and, thus,
M; would be smaller than the cost of the most expensive resource used
by players of class ¢. If Constraints were not satisfied, there would
existat € T : h € A, such that ¢, (b + 1) < Vj, and, thus, players of
class ¢ would incur a cost strictly smaller than V; upon deviating to another
resource. If Constraints were not satisfied, there would exist a ¢t €
T : By — p; > 0 such that ¢, (b) > v; and, thus, at least one player of class
t using resource h would have an incentive to deviate to another resource.
If Constraints were not satisfied, there would existat € 7 : h € A,
such that ¢, (b + 1) < my and at least one player of class ¢ experiencing a
cost of m; would prefer to switch to resource h. [

Thus, we can conclude the following:

Theorem 6.15. In T -class non-Stackelberg singleton congestion games, an
optimal NE can be found in O(nSTr*T+1). In T-class SSCGs, an SSPNE
can be found in O(nTr*T+2) if we restrict the leader to pure strategies.

Proof. Since there are at most nr different values of costs ¢;(y) (i € R,y €
{1,...,n}), foreach ¢ € T there are at most nr values of M; and V;. There
are also exactly r values of 7 € R and exactly n; values of B, for each ¢ €
T. HCI’ICC, O(h, Bl, . 7BT, Ml, ceey MT, ‘/1, e VT) has O(?’L3TT‘2T+1)
entries. Computing an entry of the table requires O(n37r??). Overall, an
optimal NE is computed in O(n®"r4T+1). For T-class SSCGs with the
leader restricted to play pure strategies, it suffices to run the algorithm for
eachi € A,,, minimizing the cost of i. Since there are O(r) leader’s actions,
the overall complexity is O(nSTr47+2), O

Now, we prove the hardness result, using a reduction from K -PARTITION,
an NP-compete variant of PARTITION with an additional size constraint

(see Definition [6.4).

Theorem 6.16. Computing an SSPNE in T -class SSCGs is NP-hard, even
when cost functions are monotonic and |T| = 4.
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Proof. Our reduction from K-PARTITION shows that a polynomial-time
algorithm for finding an SSPNE in 7 -class SSCGs would allow us to solve
any K-PARTITION instance in polynomial time. Given a K -PARTITION
instance (S, K'), we build a game I'(S, K) that admits an SSPNE = with
¢ < 2Y — X if and only if (S, K) has answer yes, i.e., there is &' C S
with [§'| = K and ) s yi =Y. We assume, w.l.o.g., that y; <Y for all
y; € S (if not, (S, K) trivially has answer no).
Mapping. ['(S, K) is defined as follows:

o N=FU{n}and T = {1,2,3,4}, where I' = |J,. F; with |F}| =
K, |Fy| =2|S|, |F3| =1, and |Fy| = 1,

o R=RsU{ry,ry,ry,r.} with Rs ={r; | y; € S};
o A = RsU{ry}, Ay = RsU{r.}, As = {ru,my}, Ay = {rs, 1y},
and A,, = Rs U {r,}.

Costs are specified in the table below, with C, p = ;}g i{, Crnr =

<1 2YK 4 2YK) WK and O, = 2w,

Yi

Cri,F Crw,F Crx,F Cry,F CTZ,F Cm,n Cry,n
1 2
1| o L 2 YK Cpn, O
2 2Y K 1
1

) Cpp 2YK C,, Y*
3,n] | C,, p C,r 2YK Y* Y*

Rleo Rfeo R|e

Clearly, I'(S, K') can be constructed in polynomial time, since n = K +
2|8+ 3,7 = | = [Asf = [An] = | = [Af =2,
and each cost can be encoded with a number of bits polynomial in the size
of the instance (S, /). Notice that resource costs are monotonic.

If. Suppose that (S, K) has answer yes, and let S C S be such that
|S'l=Kand}_ oy =Y. UsingS', we canrecover x = (z,, {v' }1e7)
such that the followers’ configurations {v'},c+ represent an NE for x,, and
¢, =2Y — % Thus, in any SSPNE the leader’s cost must be less than or

equal to 2Y . In particular, for every y; € &', let v!" = 1, 12" = (),
and z]i = 4. Instead fory; ¢ S, letv'" =0, v*" = 2, and 2! = 0.
Moreover, we let vb™ = 0, v = 2K, v>™ = 1, 13" = (), 1/4” =1,
v =0, and 2’ = 251, Tt is easy to see that both {v'},c7 and z,, are
well-defined. Next, we prove that {v'};c7 represent an NE for z,,. First,
followers of class 1 experience a cost of Mmzj—}( = 1, and, thus, they

. . ) Yi )
do not have incentive to deviate to resource r,, as they would still pay 1.
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Similarly, they do not switch to another resource r; € Rg, since, if y; € &',
they would get a cost of 2Xy/—K(l o) + O, prite = 2Y K > 1, while, if
y; ¢ S', they would pay C,, p > 1. Moreover, followers of class 2 do not
deviate, since, if they are selecting a resource ; € Rg, then their current
cost is 2XX and they would pay at least 2Y K > ZXE by deviating, while,
if they are usmg ., then they experience a cost of 2V K and they would
pay at least 2Y K by switching to a resource 7; € Rs. Finally, the follower
of class 3 pays % and she does not deviate to r,, as she would incur a cost
at least of %, and, analogously, the follower of class 4 does not deviate

since her cost would be C,, p25=t + 2.1 = 2 and she is paying 3 In

conclusion, ¢, = ZinS’ Cringve = Zyiegr % - Zy es i = 2Y —
as ‘S/’ = K and Zyiesl Y; = Y

Only if. Suppose there exists an SSPNE = = (z,,, {v'};e7) such that
@ < 2Y — X. Using z, we build &' C S such that |S'| = K and
Zyi cs' Yi = Y, showing that (S, K') has answer yes. First, it must be the
case that ¢ > 0 and v = 0, otherwise the leader’s cost cannot be smaller
than the minimum among costs C,, ,,, which, since y; < Y forall y, € S,

is at least w =2Y > 2Y — % Thus, it must be v>™v = 4™ = ()

and "™ = ¥ = 1. As aresult, z;7/ > 1 — ﬁ, otherwise the fol-
lower of class 4 would have an incentive to deviate to resource r,, paying
Cr, ptn’ + 2 (1—x') < £. This implies that 3 . 7 < 5. Moreover,

yhre =, otherwise, if ul " > (), the follower of class 3 would experience
a cost of 1 and she would switch to r,, paying at most C,., p < 1, assuming,
w.l.o.g., K > 4. Thus, there must be K different resources r; € Rgs such
that v = 1 and v>" = 0, since, if either »'" > 1 or v®>" > 0, then
v" > 1 and the followers of class 1 selecting r; would experience a cost
greater than or equal to 2*2 > 1, thus having an incentive to deviate to 7.,
paying 1. Let R} := {r; e RS | v17i = 1} (notice that | Rs| = K). It must
be the case that v>" < 3 for all r; ¢ R, otherwise a follower of class 2
would have an incentive to deviate to r, (as C,, p > 2Y K). Thus, since
|Fy| = 2|8|, there are at least 2K followers on r,. Furthermore, > > (
for all r; ¢ R’s, otherwise the followers of class 2 selecting 7, would have
an incentive to switch to r;, paying less than ZEK < 2Y K. Now, let us
fix any r; € Rs. Say 7} < %, then the followers of class 2 using 7,
would deV1ate to r;, paying 2§K (1 —ali) + C,, pxyi < 2Y K. Moreover,
say x> 2Y e then the follower of class 1 on r; would deviate to r,,
2V K

paying 1 < Ty As aresult, 77 = = € Rj. Since
1

T4 L L A— . _
ZTZ‘ERS xn S 2K’ we also haVe ZTiER’S xn - QYK ZTZ'ER{S yZ S 2K °
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implying > . R Yi < Y. It must also be the case that z;" = 0 for
all r; ¢ Rj. If not, then there would be r; € R with v*" € {1,2}
and z;/ > 0, which implies that ¢, = Y/ + 30 p Craayi >
Do R QYI;W =2Y — + Do R Yi 2 2y — %, a contradiction. Finally,
en =Y cp. Cripali = 2Y — L5 oy < 2Y — X, which implies
D orc Rgzyilezfst. Thus, >, . R, yiK:ZY.lGI?éstting S = {le eS| r € RS}

wehave [S'|=Kand )’ cyi=Y. O

6.6 MILP Formulations

In this last section, we show how the problem of computing an SSPNE in
SCGs can be formulated as an MILP, providing different formulations for
different classes of games. Our goal is to provide methods which work well
in practice, even though their worst-case running time is exponential. | The
proposed formulations are experimentally evaluated in Chapter

Specifically, in Subsection we provide two MILP formulations for
the problem of computing an SSPNE in SSCGs and SSSCGs for which the
problem is intractable (see Subsections[6.2.1]and [6.2.2)). Then, in Subsec-
tion [6.6.2] we present other two formulations: the first one is specifically
tailored for 7 -class SSCGs, while the second one can be adopted in the
general setting of SCGs (even with non-singleton actions).

6.6.1 MILPs for Computing SSPNEs in SSCGs and SSSCGs

We start from SSSCGs, for which the MILP formulation is simpler, and
then extend the result to the more general case of SSCGs.

Computing an SSPNE in SSSCGs with Generic Costs

For the ease of notation, let V' = {1,...,n — 1} be the set of possible
congestion levels induced by the followers on a resource. Let, for every
resource ¢ € R and value v € V/, the binary variable y;, be equal to 1 if
and only if ' = v, i.e., if and only if v followers select resource i € R. We
use these variables to achieve a binarized representation of the followers’
configuration v € N, namely, v' = >~ _,, vy, forall i € R. Let, for each
i € R, o € [0,1] be equal to xil Let also, foreach: € Rand v € V, the
auxiliary variable z;, be equal to the bilinear term v;, ;.

2We recall that, while we do not directly propose algorithms for the computation of WSPNEs, their compu-
tation can be carried out with the general method proposed in Sectionfor general SGs in normal form.
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The complete MILP formulation reads:

min Z Z Cin(v+1) 2y (6.8a)

i€ER veV

LY g <1 Vie R (6.8b)
veV
YD vy =n—1 (6.8¢)
i€ER veV
Z (ijcﬁp(v +1) + zj, (cj,p(v +2) —cjr(v+ 1))) >
veV
Z (yivci,F(U) + Zi <Ci,F(U +1)— czp(v)>> Vi#£j€eR (6.8d)
veV
Ziv S (67 \4) S R, vevV (686)
Zip < Yiv Vi € R, veV (68f)
Zip 2 0+ Yip — 1 Vie RRveV (6.82)
Zin > 0 Vie RbveV (6.8h)
d =1 (6.81)
i€R
a; >0 ieR (6.8
yiw € {0,1} Vie RveV. (6.8k)

Function (6.8a) represents the leader’s expected cost (to be minimized).
Constraints (6.8b) ensure that at most one variable y;, be equal to 1 for
each resource ¢ € R, thus guaranteeing that the congestion level of each
resource be uniquely determined (note that ) i, v, = 0 if no followers
select resource 7 € ). Constraints guarantee that the followers’ con-
figuration be well-defined, i.e., that Zie R ' be equal to n — 1 (the number
of followers). Constraints force the followers’ configuration defined
by the y;, variables to be an NE for the leader’s strategy identified by the «;

variables. This is because Z (ywci,p(v) + Ziy (cl-7p(v +1)— ci,F(v)>>

veV
(recall that z;, = y;,q;) is equal to the cost incurred by the followers select-

ing 1 € R, while Z (ijCj’F(U + ].) + Zjv (Cj’F(U -+ 2) — Cj’F(U -+ 1)))
veV
(recall that z;, = y;,;) is equal to the cost they would incur after devi-

ating to resource j € R. Let us remark that Constraints (6.8d) are triv-
ially satisfied if y;, = 0 for all v € V. This is correct as, if no follow-
ers choose resource ¢ € R, no equilibrium conditions need to be enforced.
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Constraints (6.8¢])—(6.8h)) are McCormick envelope constraints McCormick
(1976) which guarantee z;, = y;,c;; whenever y;,, € {0,1}. Finally, we
remark that Formulation (6.8)) features r(2n — 1) variables, nr of which
binary, and r(r — 1) 4+ r(3n — 2) + 2 constraints.

We now extend Formulation (6.8)) to general SSCGs. For the ease of
notation, let, fori € R, v, == [{p € F' | i € A,}| be the maximum number
of followers selecting i, and let V(i) := {1,...,0;} be the set of possible
congestion levels for i. For every p € F' and i € A,, let the binary variable
z,; be equal to 1 if and only if a,, = 4. All the variables in Formulation (6.8)
are used with the same meaning.

The complete MILP formulation reads:

min Z Z Cin(v+1) 2y (6.9a)

1€ER veV(7)
SUY ay =1 Vpe F (6.9b)
€A,
> yw<l Vi€ R (6.9¢)
veV (7)
vy = Y. ay Vie R (6.9d)
veV (7) pEF:EA,
> (ijcj,F(U +1) + zj <Cj,F(U +2)—¢rv+ 1))) >
veV (3)
Z (yivci,F(U> + Ziv (Ci,F(U +1) — Ci,F@)))
veV (i)
VpeFi#j5€A, (69)
Ziv < (07} Vi € R, v E V(’L) (69f)
Ziw S Yiv Vi S R, v E V(Z) (69g)
Zip 2 Q; + Yip — 1 Vie R,v e V(i) (6.9h)
Zin > 0 Vie Rive V(i) (6.9i)
D a;= (6.9j)
1€ER
a; >0 Vie R (6.9k)
a; = Vie R\ A, (6.9])
xp € {0,1} Vpe F,i € A, (6.9m)
Yiv € {0, 1} Vi € R,v € V(i). (6.9n)
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Objective Function (6.9a)), Constraints (6.9¢), and Constraints (6.9¢)—
(6.9K) have the same meaning as their counterparts in Formulation (6.8).
Constraints ([6.9b) ensure that each follower selects exactly one resource.
Constraints (6.9d) guarantee that the followers’ configuration be correctly
defined, i.e., foreachi € R, V' = ZUEV v Yy 18 equal to ZpGF Tpi, Which is
the number of followers who select resource . Notice that, differently from
the previous formulation, Constraints are enforced for each follower
p € F' here, and only for pairs of resources ¢, j € R follower p has access
to. Note also that, via Constraints (6.91), «; is forced to be 0 for all the
resources ¢ € I? the leader has no access to.

We observe that Formulation features Y p [Ap|+2D 0, cp vitr =
O(r(3n + 1)) variables, > - |Ap| + > _;cp 0 = O(2rn) of which binary,
and n+2r+33 i p Vit e [Ap] (14,] — 1) = O(n+2r+3nr+nr(r—1))
constraints.

Computing a Pure-Strategy SSPNE in SSSCGs and SSCGs with Generic Costs

Formulations and can be easily modified for the case in which the
leader’s commitment is forced to be in pure strategies. This can be achieved
by imposing the variables «; to be binary. Notice that, when both «; and
Yip are binary variables, z;, becomes binary as well due to the McCormick
constraints. The resulting formulations are ILPs.

One may wonder on the practical advantages of introducing an ILP for-
mulation for computing a pure-strategy OSE in SSSCGs since, in Sec-
tion we have shown that this can be done in O(n*7*) by dynamic
programming. As we will see comment on in Section preliminary ex-
periments show that, due to the high order of complexity of the dynamic
programming algorithm, it s, in practice, more efficient to solve this formu-
lation with state-of-the-art ILP algorithms than running the dynamic pro-
gramming algorithm, even if solving Formulation (6.8) with branch-and-
bound (and its variants, such as branch-and-cut) may take an exponential
amount of computing time in the worst case.

6.6.2 MILPs for Computing SSPNEs in 7 -Class SSCGs and SCGs

Let us first focus on 7 -class SSCGs. For the ease of presentation, let
V(i) = {1,...,9} fori € R, with v; == »_, .., n;. Moreover, let
V(t) ={1,...,n.} fort € T. For every class t € T, resource i € A,
and value v € V (¢), let us introduce the binary variable ¢;,, which is equal
to 1 if and only if v followers of class ¢ select . These variables repre-
sent followers’ configurations. Specifically, for ¢ € T, v* € N" is such
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that V"' = = D yev(n Vv for all © € R. All the variables already de-
fined in Formulatlon (6.8) are used with the same meaning. Finally, let
M > max{c;r(v) | i € Rve{l,...,0,+2}}.

The complete MILP formulation reads as follows:

> cnlv+1)z (6.10a)

i€R veV(i)
.. Z Qv < 1 VteT,ic A (6.10b)
veV (t
Z yiw < 1 Vic R (6.10c)
veV (i
Z Z V Qriv = Ny Vte T (6.10d)

1€A: veV(t)

Z Z U Qi = Z U Yin Vie R (6.10e)

teTHEAL veEV (t) veV (3)
> (?ij%F(U +1) + zjy (Cj,F(U +2) —¢r(v+ 1))) >
veV(7)
> (ywci,p(v) + Ziv (Ci,F(U +1) — Cz‘,F(U))) +
veV (1)
(1 -y qm) Vte T, itjc A  (6.10f)
veV (t
2w < Vie RjveV(i) (6.10g)
Ziv < Yiv Vie Rve V(i) (6.10h)
Ziy 2 O+ Yip — 1 Vie Ryve V(i) (6.10i)
s >0 Vie Rove V(i) (6.10j)
Z a; =1 (6.10k)
i€ER
a; >0 Vie R (6.101)
;=0 Vi¢ A, (6.10m)
Gtiv S {O, 1} Vt € T,Z € At,’U c V(t) (61()n)
yiw € {0,1} Vie Rve V(). (6.100)

Function (6.104) is the leader’s expected cost. Constraints (6.10b) en-
sure that at most one variable ¢,;, be equal to 1 for each class t € T and re-
source i € A;, and, thus, the number of followers of class ¢ on each resource
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6.6. MILP Formulations

is uniquely determined (note that Zvev(t) ¢tiv = 0 if no follower of class ¢
selects resource 7). Constraints ensure that at most one variable y;,
be equal to 1 for each resource ¢ € R, which guarantees that the congestion
level of each resource is uniquely determined. Constraints (6.10d) guar-
antee that the followers’ configuration be well-defined, i.e., for all t € T,
exactly n, followers of class ¢ are present. Constrains ensure that
the congestion level on resource ¢ € R be equal to the sum of the conges-
tion levels induced by all classes. Constraints (6.10f) force the followers’
configurations defined by the ¢;;, variables be an NE for the leader’s strat-
egy identified by the «; variables. This follows from the fact that, being
Ziw = Yiwy; and zj, = Y0, the right-hand side is the cost incurred by the
followers of class t € T selecting resource i € A;, while the left-hand side
is the cost they would incur after deviating to 5 # ¢ € A;. Note that, for
each t € T, the constrains are active only if there is at least one follower
of class ¢ selecting 7. Constraints (6.10g)—(6.8h) are McCormick envelope
constraints McCormick! (1976) guaranteeing z;, = y;,«; if y;, € {0, 1}.

Next, we extend Formulation (6.10) to deal with general SCGs. Letting
v, = |{p€ F|3a, € A,: i€ a,}| bethe maximum number of followers
who can select resource ¢ € R, we define V(i) .= {1,...,7;}. For every
follower p € F' and action a, € A,, we introduce the binary variable
Tpa,,» Which is equal to 1 if and only if player p plays a,. Moreover, for
every leader’s action a,, € A,, we let o,, € [0, 1] be equal to z%. All
the variables already defined in Formulation are used here with the
same meaning. Finally, we also need to define the following constant M >
Yiegmax{cr(v) i€ Rive{l,...,v; +2}}.

The complete MILP formulation is provided in Problem (6.11)), whose
objective and constraints should be interpreted as follows. Function (6.11a]),
Constraints (6.11c]), and Constraints (6.11e)—(6.11k]) have the same mean-
ing as their counterparts in Formulation (6.10). Note that, in this case,
Ziv = Yiv Zane A ica, Qans where the summation represents the probabil-
ity 2/, and z,, is identified by the o, variables. Constraints (6.11b) ensure
that each follower selects exactly one action. Constraints (6.11d) guar-
antee that the followers’ configuration represented by the variables y;, be
well-defined. Notice that Constraints are enforced for each fol-
lower p € F here, and they are active only for the action a,, € A, that she
plays. Finally, let us remark that, differently from the other formulations,
Constraints (i.e., the equilibrium constraints) must be enforced for
each follower p € F and pair of actions a, # a, € A,. Notice that Con-
straints do not account for the costs of resources i € a, U a,,, since
they do not change when deviating from a,, to aj,.
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min Z Z Cin(v+1) 2y (6.11a)
i€R veV (i)

LY Ty, =1 Vpe F (6.11b)
ap€Ap
> yw<l Vi€ R (6.11c)
veV (i)
vy =3 Y. Vi€ R (6.11d)
veV (i) pEF ap€Apiicap

Z Z (yivCi,F(U + 1)+ 2 <ci,F(v +2) —cip(v+ 1))) >

i€ap,\ap veEV (i)

Z Z <yivCi,F(U) + Ziy (C@F@) +1) — CLF(U))) +

i€ap\ajy, vEV (i)

— M (1= 2y, ) Wp € Fa, #d, € A, (6.11¢)
<Y g, Vi€ R,v € V(i) (6.11f)
an€Api€an
Ziv < Yiv Vie Ryve V(i) (6.11g)
G > Y Qay Y — 1 Vi€ R,v e V(i) (6.11h)
an€EAni€an
Zin > 0 Vie Rve V(i) (6.11i)
> a,, =1 (6.11j)
an€An
g, >0 Ya, € A, (6.11k)
Tpa, € 10,1} Vp € Fa, € A, (6.111)
yiw € {0,1} Vie R,ve V(i). (6.11m)
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CHAPTER

Experimental Results on Stackelberg
Games with Multiple Followers

This chapter concludes the first part of our work by experimentally evaluat-
ing the computational tools developed in the previous chapters for finding
equilibria in SGs with a single and multiple followers.

Section[/.1|provides the results of extensive experiments carried out us-
ing algorithms for finding WSPNEs in normal-form SGs (see Chapter @]).
Then, Section|/.2|shows experimental results related to the WSPNE-finding
algorithm introduced for OLTSPGs (see Chapter [5), whereas Section
provides an experimental evaluation of the MILP formulations developed
for computing SSPNEs in SCGs (see Chapter [0)).

7.1 Normal-Form Stackelberg Games

We carry out an experimental evaluation of the equilibrium-finding algo-
rithms introduced in Chapter ] comparing the following methods:

e OCQP: the QCQP Formulation (4.5)) solved with the state-of-the-art
spatial-branch-and-bound solver BARON 14.3.1 (Sahinidis, 2014). As
global optimality cannot be guaranteed by BARON if the feasible re-
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Chapter 7. Experimental Results on SGs with Multiple Followers

gion of the problem is not bounded (Sahinidis, 2014), the solutions
obtained with QCQP are not necessarily optimal.

e MILP: the MILP formulation derived according to Theorem [4.5| with
dual variables artificially bounded by M, solved with the state-of-the-
art MILP solver Gurobi 7.0.2.

e BnB-sup: the branch-and-bound algorithm we proposed, run for
computing sup, <, f(x,). The algorithm is coded in Python 2.7,
relying on Gurobi 7.0.2 as MILP solver.

e BnB-a: the branch-and-bound algorithm we proposed, run to find an
a-approximate strategy whenever there is no x,, € A, at which the
value of the supremum is attained.

For MILP and Bnb-a, we report the results for different values of M
and a. BnB-sup and BnB-« are initialized with an outcome which results
in an SSPNE for some leader’s strategy. Specifically, we add it to ST in the
starting node with empty S~ and to S~ in the starting node with empty S™.
The next node to explore is always selected according to a best-bound rule.

We generate a testbed of random normal-form SGs with payoffs in-
dependently drawn from a uniform distribution over the interval [1, 100],
using GAMUT (Nudelman et al., 2004). The results are then normal-
ized to the interval [0, 1] for the sake of presentation. The testbed con-
tains games with n = 3,4,5 players (i.e., with 2,3, 4 followers), m €
{4,6,...,20,25,...,70} actions when n = 3, and m € {3,4,...,14}
actions when n = 4, 5. We generate 30 instances per pair of n and m.

We report the following figures, aggregated over the 30 instances per
game with the same values of n and m:

e Time: average computing time, in seconds (up to the time limit).

e [B: average value of the best feasible solution found (only considered
for instances where a feasible solution is found).

e Gap: average additive gap measured as UB — LB, where UB is the
upper bound returned by the algorithm.

e Opt: percentage of instances solved to optimality (reported only for
BnB-sup, as QCQP and MILP are not guaranteed to produce optimal
solutions).

'When solving QCQP and MILP, Gap corresponds to the gap “internal” to the solution method. Since QCQP
and MILP impose artificial restrictions (present by design in MILP and introduced automatically by the solver
in QCQP), such value is, in general, not valid for the original, unrestricted problem. This is not the case for
BnB-sup and BnB-q, for which Gap is a correct estimate of the difference between the best found LB and the
value of the supremum (overestimated by UB).
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7.1. Normal-Form Stackelberg Games

e Feas: percentage of instances for which a feasible solution has been
found (reported only for QCQP and MILP as an alternative to Opt).

The experiments are run on a UNIX machine with a total of 32 cores
working at 2.3 GHz, equipped with 128 GB of RAM. The computations
are carried out on a single thread, with a time limit of 3600 seconds per
instance.

7.1.1 Experimental Results with Two Followers

Table reports the results on games with two followers (n = 3) and
m < 30, comparing QCQP, MILP (with M = 10, 100, 1000), BnB-sup,
and BnB-a (with a = 0.001, 0.01, 0.1).

QCQP can be solved only for instances with up to m = 18 due to
BARON running out of memory on larger games. With m < 18, feasi-
ble solutions are found, on average, in 91% of the cases, but their quality
is quite poor (the additive gap is equal to 0.34 on average). The time limit
is reached on almost each instance, even those with m = 4, with the sole
exception of those with m = 18, on which the solver halts prematurely due
to memory issues.

MILP performs much better than QCQP, handling instances with up to
m = 30 actions per player. M = 100 seems to be the best choice, for which
we obtain, on average, LBs of 0.68 and gaps of 0.28, with a computing time
slightly smaller than 2600 seconds. For M = 1000, the number of feasible
solutions found increases from 94% to 97%, but LBs and gaps become
slightly worse, possibly due to the fact that MILP solvers are typically quite
sensitive to the magnitude of “big M” coefficients (which, if too large, can
lead to large condition numbers, resulting in numerical issues).

BnB-sup substantially outperforms QCQP and MILP, finding not just
feasible solutions but optimal ones for every game instance with m < 25
and solving to optimality 47% of the instances with m = 30. The average
computing time is of 359 seconds, and it reduces to 126 if we only consider
the instances with m < 25 (all solved to optimality). BnB-sup shows
that the supremum of the leader’s utility is very large on the games in our
testbed, equal to 0.96 on average on the instances with m < 25 for which
the supremum is computed exactly.

The time taken by BnB—« to find an a-approximate strategy is unaf-
fected by the value of . Since, in its implementation, BnB—« requires
a relaxed outcome configuration on which the value of the supremum has
been attained, we have run it only on instances with m < 25 (on which the
supremum has always been computed).
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Experimental results for normal-form SGs with n = 3 players. The figures are
averaged over games with the same values of m.

Table 7.1
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7.1. Normal-Form Stackelberg Games

BnB-sup

m | Time LB Gap O
35 | 3573 0.80 0.21

40 | 3560 0.63 0.37

45 | 3600 0.50 0.50

50 | 3600 049 0.51

55 | 3600 0.53 047

60 | 3600 049 0.51

65 | 3600 0.50 0.50

70 | 3600 0.50 0.50

o
&

SO O DODODO O W

Table 7.2: Results obtained with BnB—sup for normal-form SGs with n = 3 players and
35 <m < 70.

Table[7.2]reports further results obtained with BnB—sup for games with
n = 3 and up to m = 70 actions per player. As the table shows, while
some optimal solutions can still be found for m = 35, optimality is lost
for game instances with m > 40. Nevertheless, BnB—sup still manages to
find feasible solutions for instances with up to m = 70, obtaining solutions
with an average LB of 0.55 and an average additive gap of 0.44. Under
the conservative assumption that games with 35 < m < 70 admit suprema
of value close to 1 (which is empirically true when m < 30), BnB-sup
provides, on average, solutions that are less than 50% off of optimal ones.

7.1.2 [Experimental Results with More Followers and Observations

Results obtained with BnB—-sup with more than two followers (n = 4, 5)
are reported in Table for m < 14. For the sake of comparison, we also
report the results obtained for the same values of m and n = 3 that are
contained in Tables[Z.1] and

BnB-sup BnB-sup BnB-sup
n=3 n=4 n=2>5
m | Time Gap Opt | Time Gap Opt | Time Gap Opt
4 0 0.00 100 3 0.00 100 8 0.00 100
6 2 0.00 100 17 0.00 100 137 0.00 100
8 5 0.00 100 126 0.00 100 | 2953 0.11 53
10 7 0.01 100 955 0.00 100 | 3461 0.46 13
12 15 0.00 100 | 2784 0.06 60 | 3600 0.53 0
14 20 0.01 100 | 3600 0.50 0 | 3600 0.52 0

Table 7.3: Results obtained with BnB-sup for normal-form SGs with n = 4,5 players
and m = 4,6,8,10, 12, 14. For comparison, the results for n = 3 are also reported.
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As the table illustrates, computing the value of the supremum of the
leader’s utility becomes very hard already for m = 12 with n = 4, for
which the algorithm manages to find optimal solution in only 60% of the
cases. For m = 14 and n = 4, no instance is solved to optimality within
the time limit. For n = 5, the problem becomes hard already for m = 8,
where only 53% of the instances are solved to optimality. With m = 12
and n = 5, no instances at all are solved to optimality.

We do not report results on game instances withn = 4,5 and m > 14 as
such games are so large that, on them, BnB—sup incurs memory problems
when solving the MILP subproblems.

In spite of the problem of computing a WSPNE being a nonconvex
bilevel program, with our branch-and-bound algorithm we can find solu-
tions with an additive optimality gap < 0.01 for three-player games with
up to m = 20 actions (containing three payoffs matrices with 8000 entries
each), which are comparable, in size, to those solved in previous works
which solely tackled the problem of computing a single NE maximizing
the social welfare, see, e.g., (Sandholm et al., 2005).

7.2 Stackelberg Polymatrix Games

We ran Algorithm [5.1](i.e., the algorithm finding an WSPNE in OLTSPGs)
on a testbed of randomly generated game instances, evaluating the running
time as a function of the number of players n and the number of actions
per player m. Specifically, for each pair (n, m), times are averaged over 20
game instances, withn € {3,...,10} and m € {4,6,... 10,15,...,70}.
Game instances have been randomly generated, with each payoff uniformly
and independently drawn from the interval [0, 100]. All the experiments are
run on a UNIX machine with a total of 32 cores working at 2.3 GHz, and
equipped with 128 GB of RAM. Each game instance is solved on a single
core, within a time limit of 7200 seconds. The algorithm is implemented in
Python 2.7, while all LPs are solved with GUROBI 7.0, using the Python
interface. Figures [7.1aland show two plots of the average computing
times, as a function of n and m, respectively.

We observe that, as expected, the computing time increases exponen-
tially in the number of players n, while, once n is fixed, the growth is
polynomial in the number of actions m. Specifically, the algorithm is able
to solve within the time limit instances with three players, up to within
m = 65, while, as the number of players increases, the scalability w.r.t.
m decreases considerably, e.g., with ten players, the algorithm can solve
games with at most m = 4.
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Figure 7.1: Average computing times (in seconds) of Algorithm

7.3 Stackelberg Congestion Games

In this section, we experimentally evaluate the MILP formulations for the
problem of computing SSPNEs in SCGs proposed in Section 6.6

Since Algorithm has a very low complexity—O (nr logr)—its ef-
ficiency is clear and it does not need to be established via computational
experiments. As to the dynamic programming algorithm proposed in Sec-
tion [6.3.3] for SSSCGs with generic costs when the leader is restricted to
pure-strategy commitments, preliminary tests have shown that this algo-
rithm takes several hours to solve instances which are solved only in a
matter of seconds with a state-of-the-art ILP algorithm applied to Formula-
tion (6.8)). This happens in, e.g., instances with 10 resources and 25 follow-
ers, on which the dynamic programming algorithm takes more than 11000
seconds while with the ILP formulation we can solve them in less than a
second. Analogous considerations apply to the dynamic programming al-
gorithm in Section @ For these reasons, in the remainder of the section
we solely focus on the mathematical programming formulations.

7.3.1 MILP Formulations for SSCGs and SSSCGs

Notice that games with monotonic cost functions and identical action spaces
can be solved efficiently using Algorithm [6.1] (which we proposed in Sub-
section [6.3.T)). For this reason, we focus on games with generic cost func-
tions and/or different action spaces, assessing how state-of-the-art branch-
and-bound methods behave when solving our formulations on instances
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of increasing size. We experiment with Formulations (6.8) and (6.9) on a
testbed of randomly generated game instances of two classes:

e SSSCGs: we assume a number of followers in {20, 40, 60, 80, 100},
with r resources in the range {10, 20,30, 40,50} and players’ costs
randomly generated by sampling from {1,...,(n — 1) 7} with a uni-
form probability. E]

e SSCGs: we assume a number of followers in {20, 40, 60, 80, 100},
with 7 = 30 resources and a number of actions | A4, | per player in the
range {7, 15, 22}, generated by sampling uniformly at random without
replacement; the players’ costs are sampled from {1,...,(n — 1)}
with uniform probability.

We also test our MILP formulations on the worst-case game instances gen-
erated by following the reductions of Theorems [6.1]and [6.3}

e SSSCGs: instances built following the reduction of Theorem[6.3] start-
ing from K-PARTITION instances with | S| € {50, 100, 150, 250, 300}
integer numbers with values sampled from {1, ..., 100}.

e SSCGs: instances built following the reduction of Theorem [6.1] using
random 3-SAT instances with |V | € {3,5,7,9, 11, 13} variables and
|C'| = k|V| clauses, where k ~ 4.26 is the phase-transition parameter
which typically characterizes hard-to-solve 3-SAT instances (Cheese-
man et al., |1991)).

We generate 15 instances per combination of the parameters. All the exper-
iments are run on a UNIX machine with a total of 32 cores working at 2.3
GHz, equipped with 128 GB of RAM. Each game instance is solved on a
single core within a time limit of 7200 seconds. We use Python 2.7, solving
the MILP formulations with GUROBI 7.0.

We use, as baseline for the comparisons, a simple algorithm which, start-
ing from a randomly generated assignment of the players to the resources,
simulates best-response dynamics halting after a time limit of 10 minutes.
When ties arise, i.e., whenever there are two or more players who are not
playing their best response, we select a player lexicographically and make
her switch to playing her (currently) best response. We refer to this algo-
rithm as a best response dynamics heuristic since it is not exact when ap-

2The value (n — 1) r is chosen as, when looking for pure-strategy NEs, cost functions taking (n — 1) r
different values are sufficient to represent every possible SCG.
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plied to the intractable cases of SSCGs and SSSCGs. ﬂ On average, within
the time limit of 10 minutes we observe a number of deviations to a best
response of the order of 10°. Let us recall that the method always produces,
by design, pure-strategy NEs.

Figures [7.2] and report the results for SSSCGs with generic costs.
Figure displays the average computing time required by Formula-
tion (6.8), as a function of the number of followers and for different num-
bers of resources. One can see that, with Formulation (6.8]), an optimal
solution is always found within the time limit of 7200 seconds in all the
instances. This suggests that, even if the problem is hard in the worst case,
an optimal solution can be found in a reasonable amount of time on ran-
domly generated instances. Figure displays the results for worst-case
instances. Surprisingly, within the time limit of 7200 seconds we are able to
solve games with up to 302 resources and 1202 followers. Thus, while the
instances generated by our reduction from K-PARTITION are the hardest
ones asymptotically, they are solved more easily than randomly generated
instances of the same size. Figure reports, as a function of the num-
ber of followers, the average leaders’ cost of the solutions obtained with
Formulation (6.8), compared to the average cost obtained with the best-
response dynamics heuristic. As the figure shows, the difference in leader’s
utility between solutions found with the two methods can be quite large
as the number of followers increases, up to a factor of 6 with n = 100,
showing a clearly growing trend.

Figure and report the results for SSCGs with generic costs and
30 resources. Figure [/.3a|reports the average computing time required by
Formulation to find an SSPNE, as a function of the number of follow-
ers and for a different number of actions available to each player. Similarly
to the case of SSSCGs, the chart shows that with Formulation (6.9) we can
find an optimal solution within the time limit of 7200 seconds in all the
instances. This suggests that, even if the problem is hard in the worst case,
also for SSCGs one can find an optimal solution in a reasonable amount of
computing time on randomly generated instances. The chart also shows,
though, that the time required to solve this class of problems is much larger

3We also evaluated different heuristic algorithms combining Algorithmtogether with best response dy-
namics, e.g., using the solution returned by Algorithm[6.1]as a starting point for best-response dynamics instead
of using randomly generated starting points. However, these approaches exhibited worse empirical performances
than the best-response dynamics heuristic for all the settings which we have considered, including the more
symmetric ones, showing that the algorithm does not benefit from the degree of symmetry of the instance.

4Notice that, for games with identical action spaces, one could think of using the dynamic programming
algorithm presented in Section[6.3.3]to find a pure-strategy SSPNE as heuristic approximation of a mixed-strategy
SSPNE. However, as we mentioned above, the dynamic programming algorithm does not scale well enough in
practice.
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base of our inapproximability reductions.
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than the time required to solve their SSSCGs counterparts. Figure [7.4b|dis-
plays results for worst-case instances generated using our reduction from
3-SAT. As for SSSCGs, these instances are not harder than random ones
for the instance sizes used in our experimental setting. In particular, within
the time limit of 7200 seconds, we are able to solve instances with up to
1538 resources and 2983 followers. Figure|/.3b|reports, for games with 15
actions per player, the average leader’s cost of the solutions obtained with
the MILP Formulation (6.9) and with the best-response dynamics heuris-
tic, as a function of the number of followers. Differently from the case of
SSSCGs, we observe that for SSCGs the heuristic returns solutions which,
empirically, appear to be within a constant approximation factor of the op-
timal ones which is never larger than 5.

Overall, the results suggest the practical viability of our MILP formula-
tions for finding provably optimal solutions also for games where a simple
best-response heuristic provides poor-quality solutions.

Surprisingly, the results that we have obtained for the worst-case in-
stances are comparable to those for random games, empirically showing
that, for the games that we study, random instances are not easier to solve
than structured ones, differently from what is often observed in other cases
(see, e.g., (Sandholm et al., 20035)) for the case of normal-form games).

7.3.2 Experimental Evaluation on 7-Class SSCGs and SCGs

We test the MILP Formulations (6.10]) and (6.11)) on randomly generated
games, which represent instances of average-case complexity, and games
based on the reductions provided in the proofs of Theorems [6.12]and [6.16]
which, instead, represent worst-case complexity instances.

All the experiments are run on a UNIX machine with a total of 32
cores working at 2.3 GHz, equipped with 128 GB of RAM. Each instance
is solved on a single core within a time limit of 3600 seconds. We use
GUROBI 7.0 (with Python interface) as MILP solver.

Random Game Instances

For T -class SSCGs, we generate random games with a number of resources
r € {10,20, 30,40, 50, 60, 70,80,90,100} and T" € {1,2,3,4} classes,
with n, € {0.2r,0.57,r} followers per class ¢ € T and |A;] = 0.57
actions per class ¢ € 7. Cost functions are randomly generated by sampling
uniformly from {1,...,nrT}. For general SCGs, we generate instances
with r € {5, 10,15, 20,25} resources and n € {r,2r,3r} followers, with
la,| € {1,2,3,4,5} resources per action a, € A, and |A,| = 0.5 actions
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Figure 7.5: Computing times of Formulations (6.10) and (6.11) on randomly generated
game instances and worst-case instances.
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per player p € N. Cost functions are randomly generated by sampling
uniformly from {1,...,nr}. We build a testbed with 20 game instances
per combination of the parameters.

Figure[7.5b|displays the average computing times for Formulation (6.10)
with 0.5 r followers per class. The formulation scales quite well in practice.
Symmetric games (1" = 1) are quickly solved up to » = 100. Moreover,
we are able to solve within the time limit games with up to four classes,
40 resources, and 160 players (40 players per class). Let us notice that
the dynamic programming algorithm presented in Theorem [6.15] can be
employed in this setting to find an SSPNE, if we restrict the leader to play
pure strategies. However, preliminary experiments show that its scalability
is extremely limited with respect to that of our formulation, as it finds a
solution within the time limit only for games with less than 10 resources,
while our formulation scales on much bigger games and it also works for
mixed-strategy commitments.

Figure shows the average computing times for Formulation (6.11)
with 2 r followers. We can conclude that, as expected, game instances with
non-singleton actions are much harder to solve than singleton games. Here,
the largest game instances we can solve within the time limit feature actions
of cardinality two, 15 resources, and 30 players.

Finally, we test Formulation (6.11)) on instances built according to the
reduction in Theorem|[6.12] Specifically, we generate these games from ran-
dom 3-SAT instances with |V | € {4,5,6,7,8,9} variables and |C| = k|V/|
clauses, where k ~ 4.26 is the phase transition parameter determining gen-
erally hard-to-solve 3-SAT instances (Cheeseman et al., [1991). We test
10 random instances for each number of variables. Furthermore, we ex-
periment Formulation (6.10) on instances based on the reduction in Theo-
rem[6.16] We generate these games from random K -PARTITION instances
with |S| € {20,40,...,160} integers, y; € [2,100] for all y; € S, and
K = @ We test 10 random instances for each value of |S|.

Figures and [7.5h|show the computing times for 7 -class SSCGs and
SCGs, respectively. Surprisingly, the results we obtain are comparable to
those for random games, empirically showing that, for the games we study,
random instances are not easier to solve than structured ones, as instead it
is the case, e.g., in normal-form games (Sandholm et al., 2005)).
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CHAPTER

Stackelberg Games with Multiple Leaders:
Be a Leader or Become a Follower

In this chapter, we introduce a new way to address the problem of comput-
ing the strategies to commit to in SGs with multiple leaders and followers.
Then, in Chapter 9] we study the computational properties of our model.
Section [8.1] introduces our approach, and, specifically, some reasonable
properties of the leaders’ commitments leading to the definition of different
solution concepts. Then, Section[8.2]analyzes the game-theoretic properties
of our model, while Section [8.3| investigates the relationship between our
solution concepts and other commonly-studied equilibrium notions.

8.1 Multi-Leader-Follower Stackelberg Games

We address SGs with multiple leaders and followers, i.e., games (I', L, F')
with I' being any (underlying) finite game, and L, respectively F', being
the set of the leaders, respectively the followers. The key components of
our model are the following. First, we allow the leaders to decide whether
to participate in the commitment or to defect from it by taking on the role
of followers. This is modeled by the agreement stage of the SG, whose
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result is the formation of an agreement involving a subset of the leaders.
Second, in the spirit of CEs, we introduce a correlation device that, after
the agreement, draws recommendations and privately communicates them
to the players. Following the work by (Conitzer and Korzhyk| (2011), we
assume that the leaders involved in the agreement commit to play their rec-
ommendations, while the followers obey to the usual incentive constraints
of CEs (see Equation (2.3)). The correlation device may adopt different
distributions depending on the sequence of defections that determined the
agreement, and these distributions are publicly known. Our goal is to de-
sign the device, so as to achieve some desirable properties of the commit-
ment, which we formally describe in the rest of the section.

Before going into our main definitions, we introduce some useful nota-
tion. Given a subset of players P C N, we denote with IIp the collection
of ordered subsets of P, including the empty set &. Given m € IIp and
p € P\ 7, we let mp be the ordered set obtained by appending p at the
end of m. Moreover, let us recall that, given a subset of players P C N,
we denote with XS C X the set of correlated distributions which satisfy
Equation (2.3) only for the players in P. Thus, X“F := X'SE defines the set
of CEs of the underlying game.

We use x = [z,] to denote a vector of correlated distributions z, €
X.SJp, one per ordered subset of leaders € IIz, while X = X, ., X
is the set of all such vectors. In words, m € II; represents a sequence
of leaders’ defections in the agreement stage, while x defines the publicly
known correlated distributions adopted by the correlation device, with z
being the one used when the sequence of defections is 7.

Definition 8.1 (Multi-Leader-Follower SG). Given a vector of distributions
x = [z;] € X, an SG (I, L, F) is structured in the following two stages:

e Agreement. It goes on in rounds. In a given round, each leader, in
turn, decides between OPT-IN and OPT—OUT.E] All the decisions are
perfectly observable. If a player chooses OPT-OUT, then she leaves
the set of leaders becoming a follower, and a new round starts. The
stage ends when, during a round, all the remaining leaders decide
to OPT-IN. The result is the ordered subset m € 11, of leaders who
decided to OPT-OUT. ]

'We assume that the leaders are asked to take a decision according to some ordering, e.g., p € L decides
before g € Lifp < gq.

2The agreement stage is finite as there are at most |L| rounds and each round involves at most | L| decisions.
Moreover, our results do not rely on the protocol implemented in the agreement stage. Others could be adopted,
with the only requirement that they must record in which order the leaders do OPT-OUT.
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e Play. The correlation device draws some s € S according to the pub-
licly known correlated distribution x,. Then, each player is privately
told her recommendation and the underlying game 1 is played, with
the leaders in L \ 7 sticking to their recommendations.

The agreement stage of an SG can be represented as an extensive-form
game involving the leaders. In such game, the players play in turn, accord-
ing to some fixed order, with only two actions available at each decision
point: OPT-IN and OPT-OUT. When a player chooses OPT-OUT, then she
never plays anymore. The game ends after a sequence of OPT-IN actions
performed by all leaders who have not selected OPT-OUT yet. Thus, each
leaf of the game corresponds to the ordered subset w € Il representing
the sequence of leaders who performed OPT-OUT on the path to the leaf.
Players’ payoffs are defined by w,(z,) for p € L. See Figure for an
example of sequential-game-representation of the agreement stage.

Next, we introduce some desirable properties that the distributions of the
correlation device should satisfy. In the following definitions, we assume
that an SG (I', L, F') is given.

First, we introduce stability. In words, we require that the leaders in L
do not have any incentive to become followers. We introduce two different
notions of stability, as follows.

Definition 8.2 (Stability). Given x = [z.] € X, for any © € I, x, is
stable if, for every p € L\ 7, uy(xs) > uy(Trp). Moreover:

e X is stable if vy is stable;
e x is perfectly stable if x, is stable for every m € 1.

We denote with X5 C X and XS C X the sets of stable and perfectly
stable distributions, respectively.

The rationale behind stability is that of NE. Indeed, x € X is stable if
and only if each leader playing OPT-IN is an NE of the extensive-form game
representing the agreement stage. Intuitively, this is because, if x € X is
stable, each leader must not have any incentive to play OPT-OUT given that
the other leaders always play OPT-IN. Instead, the rationale behind perfect
stability is that of subgame perfection. Indeed, x € X is perfectly stable
if and only if each leader playing OPT-IN is a subgame perfect equilibrium
of the agreement stage. The reason is that perfect stability requires that
playing OPT-IN is optimal at any decision point of the sequential game.

The second property that we look for is efficiency. We require that the
correlated distributions of the correlation device are Pareto optimal with re-
spect to the utility functions of the leaders who decided to OPT-IN. Given
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X" C X, for 7 € IIz, we use Pr\.(X’) to denote the set of Pareto opti-
mal correlated distributions in the set {z/. | x' = [z/] € X'}, where the

™

objectives are the functions u,, for p € L \ 7. Formally:

Definition 8.3 (Efficiency). Given x = [z,] € X' C X, for any = € 11y,
x, is efficient on the set X' if v € Pr\(X'). Moreover:

e x is efficient on X' if x4 is efficient on X';
e x is perfectly efficient on X' if x. is efficient on X' for every m € 1.

We introduce three different solution concepts for our SGs, which we
refer to as Stackelberg correlated equilibria (SCEs). They differ on the
types of stability and efficiency that they prescribe. Formally:

Definition 8.4 (Stackelberg Correlated Equilibria). Given a multi-leader-
follower SG (I', L, F'), x € X is an:

e SCE ifit is efficient on the set X5;
o SCE with perfect agreement (SCE-PA) if it is efficient on the set X'5;

e SCE with perfect agreement and perfect efficiency (SCE-PAPE) if it
is perfectly efficient on the set X5,

We denote with XSCE, XSCE-PA and XSCE-PAPE the sets of SCEs, SCE-
PAs, and SCE-PAPEs, respectively.

Example 8.1. Consider the normal-form SG in Figure where L =
{1,2} and F = @. | Let x = [24] be such that x4(s11,821) = 1,
T2y (51,5, 82,1) = L, and x (1,1, 52,2) = 1 for all the other m € 11y,. Clearly,
z, € XCE for all m € 1. Moreover, being x4 stable and Pareto optimal,
x is an SCE. Observe that, if player 2 performs OPT-OUT, X prescribes an
irrational behavior to player 1, as u,(x2) = 0, while she gets 1 by doing
OPT-OUT. Thus, x is not perfectly stable, as playing OPT-IN must be op-
timal at any decision point of the agreement stage. For instance, x' = [x!]
with 1, (s12,521) = 1 and x/.(s13, S2.2) = 1 for every other w € 11, is an
SCE-PA. However, notice that X' is not an SCE-PAPE since xf{z} does not
maximize player 1’s utility. Instead, it is easy to verify that X" = [x”] with
2 (s14,821) = 1, x’{’Q}(sL?,, Sa1), and x(S1.4, S22) = 1 for all the other
7w € 11y, is an SCE-PAPE.

3n this chapter and the following one, when representing normal-form games we adopt the convention that
A = S, using the equivalence between action profiles in the normal form and pure strategy profiles.
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52,1 52,2
s1,115,0(1,2 2 OPT-IN OpT-OuT 9
s12|4,1)1,2 OPT-IN OPT-OUT OPT-IN OPT-OUT
1
51,3 2, 1 1, 1
Lo ; 3 {1} Z{1,2}
$14/3,2(1,3 OPT-IN OPT-OUT
51,5(0,0(0,0 {2} Z{2,1}
(a) Underlying game. (b) Extensive-form game representing the agreement stage.

Figure 8.1: Example of two-player normal-form SG with L = {1,2} and the extensive-
form game representing its agreement stage.

8.2 On the Existence of SCEs

We investigate the existence of our solution concepts in general SGs. We
show that SCEs and SCE-PAs always exist, while we provide an SG where
there is no SCE-PAPE.

The fundamental step for proving our existence results (Theorem [8.1)) is
to show that (i) X5 and XS are polytopes, and (ii) they are non-empty. The
latter point is a direct consequence of the fact that all vectors x = [z,] € X
with 2, = x for some CE x € X°F are perfectly stable.

First, we prove a useful property of stable distributions.

Lemma 8.1. The sets X5 and X*S are polytopes.

Proof. X C RIMzlSl s the set of vectors x = [z, such that 7, € XSE,
for all 7 € II;. Each X% is defined by the linear constraints of Equa-
tion (2.3)), thus X is a polytope. Moreover, if x € X C X, z, is stable
forall m € Iy, i.e., up(2x) > uy(xyy,) forall p € L\ w. Thus, being these
constraints linear, X®S is a polytope. A similar argument holds for X5. [J

Theorem 8.1. Every SG admits an SCE and an SCE-PA.

Proof. Given an SG (I', L, F), let z € X“F and x = [z,] € X be such
that x, = z for all 7 € II;,. We prove that x € X? S. First, for each
€ g, v, € XS5, since X°F C XSE.. Moreover, each z is stable,
since Uy (w;) = uy(Tqp) for all p € L\ 7. This shows that XS #£ &
Finally, being XS a polytope by Lemma|8.1} there exists x = [z,] € XS
such that x5 € Pr(XPS). Thus, X5CEPA =£ & A similar reasoning holds
for the sets X® and X5€E, O

Finally, we provide an example of SGs with no SCE-PAPE.
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$2,1 52,2 52,1 52,2 52,1 52,2
$1,110,2,0/2,0,0| s1,1|0,2,0(2,1,1| s1,1|0,0,1|0,0,1
$12(0,2,0(1,2,1| s12(0,2,0[0,0,0| s12|0,0,1[0,0,1

S$3,1 53,2 53,3

Table 8.1: Three-player normal-form SG with no SCE-PAPE (players 1, 2, and 3 select
rows, columns, and matrices, respectively).

Proposition 8.1. There are SGs with no SCE-PAPE.

Proof. Consider the SG in Table where L = {1,2,3} and F' = @.
Suppose, by contradiction, that there exists x = [z,] € XSCE-PAPE  Firgt,
for every z, with player 3 in 7, uz(x,) = 1 (otherwise z, ¢ X5,
as player 3 always gets 1 by deviating to s33). Let us consider the se-
quences of OPT-OUT defined by the ordered subsets {1,2} and {2,1}.
Given that the definition of stability requires us(z19y) > us(@(i23) = 1
and Ug(x{g,l}) > U3(${2’173}) = 1, we have that T{1,2} and T{2,1} must
place strictly positive probability only on strategy profiles (s 2, S22, 53.1),
(S1.1, S22, S3.2), and those recommending s3 3 to player 3. Moreover, player
I cannot be told to play s;2, as she would have an incentive to deviate
to s1.;. The same holds for player 2 and strategy so2. As a result, x; 9y
and x o 1) must always recommend s3 3 to player 3. Now, let us take the
sequence of OPT-OUT defined by {1}. By stability of w3, it must hold
uz(rqy) > ug(xqsy) = 1and ug(xp1y) > ua(wgry) = 0. Hence, given
Ty € X{Cllf, in order to satisfy x(1y € Pry13(X"®), 211; must always rec-
ommend the strategy profile (s; 1, S22, S32), Where player 1 gets a utility of
2. Similarly, for the sequence defined by {2}, 22} must always recommend
(S1.2, S22, $3.1) and, thus, player 2 receives a utility of 2. Thus, for stability,
Ty must satisfy uy (24), us(xg) > 2, which is clearly impossible. O

As a result, in the rest of this work we focus on SCEs and SCE-PAs.
We remark that the non-existence of SCE-PAPEs implies that, under the
requirements of perfect stability and perfect efficiency, there cannot be an
agreement involving all the leaders. This does not rule out the possibility
that some subsets of leaders can still reach an agreement. However, these
cases are much more involved, as the actual group of leaders reaching an
agreement inevitably depends on the rules of the protocol implemented in
the agreement stage.

4L et us remark that this holds even if, for the efficiency of x, we require that x € Pr, (X’ ), i.e., we use as
objectives the utility function of all the leaders, including those who performed OPT-OUT.
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8.3 SCEs and Other Solution Concepts

First, we show that the optimal correlated strategies to commit to introduced
by |Conitzer and Korzhyk! [2011]] are a special case of SCEs. Intuitively, in
single-leader SGs, efficiency is equivalent to the maximization of leader’s
utility, while stability does not enforce additional constraints on the com-
mitment. Formally:

Theorem 8.2. Given an SG (T', {1}, N\ {1}), it holds X5E = XSCEPA —
XSCEPAPE nd, given some x = [x,;] € X5CE, x4 is an optimal correlated
strategy to commit to.

Proof. Since the SG has only one leader (player 1), stability and perfect sta-
bility are equivalent, and, thus, X5 = X"S. As a result, X5CE = XSCE-PA,
Moreover, for the same reasons, also efficiency and perfect efficiency are
equivalent, and XSCEPA — XSCE-PAPE = Note that requiring Pareto op-
timality is the same as maximizing the leader’s utility function u;. Let
X = [x,] € XSCE and assume, by contradiction, that x4 is not an optimal
correlated strategy to commit to. This would imply that there exists another
e XJ(V:I\E{I} such that u; () > u;(z). However, replacing x4 with  in x
would give us another X € X® (stability constraints are trivially satisfied).
This would contradict the efficiency of x. [

Given the relation between optimal correlated strategies to commit to
and SEs in single-leader single-follower SGs, we have the following:

Corollary 8.2.1. Given an SG (T, {1},{2}), any x = [z,] € X5°E is such
that uy () is the leader’s utility in an SE.

8.3.1 SCEs and non-Stackelberg Correlation

Now, we analyze how our solution concepts relate to other non-Stackelberg
solutions involving correlation. Specifically, we focus on CEs and CCEs.
We recall that XY“F denotes the set of CEs of the underlying game, whereas,
in the following, we let X““E C X be the set of correlated distributions
defining CCEs of the game.

In our analysis, we compare CEs and CCEs with the correlated distri-
butions x4 resulting from our solution concepts in general SGs. Given an
SG (T, L, F), we define X5 C X and XFS C X as the sets of 24 such that
x = [z] € X5 and x € X5, respectively. Our goal is to investigate the
relationships involving the sets X5 and X' with the sets of CEs and CCEs
of the underlying game I', namely X'“E and XCCE.
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Figure [8.2] depicts these relationships.

XS—NF
—

e
N

Figure 8.2: Relations among XS, XS, XCE, Y CCE yS-NF y'PS-NF

Let us remark that the relations X“F C XCCE, x¥CF C XPS and APS C
XS hold by definition, while it is easy to show that X*F C XS (see the
proof of Theorem [8.1)).

First, we look at the connection between (perfectly) stable distributions
and CCEs. Given the relation between SEs and SCEs (see Corollary [8.2.1)
in single-leader single-follower SGs, the following result holds as a direct
consequence of (Von Stengel and Zamir, 2010, Remark 13).

Proposition 8.2. There are SGs where X“F ¢ X5,
Moreover, not all perfectly stable distributions are CCEs.
Proposition 8.3. There are SGs where X*5 ¢ XCE,

Proof. Consider the SG in Table where L = {1,2} and F = @.
Since s1 1 and sy ; are strictly dominated, there is a unique CCE x € X CCE
with x(s12,522) = 1. Let x = [z,] € X be such that x5 (s11,5271) = 1
and 2, (s12,522) = 1 forall 7 # @ € II,. Notice that each z, with
7 # o satisfies the incentive constraints of Equation (2.3) for every player,
and, thus, 2, € XSE. Moreover, for each leader p € L, u,(ry) = 2 and
uy(z,) = 1forall w € T\ {@}. Thus, each z, is stable and x € X*S. [J

Next, we analyze the relationships with the sets XSNF and XPS-NF,
which are defined as X5 and X*S, but for the SG (T', N, &) where each
player is a leader. Our goal is to study the impact of players’ roles in SGs
having the same underlying finite game. The following result shows that
enlarging the set of leaders can only introduce new stable distributions.

Theorem 8.3. X5 C X3NF gnd XPS C APS-NF,
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52,1 S2,2 S23 S24

52,1 S22 511 0,0 |—2,4|1,-8|1,-2
51,1/2,2(0,3 s12(1,-8] 0,0 |—2,4|1,-2
s12|3,0(1,1 s1.3|—2,4]1,—8( 0,0 |1,-2

(@) Example of two-player normal-form (b) Example of two-player normal-form SG where
SG where X" g_ X CCE. CCE ,(Z A PS-NF

Table 8.2: Two-player normal-form SGs used in the proofs of Propositionsand

Proof. We only prove the result for X*5, as similar arguments hold for X'S.
Given any SG (T, L, F), for every perfectly stable x = [z,] € XPS of
(T, L, F), we show that there exists a perfectly stable x' = [2/.] € XS of
(I, N, @), such that x5 = ;. Let us define 2/ = x,~p, for all 7 € Tly.
Clearly, it holds z/, € A", as o, € X%, p © A", For every player
p € Land m € Ily such that p ¢ 7, we have u,(z},) = u,(zynz) and
Up(2,) = Up(Txpnr). Thus, given that x € X5, x’ satisfies the stability
constraints for the players in L. Now, in order to show that x’ € X%S, it is
sufficient to prove that players in F' do not have an incentive to OPT-OUT
in (I', N, @). This is the case as, for p € F and 7 € IIy withp ¢ 7, we

/ _ /
have 27, = 7. ]

Furthermore, we can also provide examples showing that:
Proposition 8.4. There are SGs where X*SNF ¢ x5,

Proof. Consider the SG in Table [8.2a] where L = {1} and F’ = {2}. There
is an x = [z,] € XPNF of (') N, @) in which x4(s11,501) = 1 (see
the proof of Proposition 8.3). Let x' = [2.] € X5 of (I', L, F). Since

Ty € X{%]]:j and so is strictly dominated, it must be /,(s11,521) = 0. [

Proposition 8.5. There are SGs where X“F ¢ XPSNF,

Proof. Consider the SG in Table where L = N = {1,2}. There is a
CCE zx € XCCE with 17(81’1,82,1) = I(SLQ,SZQ) = ZE(81’3,82’3) = % We
show that there is no x = [z,] € X with 75, = z. By contradiction,
assume there exists such x. Given that u;(z4) = 0, it should be the case
that u;(zgy) < 0, by stability of x5. Take the incentive constraints of
player 1 (Equation (2.3))). Since there must be no incentive to deviate from
S1,1 to 51,2, it holds

1 2

ry13(s1,1, S2,3) > gx{l}(sl,la S2.1) + 533{1}(31,1, 52,2)
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Similar conditions also hold for the deviation from s, 5 to s; 3 and that from
51,3 to s1,1. Thus, we can write:

rr13(81,2, S2,1) > gx{l}(sl,% S22) + §${1}(51,2; $23),

1
33{1}(31,3, 52,2) > 537{1}(51,37 52,3) + 51’{1}(31,3, 32,1)-

As aresult, we can conclude that, if 2 (1} only recommends player 2 to play
9.1, 52,2, and sy 3, then ug(rq1)) < —2. However, if player 2 decides to
OPT-OUT, then she would get at least —2, as x93 € XCE and player 2 is
guaranteed to get —2 by playing s, 4. Thus, being x;, stable, it must be
the case that player 2 is always recommended to play sy 4 in z(;y. Thus,
u1 (1) = 1, which is a contradiction. O

Finally, we prove that the stable distributions for the SG without follow-
ers encompass those defining CCEs.

Theorem 8.4. XCCE C XSNF,

Proof. Let z € X“CE be a CCE of a given finite game I". We prove that the
SG (T', N, @) admits a stable distribution x = [z,] € X5 with 24 = z. In
order to do so, for every leader p € N, we let xy,) be such that up(x{p}) <
u,(x), as shown in the following. Let us fix a player p € N and let 5, € S,
be such that, for every s}, € Sy

Zx (up(8p, 5—p) — up(sh, 5-p)) =0, (8.1)
ses

i.e., 5, is the best player p’s strategy against the correlated distribution x.
Given that 7 € XCCE:

Zx(s) (up(s) — up(8p, s—p)) = 0. (8.2)

seSs

We define T(p) aS follows:
® Tipy(8p,5-p) = Zspesp T(sp, s-p) forall s_,, € S_p;
® T (sp,5-,) =0forall s, # 5, € S, 5, €5,

Given how xy,; is defined and Equation (8.1I), we have that the incentive
constraints of player p (Equation (2.3))) are satisfied, and, thus, z,; € X, {(]33 it

Moreover, Equation (8.2)) implies that u,(x ) < upy(x), which concludes
the proof. ]
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52,1 522
S1,1 k,k 0,]€+ 1
s12|/k+1,00 1,1

Table 8.3: Two-player normal-form SG (with k > 0) where the leaders’ social welfare of
an SCE-PA is arbitrary larger than in any CE.

Observe that, when one looks for equilibria maximizing a linear function
of leaders’ utilities (e.g., the leaders’ social welfare), larger sets result in
better solutions. E] Moreover, we can provide examples where the difference
in terms of leaders’ social welfare between two solution concepts can be
arbitrarily large. For instance, the following holdsﬂ

Proposition 8.6. There are SGs (I, L, F') with leaders’ social welfare in
SCE-PAs arbitrarily larger than in any CE of T'.

Proof. Consider the SG in Table where L = {1,2} and F = &. Since
strategies s;; and s, ; are strictly dominated, the only CEis v € X CE with
x(S12,522) = 1. Let x = [2,] € X be such that z4(s11,521) = 1 and
Ty (812, 802) = Lforall m # @ € I1;. Itis easy to check that x € X5CE-FA,
Moreover, the social welfare of the CE is 2, while the social welfare of the
SCE-PA is 2k. ]

SLet us remark that, since X3 and XPS are polytopes (see Lemma , maximizing a linear function of
leaders’ utilities over the sets XS and XPS also provides Pareto optimality, and, thus, efficiency over the corre-
sponding set.

6Similar results hold for the other pairs of solution concepts.
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CHAPTER

Computing Stackelberg Correlated
Equilibria

In this chapter, we study the computational complexity of computing equi-
libria in the multi-leader-follower SGs introduced in the previous chapter.

Section studies the complexity of finding SCEs, assuming to have
access to an oracle solving an auxiliary problem, called stability oracle.
Then, in the following Section 9.2], we show which classes of games admit
a polynomial-time stability oracle.

9.1 Computational Complexity of SCEs

We study the computational complexity of SCEs and SCE-PAs in general
SGs. We distinguish between the problem of finding an equilibrium and
that of computing an optimal equilibrium, i.e., one maximizing a specific
given linear function of leaders’ utilities, such as the leader’s social welfare.
We introduce the following formal definitions (problems f-SCE-PA and o-
SCE-PA()\) are defined analogously for SCE-PAs).

Definition 9.1 (f-SCE). Given an SG (', L, F), find an SCE.
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Definition 9.2 (0-SCE(\)). Givenan SG (T, L, F) and \ = [)\,] € [0, 1]/,
find an SCE x = [x,;] € X5°E maximizing the objective function f, =
ZpEL Zses App(8)T5(8).

Let us remark that, in general, the size of a vector x € X is factorial
in the number of players. Thus, in the following, we assume that there is
some compact representation for x. E]

We establish a tight connection between our problems and an auxiliary
one, which is a generalization of the problem of finding an optimal CE. In
the rest of the section, we assume to have access to an oracle solving this
auxiliary problem, which we call stability oracle. In Section[9.2] we then
investigate for which games the oracle can be efficiently implemented.

Definition 9.3. A stability oracle O(T', ¢, L,{z,},cr/cr) is an algorithm
that, given a finite game T, a coefficients vector ¢ = [c,] € [—1,1]", a set
of leaders L C N, and a collection of correlated distributions x,, € X for
p € L' C L, returns an v € XJS,]\EL mMaximizing » D e Cptip(s)T(8)
subject to the stability constraints, i.e., u,(z) > wy,(z,) forall p € L'.[|

In the following, we are interested in games where the stability oracle
runs in polynomial time. Thus, we assume that O always returns a corre-
lated distribution with size polynomial in the size of the game. E] We also
consider the decision form of the stability oracle, which reads as follows:

Definition 9.4. The decision form of a stability oracle O is an algorithm
O°(x, L,{xp}perrcr) that, givenz € X, L C N, and x,, € X forp € L' C
L, answers YES if v € X ]\C,]\”:L and x satisfies the stability constraints, and
NO otherwise.

In the following, given L C N and A = [\,] € [0,1]I!], we let ¢), =
[eap] € [0,1]™ be such that ¢y, = A, if p € L, while ¢,,, = 0 if not.
Moreover, given p € N, we let ¢, = [¢,,] € [0, 1]" be such that ¢, , = —1
and ¢, , = O forall ¢ € N\ {p}. Note that c, is the coefficients vector of
the objective f\, while ¢, corresponds to minimizing 1.

9.1.1 Computing SCEs

We show that, in games admitting a polynomial-time stability oracle, an
optimal SCE can be computed in polynomial time. Intuitively, 0-SCE())

! As we see next, for all our positive results we can safely assume that there is a compact representation for
x € X (e.g., x only requires a polynomial number of polynomially-sized distributions).

2Note that, given a finite game G, O(T', ¢, &, &) returns an optimal CE =z € X’CE for the objective function
defined by c € [0, 1]™.

3Indeed, this assumption is not restrictive, as all the games we study in Section admit a poly-time oracle
O with this property.
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is solved by x = [z,] computed as: z,, = O(I', ¢, L\ {p}, D) forp € L,
vy = O, cn, L {xgy}per), and 2. = O(I', ¢\, @, @) for every other
ordered subset m € II;. Formally:

Theorem 9.1. Given an SG (T, L, F) and X\ € [0, 1]/*], 0-SCE()\) can be
solved with | L| + 2 queries to an oracle O.

Proof. We build an x = [z,] € X5CF that maximizes f) by invoking a
stability oracle O multiple times. For every p € L, we define 2y, =
O(G, ¢, L\ {p}, ). Moreover, we let z5 = O(T', ¢, L, {2} }per) and
zr. = O(T, ey, @, 9) for every m € I, with |r| > 2. Clearly, we need
|L| 4 2 calls to O. First, z, € X5 for every m € II;, by definition of
O. For the same reason, we have u,(zg) > u,(xy,)) for all p € L. Thus,
we can conclude that x € X5. Let fy be the value of the objective for x.
We show that f is maximized over X5. Being fy a linear combination of
leader’s utility functions, we immediately get that 75 € Pp(X5), and x €
XS5CE By contradiction, suppose that there exists an x' = [z/] € X5 with
objective function value f; > f,. This implies that there exists a leader
p € L with uy(z],,) < uy(x(y}), otherwise the solution x4 returned by
O(T, ex, L, {x(p} } per,) would not be optimal. This is a contradiction, since

(,y minimizes player p’s utility on the set X {(;I]E*U prand 2, € XC8 . O

Corollary 9.1.1. Given an SG (I, L, F), if there is a poly-time oracle O,
then 0-SCE(\) can be solved in polynomial time.

9.1.2 Computing SCE-PAs

First, we provide a positive result: one can find an SCE-PA with poly-
nomially many invocations to a stability oracle. It is sufficient to com-
pute X = [z.] where zy, = O(I',¢,, @, @) for p € L and, additionally,
ry = O, cex, L, {xp) }per). Thus:

Theorem 9.2. Given an SG (', L, F), f-SCE-PA can be solved with | L|+1
queries to an oracle O.

Proof. Using O, we construct an x € XS5EPA Let 24, = O(T, ¢, 9, @),
Le., ryy,) is a CE that minimizes player p’s utility. Moreover, we define
zy = O(T,cx, L, {x(p) }per) for some A € (0,1]'Fl. By setting, for every
leader p € L, v, = xyp) forall 7 € 11, where p is the first to OPT-OUT,
we have x € XP5. Clearly, we only require |L| + 1 queries to O. Now,
we prove that v, € Pr(XP%), and, thus, x € XS5CE-PA_ By contradiction,
suppose that it is not the case, i.e., there exists an x' = [z/] € XS with

™

up(ly) > uy(xy) forall p € L and u,(z),) > u,(xy) for some leader
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q € L. By stability of x4, we have that u,(z%,) > u,(re) > up(xy,)) for
every p € L. Thus, zy, satisfies u,(ry) > u,(zyy) for every leader p € L
(stability), and

Z Z CpUp(8)T(s) > Z Z CAptip($)To(8),

peEN seS peEN seS

which implies that 2, verifies the constraints for a solution to the porblem
solved by O(I', ¢y, L, {x(p} } per), While providing an objective grater than
that of z4. This contradicts the correctness of O. O]

Corollary 9.2.1. Given an SG (I, L, F), if there is a poly-time oracle O,
then f-SCE-PA can be solved in polynomial time.

Now, we switch to the problem of computing an optimal SCE-PA, show-
ing that it cannot be solved efficiently, even with access to a polynomial-
time stability oracle. Specifically, we prove a stronger negative result: even
the easier problem of verifying the perfect stability of a given x € X is
computationally intractable. Our statement is based on a reduction from
the coNP-complete problem of deciding whether a given formula in dis-
Jjunctive normal form (DNF) is a tautology or not (Arora and Barak, |[2009).

Theorem 9.3. Given an SG (I', L, F') and x € X, verifying whether x € or
& XPS is not in P unless NP = coNP, even with access to a polynomial-time
decision-form oracle OP.

Proof. Given a DNF formula ¢, we build an SG and an x € X such that
x € XPSif and only if ® is a tautology. Thus, if one could verify the
perfect stability of x in polynomial time, then there would be a polynomial-
time checkable certificate for the coNP-complete problem of determining
whether a DNF formula is a tautology or not Arora and Barak| (2009)). This
would imply NP = coNP. Moreover, given how the SG is built, the result
holds even if we get access to a polynomial-time decision oracle O".
Construction. Given a DNF formula ®, let V' denote the set of variables
appearing in ®. We construct an SG (I', L, F) involving a leader for each
variable and a single follower, i.e., L = {p, | v € V} and F' = {ps}.
Moreover, we let S, = {s, | v € V'} be the set of follower’s strategies,
one per variable, while the leaders share the strategies S,, = {st, sr},
corresponding to truth values . As a result, any strategy profile s € S
corresponds to a truth assignment 7° defined by leaders’ strategies. We
write ®(7°) = T if 7° satisfies ®, while ®(7°) = F otherwise. We also
denote with #F(7°) the number of false variables in 7°. Table [9.1| reports
the leaders’ utilities, while the follower’s one is always 0. Then, we build
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(%) =T O(7%) =F
Spr =Sy Sp, F Sy sy, =8p Yvis, =sr
ST 0 #F(7°) V| -1
se|#F(r7) 1| |V| V| 0

Table 9.1: Leader p,’s (v € V) utilities in the SG for the reduction of Theorem On
rows, there are p,’s strategies st and Ssg, whereas, on columns, we report the four
possible cases for s € S. #F(7%) denotes the number of variables set to false by T°.

an x = [z,] € X with 24(s) = 1 for some s € S such that s,, = st
for every v € V. Furthermore, for every v € V and © € Ilp\(p,}, We
let z,,,(s) = 1fors € S with s, = s for every p € mp,, s, = st
for every p € L \ mp,, and s, ; = Su. Let us remark that our SG admits
a polynomial-time decision oracle O°(xz, L, {x,},cr/cr), since it can be
queried in polynomial time only on polynomially-sized distributions.

If. We prove that, if ® is a tautology, then x € XS, For every 7 €
I1;, z, recommends all the leaders in 7 to play sg. Moreover, being ¢
a tautology, strategy sg (weakly) dominates st (as it is always the case
that ®(7%) = T). Thus, 2, € X 5. Note that, for every v € V and
7 € I\ (p,}» Up, (27) = #F(7°) = |r|, while, if p decides to OPT-OUT,
she is recommended to play sg and, being s,, = s,, she gets the same
utility. As a result, all distributions z are stable.

Only if. We prove that, if @ is not a tautology, then x ¢ X?5. Let s € S
be such that ¢(7°) = F. Two cases are possible. If s, = st for every
v € V, then x4 18 not stable as the leaders would have an incentive to OPT-
OUT (since they get at least 0 > —1). If this is not the case, then there
exist 5,5’ € S such that ®(7%) = T and ®(7*') = F, where z.(s) = 1 and
Trp,(s') = 1forsome v € V and m € Ilj\gp,3. In this case, u,, (z) =
#F(7°) = || and w,, (zp,) = |V| > |m|. Thus, z, is not stable, as leader
P, would have an incentive to OPT-OUT. [

Corollary 9.3.1. Given an SG (I', L, F) and x € X, verifying whether
x € X is an SCE-PA maximizing the social welfare is not in P unless NP =
coNP, even with access to a polynomial-time decision-form oracle O".

Proof. We can modify the proof of Theorem[9.3]so that, when & is a tautol-
ogy, x € X is the only perfectly stable distribution maximizing the social
welfare. In order to do this, it is enough to add a leader with a single action
and utility |V'|? if s, = st for all v € V, while 0 otherwise. O
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As a byproduct of Theorem [9.1| we have that, when looking for optimal
SCE:s, one can restrict the attention to those x € X admitting a representa-
tion whose size is polynomial in the size of the game. For Theorem[9.2] the
same holds when searching for an SCE-PA. However, Theorem [0.3]implies
that optimal SCE-PAs require an exponential number of different distribu-
tions. Moreover, even when x € X can be easily represented in a compact
form (as in the proof of Theorem[9.3)), we cannot check in polynomial time
whether x € XS or not.

This poses a new intriguing question: can we restrict the attention to
x € X whose size is less than factorial in the number of players? We show
that the answer is positive. It is sufficient to consider x € X whose size is
exponential in the number of players, as only the unordered set of defecting
leaders and the last of them who decided to OPT-OUT matter.

Theorem 9.4. Given an SG (I, L, F) and x = [z,] € X5, there is an
x' = [27] € XP st 1y, = 15 and 3, = 2, for every p € L and

m, 7" € I\ (py defining the same set.

Proof. Let us take some x € XPS. For every p € L and m € Il g,
we define @7, = 1, where 2/, minimizes u,(7,,) over all 7 € I\ ()
such that 7 and 7" define the same set. Moreover, let x; = x4. Clearly,
zh € X5 forall m € I1, (as each 2/, is set equal to an 2, such that 7 and
7' correspond to the same set of leaders who performed OPT-OUT). More-
over, it is easy to check that x’ is perfectly stable, as follows. Let us consider
some p € L and 7 € Il y,). By definition, for every ¢ € L \ mp, it holds
Ug(77,) = Ug(77p), for some ' € TIp\ (3. Moreover, ug(Trrp) > Ug(T7pq)
by stability of x, and u,(Txpg) > ug(2]0,,) for some 7" € Il (). Finally,
by definition of x’, we have that u,(z7.,,) = ug(77,,), which shows that
ug(,) > ug(2,,). Since this holds for any p € L and 7 € Il (), we
conclude that x’ € XS, O

Theorem [9.4] allows us to reduce the number of queries to a stability
oracle that are necessary to find an optimal SCE-PA.

Theorem 9.5. Given an SG (T', L, F) and \ € [0,1]/*!, 0-SCE-PA()) can
be solved with |L|2I"1=1 + 1 queries to O.

Proof. We build an x = [z,] € X5°E-PA that maximizes fy by using a
stability oracle O. For every p € L and 7 € Il with mp = L, we
let ., = O(I', ¢, @, @). Otherwise, whenever mp # L, letting 7' = mp,
we set v = O(I', ¢y, L\ 7', {&rq}qer\n). Moreover, it holds that x5 =
O(T, e, L, {x{p} }per)- Notice that 2, = x,, forevery p € Land 7, 7" €
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52,1 S22 52,1 52,2 52,1 52,2
s11(1,2,0[0,1,0| s11(2,1,0(2,1,0| s11|2,2,0|2,2,0
$12(1,2,0/0,1,0| s12(1,0,0[1,0,0| s12(2,2,0(0,0,10

53,1 53,2 53,3

)

Table 9.2: Three-player normal-form SG showing that, when searching for an optimal
SCE-PA, it is necessary to consider the last leader who performed OPT-OUT (players
1, 2, and 3 select rows, columns, and matrices, respectively).

17\ {py with 7 and 7" defining the same set. Thus, the number of queries to
Ois M [ (EY) +1 = |L|2IH-1 1. Clearly, by definition of O, all the
incentive constraints of Equation are satisfied. Furthermore, it is easy
to check that x is stable for every m € II;. As a result, we can conclude
that x € XPS. Now, we prove that x maximizes the objective f, over the
set XPS. This also proves the efficiency of x, and, thus, x € XSCE-PA
By contradiction, suppose there exists another x' = [z/] € X5CEPA with
objective value f} > f. Three cases are possible:

e there exist p € L and 7 € Iy, with mp = L such that u,(z],) <
Up(Trp);

e there exist p € L and 7 € Iy, with mp # L such that u,(z],) <
Up(Txp) and, letting ' = 7p, uy(27,,) > ug(wqy) forall g € L\ 7';

o uy(2,,) = up(zyy) forallp € L.
All the three cases contradict the correctness of O. ]

Finally, we can provide an example showing that Theorem [9.5]is tight,
which leads to the following proposition.

Proposition 9.1. Solving 0-SCE-PA(\) requires to take into account the
last player who performed OPT-OUT, while focusing only on the set of
defecting leaders is not sufficient.

Proof. Consider the SG in Table[9.2] with L = {1,2,3} and F = &. There
exists an x = [z,] € X5EPA quch that x4(s19, 522, 533) = 1, and the
same holds for x(13 (51,1, 52,2, 53,1)» T{2,1} (51,2, 52,2, 83.1), T2} (51,2, 52,1, 53,2)
and {1 91(s12, 52,1, 53,2). Moreover, for every 7 € IIj, including player
3, xx(s11,521,533) = 1. Notice that x, depends on the last player who
decides to OPT-OUT since xy1 2y # %y2,13. We show that there is no
x = [z/] € XS5EPA where x, does not depend on the last leader to
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OPT-OUT and x,(s12,522,533) = 1. Assume, by contradiction, that
there exists such x’. If player 1 performs OPT-OUT, she will get more
than 0, unless only the strategy profiles (s; 2, S22, S33), (S1.1, S2,2, S3.1), and
(51,2, S22, $3.1) are recommended by 95/{1}- The other strategy profiles pro-
viding player 1 with a utility of 0 cannot be recommended, otherwise in-
centive constraints of Eq. are not satisfied. As a result, only strat-
egy profiles (s11, 21, S32) and (s1,1, S22, S3,2) are recommended in xf{m}
(otherwise player 2 would have an incentive to OPT-OUT). Instead, con-
sider the case in which player 2 performs OPT-OUT. Since players 1 and 2
are symmetric, 95/{2,1} can only recommend strategy profiles (s;1, 52,1, 531)
apd (81,2, 821, 53,1). Thus, xf{zyl} must be different from xf{m}, a contradicD—
tion.

9.2 Stability Oracle for Compact Games

We study which classes of games admit a polynomial-time stability oracle
O, focusing on those with polynomial type. E]

Inspired by the classical approaches for finding CEs in games with poly-
nomial type (Papadimitriou and Roughgarden, 2008; Jiang and Leyton-
Brown, 2011} 2015), we solve O(I', ¢, L, {x} }per/cr) in polynomial time
using the ellipsoid method. This requires that a suitably defined separa-
tion problem (Sep(z,t)) can be computed in polynomial time. Our main
result is that Sep(z,t) can be reduced to the weighted deviation-adjusted
social welfare problem (W-DaSW(y, v, t)) introduced by Jiang and Leyton-
Brown| (2011) for finding an optimal (according to some linear function of
players’ utilities) CE. This establishes a strict connection between the prob-
lem solved by our stability oracle and that of computing optimal CEs. As
a consequence, given the results of Jiang and Leyton-Brown| (2011)), O can
be computed in polynomial time for all the compact games where finding
an optimal CE is computationally tractable. Thus:

Theorem 9.6. The following games admit a polynomial-time stability ora-
cle O: anonymous games, symmetric games, and bounded-treewidth graph-
ical and polymatrix games.

Finally, our results also imply that the polynomial-time stability oracle
O always outputs a polynomially-sized correlated distribution (see Corol-

lary[9.7.1).
Next, we provide a complete proof of Theorem

4We remark that, for normal-form games, a polynomial-time stability oracle O can be implemented by using
a variation of the LP for finding optimal CEs (Shoham and Leyton-Brown, [2008).
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For the ease of presentation, we treat + € X as an |S|-dimensional
vector. Moreover, given ¢ = [c,] € [~1,1]", let w = [w,] € RI¥l be
a vector with wy = cyup(s), and, given a collection of correlated
distributions {x, }per/cr, letb, = Y g up(s)x,(s) foreveryp € L' C L.

The solutions returned by O(I', ¢, L, {xp } pcr\ 1) are the optimal solu-
tions to the following LP:

max U)TJJ
Lo st. Uzx>0
17z =1, >0,

where U is a matrix of dimensions C' x [ S| (with C' = >~ ., [Sp|* +|L])
encoding the coefficients of the incentive constraints of Equation (2.3) for
the players in N \ L, and those of the additional stability constraints, i.e.,
foreveryp € L

> (up(s) = by) a(s) > 0.

seS
We denote with U, the column of U corresponding to s € S.

We can write the dual of problem ‘3 as:

min ¢
D st. Ulz4w<tl
z >0,
where z = [z ;2] € R is a vector of dual variables: ¥  for all
*p *p

p€ N\ Lands,, s, € Sy, and 2, forall p € L.

A separation problem for © asks whether a given pair (z, t) is feasible,
and if not, it calls for a hyperplane separating (z,t) from the feasible set.
FollowingJiang and Leyton-Brown (201 1)), we focus on a restricted form of
separation, requiring a violated constraint for infeasible points. Formally:

Definition 9.5 (Sep(z,t)). Given a pair (z,t) such that z > 0, determine
if there exists an s € S such that (U,)" z + w, > t; if so output such an s.

Notice that, for every s € S,

(U)"'z = Z Z Z?,,,s;, (up(s) - up(s;, S—p)) +

peEN\L s,ESp

+ Z zp (up(s) — by) .

peL
The following holds:
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Theorem 9.7. If Sep(z,t) can be solved in polynomial time, then O can
be computed in polynomial time.

Proof. Clearly, a polynomial-time algorithm for Sep(z,t) can be used as
separation oracle in the ellipsoid method, solving ® in polynomial time. By
duality, the optimal objective for D is the value w’x of a solution x € X
for O. Since we required that separating hyperplanes be constraints for ©,
they can be used to compute such solution z. ]

Corollary 9.7.1. O returns a polynomially-sized x € X.

Proof. This is a direct consequence of the fact that the ellipsoid method, as
applied in Theorem generates a polynomial number of violated con-
straints. ]

Now, we introduce some definitions from (Jiang and Leyton-Brown,
2011). Given a finite game T, we let y = [¢f ] € RY (with ¢’ =
P:°p

> pen |Spl?) be a vector indexed by p € N and s,, s, € S,. Moreover,
we let v = [v,] € R" be a vector indexed by p € N.

Definition 9.6. Given a finite game T, a vector y € R such that y > 0,
and a vector v € R", the weighted deviation-adjusted utility for player
pE Ninse€ Sis:

w3 (y,v) = vyup(s) + Z ygp,s; (up(s) - up(S;Ja 3—p)> )

s,E€Sp

and the weighted deviation-adjusted social welfare is defined as w;(y,v) =

ZpEN at(y).

The following is the formal definition of weighted deviation-adjusted
social welfare problem.E]

Definition 9.7 (W-DaSW(y, v, t)). Given a triplet (y, v, t) such that y > 0,
determine if there exists an s € S such that ws(y,v) > t; if so output such
an s.

Our main result is the following:

Theorem 9.8. Sep(z,t) reduces to w-DaSW(y, v, t).

SThe version proposed by Jiang and Leyton-Brown| (2011) adds the additional constraints that v, > 0 and
ZP enVp =1
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9.2. Stability Oracle for Compact Games

Proof. Given (z,t) with z > 0, asking (U;)"2z + w, > t is equivalent to
asking

ST ST (u(s) = (s s ) +

PEN\L 5,5y

+ Z (Cp + yp) up(s) + Z CpUp(S) — Zypbp > .

pel PEN\L peL
In turn, this is equivalent to solving w-DaSW(7, o, t) with:
° Qip,s; = 0forallp € L, sy, s}, € Sp;
° gfws,p = yi’pys,p forallp e N\ L, s, s, € Sp;
oi=t+ ZpGL Ypbp;
® U, =c,+yy,forallp € L;
o 0, =c,forallpe N\ L.
This concludes the proof. [

In conclusion, the results in (Jiang and Leyton-Brown, 2011) together
with Theorem [9.8| prove Theorem 0.6
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CHAPTER 1 0

Trembling-Hand Perfection in
Extensive-Form Stackelberg Games

In this chapter, we initiate the study of trembling-hand perfection in the
context of extensive-form SGs, i.e., we extend the Stackelberg paradigm
to games in extensive form where the players might tremble, taking off-
equilibrium actions with low-but-non-zero probability. In particular, here,
we introduce a general approach to refine SEs in extensive-form SGs. Then,
in the following Chapter 1] we focus on a specific kind of refinement that
is based on the idea of quasi perfection introduced by Van Damme| (1984).

Initially, in Section[I0.1] we provide some motivating examples showing
that the refinement of classical solution concepts is needed also in two-
player extensive-form SGs. Section presents a general methodology
to refine SEs by applying trembling-hand perfection in extensive-form SGs,
introducing some gadgets, called perturbation schemes, which rely on the
sequence form. Then, Section [10.3] shows our main result, i.e., that the set
of SEs is complete with respect to the limit points induced by perturbation
schemes. Finally, Section [10.4] provides some computational complexity
results about refinements of SEs.

183



Chapter 10. Trembling-Hand Perfection in Extensive-Form SGs

10.1 Motivating Examples

In extensive-form games, classical equilibrium notions, such as, e.g., NEs,
may prescribe the players suboptimal actions off the equilibrium path. In
the specific case of NEs, these weaknesses are amended by introducing
equilibrium refinements based on trembles (see the discussion at the end
of Subsection [2.3.1). Here, we show that the same problems (i.e., non-
optimality off the equilibrium path) arise in the context of extensive-form
Stackelberg games (EFSGs). Then, in the following sections, we introduce
trembles in EFSGs so as to refine SEs and overcome their weaknesses.

In the games in Figure [[0.1] SEs, including as special cases SSEs and
WSESs, may be suboptimal in presence of trembles. In particular, an SE
may be suboptimal due to a leader’s mistake (see Figure[10.Ta)), a follower’s
mistake (see Figure[10.1D)), or both (see Figure [I0.1c).

Moreover, the robust SE of |[Kroer et al. (2018) does not guard against
trembles either. Consider the game in Fig. [I0.1b} the leader should com-
mit to (a}, a}) in order to get utility 10. However, (a}, a}) also achieves
utility 10, but it is a worse strategy when trembles may happen. Adding
payoff uncertainty on the (1,0)-payoff node such that the follower has a
utility function where she picks a} does not solve this problem. The robust
solution would pick a? initially, since the worst-case follower picks a}. In
contrast, our perturbed SEs will uniquely identify (a}, a}) as the solution.

0,0 1,1 0,0 1,0 0,0 0,0 -2,-21,1

(a) Any strategy at £.2 (b) Any leader’s strategy at node (¢) Any strategy profile at nodes £.1 and
is optimal in an 0.2 is optimal in an SE, while f.2 is optimal in an SE, while only
SE, while only aj only action a} is optimal off (a%, a‘}) is optimal off the equilib-
is optimal off the the equilibrium path (notice rium path (notice that, in this exam-
equilibrium  path that, here, £.2 is reached  ple, both the leader and the follower
(i.e., if the leader only if the follower trembles, may tremble at nodes f.1 and 0.1, re-
trembles at £.1). playing a}, at node f.1). spectively).

Figure 10.1: Examples of EFSGs in which SEs may prescribe suboptimal actions off the
equilibrium path.
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10.2. Game Perturbation Schemes

10.2 Game Perturbation Schemes

As discussed in Subsection [2.3.1| many of the most important NE refine-
ment concepts are based on the idea that the player and/or the opponent
makes mistakes at every decision point (i.e., information set) with some
small, vanishing probability. In this section, we introduce a more general
family of such perturbations, of which the typical prior schemes, resulting
in extensive-form perfection and quasi perfection, are subfamilies. Then,
in the following sections, we develop a theory for the whole family and the
subfamilies in the context of EFSGs. []

In the following definition, X is any sequence-form strategy polytope,
i.e., a set of valid realization plans, where no distinction is made based on
to which player the polytope belongs.

Definition 10.1 (e-Perturbation Scheme). An e-perturbation scheme for a
strategy polytope X is a function € — X (¢) defined over € € (0, 1] with:

o X(e) C X(€)foralle > €, and
* Cl(UeE(O,l] X(e)) = X.

The closure operation cl(-) assumes that a topology is defined for the
space containing X. We will always assume that the strategy polytopes
X live in a Euclidean space where the usual metric induces open balls
Bs(z) = {z : ||z — z|| < ¢}. The classical extensive-form-perfect and
quasi-perfect perturbations (which we define formally in the following sub-
section) are two notable subfamilies of e-perturbation schemes.

As a direct consequence of the conditions in Definition[I0.1] every point
in X is eventually “reached” by X (¢) when € is small enough:

Lemma 10.1. Given © € X and § > 0, there exists & € X and € € (0, 1]
such that & € X (e) N Bs(Z) forall e < €.

A perturbed EFSG is now simply an EFSG augmented with a perturba-
tion scheme for each player:

Definition 10.2 (Perturbed EFSG). A perturbed EFSG is defined as an
EFSG, together with two e-perturbation schemes € — Ry(€) and € — Ry (e)
for the leader’s and the follower’s strategy polytope, respectively.

Given a perturbed EFSG (I',e — Ry(€),e — Ry¢(€)), we denote by
I'(€) the EFSG obtained from I by letting the leader and follower strategy
polytopes be R,(e) and R¢(e), respectively.

1Our perturbation family applies to any strategy polytope, not just EFSGs, and not even just the sequence
form. That said, in the following, we assume that the game is in sequence form.
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10.2.1 Extensive-Form-Perfect and Quasi-Perfect Perturbations

Now, we analyze perturbed EFSGs with extensive-form-perfect and quasi-
perfect perturbations. These are EFSGs which are augmented with particu-
lar e-perturbation schemes with specific structure.

In an extensive-form-perfect e-perturbation scheme, each player takes
into account the possibility that all the players, including herself, may make
mistakes in the future. Players are constrained to placing at least a mini-
mum probability & on every action at each information set, and those lower
bounds « are functions of e that go to zero as € — 0. A formal definition,
using sequence-form strategy polytopes, follows.

Definition 10.3 (Extensive-Form-Perfect e-Perturbation Scheme). An
extensive-form-perfect e-perturbation scheme for a sequence-form strategy
polytope R, of player p € N is an e-perturbation scheme ¢ +— R];FP(G)
where a realization plan r,, belongs to RS (€) if:

o 1,(0p) > ale, 0p)ry(0y) for op, 0y, € By 2 0, = 0,0 for some a € Ay,

e a(e,0,) > 0and lim+ a(e,0,) = 0forall o, € X,
e—0

o Zapezpm:%a ale,0,) < 1forall o, € X,

In a quasi-perfect e-perturbation scheme, each player takes into con-
sideration only the possibility of opponent’s errors, assuming she will not
make mistakes in future. This is modeled by requiring that sequences o, be
played with probabilities at least &, (¢, 0,,). In words, the lower-bounds on
sequence probabilities enjoy the following properties: (i) they are polyno-
mials in the variable ¢; (ii) they approach zero as e goes to zero; and (iii)
&y(€, 0,(1)a) approaches zero faster than &, (€, 0,(1)). Formally:

Definition 10.4 (Quasi-Perfect e-Perturbation Scheme). A quasi-perfect e-
perturbation scheme for a sequence-form strategy polytope R, of player
p € N is an e-perturbation scheme € — RI?P(E) where a realization plan r,
belongs 10 RY (€) if ry(0,) > &p(€, 0p) for every o, € %, and, addition-
ally, &, : (0,1] x X, — R is a function such that:

1. &y(€,0p) is a polynomial in €, for all o, € ¥,;

2. lim &,(e,0,) =0, forall o, € ¥, \ {op};
e—07F

3 lim Eple, 0p(1)a)

=0, foralll € Z, a € A(I).
—0t &y(€,0,(1)) P (1)
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10.3. Stackelberg Trembling-Hand Refinements

Now, we introduce new solution concepts defined as limit points of se-
quences of SSEs and WSEs for perturbed game instances I'(¢) as ¢ — 0,
given particular perturbation schemes.

Definition 10.5 (Extensive-Form-Perfect SEs). Given a perturbed EFSG
(T,e = R;F(e),e = RF(€)), (re,7f) € Ry X Ry is an extensive-form-
perfect SSE (EFP-SSE) (respectively, extensive-form-perfect WSE (EFP-
WSE)) if it is a limit point of SSEs (respectively, WSEs) of I'(¢) as € — 0.

Definition 10.6 (Quasi-Perfect SEs). Given a perturbed EFSG (I';e —
R (), € R?P(e)), (re,rg) € Ry X Ry is an quasi-perfect SSE (QP-
SSE) (respectively, quasi-perfect WSE (QP-WSE)) if it is a limit point of
SSEs (respectively, WSEs) of T'(¢) as ¢ — 0.[}

Since SSEs always exist in an EFSG, and since the strategy spaces are
compact sets, EFP-SSEs and QP-SSEs always exist. The same is not true
for EFP- and QP-WSEs, as a WSE need not exist in an EFSG.

The following proposition shows that the sets of EFP- or QP-SSEs can
be disjoint from the set of SSEs, thereby showing that the EFP- and QP-SSE
solution concepts are not refinements of the SSE solution concept!

Proposition 10.1. There are perturbed EFSGs in which an EFP-SSE is not
an SSE, a QP-SSE is not an SSE, and an EFP-WSE is not a WSE.

Proof. Consider the game of Figure [I0.2a The SSE prescribes the leader
and the follower to play a; and a}, respectively. On the other hand, in any
perturbed instance the leader has to place positive probability on a?, and
the follower’s best response is a?.

Consider the game of Figure The follower plays a}a?, while in
any perturbed instance resulting from an extensive-form-perfect e-perturbation
scheme, the follower has to put positive probability on a;% and her best re-

sponse at the root becomes aff. [

We leave as an open problem the determination of whether a QP-WSE
is also a WSE (assuming it exists) or not.

10.3 Stackelberg Trembling-Hand Refinements

As we showed in the previous section, SSEs and WSEs are not refinable
by trembling. In this section we remedy this problem by showing that the

2Here, the definition of quasi-perfect SE is given directly in terms of perturbation schemes. In the following
Chapter we provide an axiomatic definition that does not rely on perturbation schemes (see Definition [T T.4).
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10,1 0,0 0,1 0,0
(@) Game in which per- (b) Game in which per-
turbed SSEs are not re- turbed WSEs are not re-
finements of SSEs. finements of WSEs.

Figure 10.2: Games that we use to prove that perturbed SSEs and WSEs are not refine-
ments of SSEs and WSEs.

universal set of all Stackelberg equilibria is natural for trembling-hand per-
fection: it does not suffer from the problem above. In other words, the set
of SEs is closed under trembling-hand refinement. Formally, we prove that
any limit point of SEs for the perturbed game I'(¢) as e — 0 is an SE of the
original, unperturbed EFSG I'.

Theorem 10.1. Let {¢;} — 0 and let {(ry;,7¢,)} be a sequence of SEs for
the perturbed game instances {I'(¢;)}. Then:

o {(ry,7y,)} has at least one limit point, and
e all limit points of {(r¢;,r¢,)} are SEs.

We now present three lemmas, and at the end of this section we present
the proof of the theorem using these lemmas.

One can think of SEs as “minimally-rational” for the leader: any strategy
for the leader is acceptable as long as there is no other strategy for the leader
that is better no matter how the follower breaks ties. We now formalize this
by giving the following alternative characterization of SEs.

Lemma 10.2. A strategy profile (r¢,7¢) € Ry x Ry is an SE if and only
if ry € BR(r() and for all r; € Ry there exists 1;(ry) € BR(r}) such that
ue(ry, 7 (ry)) < we(re, 7).
Proof. (<) Construct the follower response function 7 defined as 7(ry) =
ry and 7(r;) = 1 (ry). Then, for all 7, € Ry, ug(ry, 7(ry)) < we(re, 7(re)),
and thus (ry, 7¢) 1s a 7-SE.

(=) Assume that (r;,r¢) is a 7-SE. Then r; = 7(r;) € BR(r,). Fur-
thermore, by definition of 7-SE, for all 7 € Ry, 1y = 7(r}) is such that
W(rg,r}) < wg(re, 7(10)) = we(re,77). O
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10.3. Stackelberg Trembling-Hand Refinements

Lemma 10.3. Let {¢;} — 0 and let {(ry;,rs,)} be a sequence of strategy
profiles for the EFSG instances {I'(¢;)}. Then {(r¢;,ry,)} has at least one
limit point.

Proof. The conclusion follows directly from the Bolzano-Weierstrass the-
orem since Ry(e) X Rs(e) C Ry, x Ry foralle € (0,1] and R, x Ry isa
compact set. [

Lemma 10.4. Let {¢;} — 0 and let {(ry;,7¢,)} be a sequence of strategy
profiles for the EFSG instances {I'(¢;)} where 1y, is a best response to 1y;.
Then, any limit point (¢, 7¢) of {(r¢;,7y,) } is such that Ty is a best response
to Ty.

Proof. Existence of at least one limit point for {(r;,7¢,)} is guaranteed by
Lemma([10.3] Without loss of generality, assume that (ry;,7y,) — (7, 7f) €
R, x Ry. Suppose, for contradiction, that 7'y is not a best response to 7,
which means that there exists 7y € Ry such that ws (7, 7¢) > us(7¢, 7).
By continuity of uy, there exists § > 0 such that ug(r;,r7) > ug(ry,r7)
forall (r7,r7) € Bs(7e) x Bs(7y) and (17, 77) € Bs(7) X Bs(7y). From
Lemma [10.1] we know that there exist € € (0,1] and 7y such that 7y €
R;(€) N Bs(7f) for all ¢ < € Considering the three converging sequences
€ — 0, 7¢; — T and ry, — 7y, we know that there exists an index j € N
such that ¢; < €, € Bs(r), and ry; € Bs(ry). Furthermore, from
¢; < € we deduce that (r;,7¢) € Ry(e;) X Ry(€) C Ry(e;) x Ry(e;). Thus
(1¢;,7y) is a valid strategy profile for I'(¢;). Yet, (r¢;,7f) € Bs(T¢) x Bs(7¢)
and (T’gj, Tfj) € Bg(f() X B(g(ff), 1mply1ng Uf(’f’gj, ff) > Uf(ng,’I"fj) and
contradicting the fact that r £ is a best response to 7. 0

Proof of Theorem[I0.1] The first bullet is by Lemma [10.3] We now prove
the second one. Let BRp(r,) and BRp(.,)(r,) be the sets of follower’s best
responses to 7, in I' and T'(e;), respectively. Without loss of generality,
assume that {ry;, 7.} — (7,7;) € Ry x Ry. By Lemma[l10.4] 7 is a best
response to 7,. Therefore, by Lemma[I0.2] we only need to prove that for
all ry there exists 1 € BRr(r}) with ue(ry, ') < we(7, 7's).

Suppose for contradiction that there exists rj such that u,(ry, 1) >
uy(7¢,75) for all S BRr(r}). Let g; be the family of functions with
the property that, for all 7, g;(r¢) is equal to one of the r; € BRp(,(r/)
such that wu,(ry, 75) < ug(re;, 7y,;); existence is guaranteed by Lemma [10.2]
and the fact that (r;,7,) is an SE by hypothesis. Construct any sequence
{(re; )} — (ry, %) such that (17, ;) are valid profiles for I'(e;) with
r = gi(ry;). From Lemma we know that 7, € BRp(ry). How-
ever, u(ry;, ;) < ue(re,rs;), and by continuity we have u(ry, 7}) <
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(¢, 7y). But then 7, € BRp(ry) while having value no larger than u, (7, 7y ),
contradicting our assumption. [

Because SSEs and WSEs are SEs, we have from Theorem [10.1] that the
limit of perturbed SSEs (and perturbed WSEs when they exist) is guaran-
teed to be an SE. This means that, even though the limits are not SSEs or
WSEs in general, they preserve minimal rationality of the commitment—as
per Lemma|10.2

10.4 Computational Complexity of Refined SEs

In this section we study the computational complexity of deciding the ex-
istence of an SE (refined or not) that gives the leader expected value at
least v. This problem (in the unrefined case) is known to be polynomial in
constant-sum settings, where all SEs give the same expected utility to the
leader, equal to the value of the game. We show that this problem is NP-
hard in general-sum settings, using a reduction from 3-SAT. In particular,
given a 3-SAT formula, we construct a polynomially-large EFSG instance
such that:

o If the 3-SAT formula is satisfiable, all SEs of the EFSG give an ex-
pected utility of 1 to the leader.

e If the 3SAT formula is not satisfiable, all SEs of the EFSG give an
expected utility strictly less than 1 to the leader. E]

Since the 3-SAT decision problem is NP-hard (Johnson and Garey, [1979),
this implies the following theorems.

Theorem 10.2. Deciding the existence of an SE (refined or not) that gives
the leader expected value at least v in an EFSG is NP-hard.

Theorem 10.3. Given a follower response function T, deciding the exis-
tence of a T-SE (refined or not) that gives the leader expected value at least
vin an EFSG is NP-hard.

10.4.1 EFSG Instance Construction

Definition 10.7. We are given a 3-SAT formula (C,V'), where C' is a set
of three-literal clauses defined over a set V' of variables. We construct a
perfect-recall EFSG I'(C, V') as follows:

30ur reduction is based on the construction of [Letchford and Conitzer| (2010). However, their construction
only proves the NP-hardness for the special case of SSEs, since, whenever the 3-SAT formula is satisfiable,
there are SEs of the EFSG that provide the leader with an expected utility strictly less than 1. We suitably modify
players’ payoffs so that the result holds for all SEs.
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e The root is h} € Hy such that p(h}) = {a’} U{a} :v € V} U {a? :
¢ € C}, x(h$,a%) = hy* € H,.

e All nodes h;x belong to I € 1Z,. The available actions at the informa-
tion set are p(I) = {a) :v € V}.

e Forall hy" and af (v,w € V), we let x(hy",a¥) = 2yw € Z. Fur-

thermore, wy(2y,) = 0, and us(2pw) = ((\l‘YILJ-FlQ)Q + 1> —1{v=w}.

e Forallay (v e V), x(h,',ay) = h2’v € Hf, (h2”) = {af ,ay "
X(h?g”,a?’ ) = hgm €1, €Ly, p(l. ) = {ae ,ay 1, X(hgm a,’) =
Zvay € Z, uf(zmy) Uf(2pay) = H{z = y}.

e Forall hy® and a} (¢p € C,v € V),
u6(2¢>v> = O7uf<z¢v) = 07 X(h?(ﬁva az,z) = Zpvx € Za

Lo _ o el, ifvising
X( f4 7a’Z) - .
Zgp € L otherwise,
and uy(zgy) = 0,up(zgor) = ‘V'TH (resp., us(Zppr) = ‘V'—H ) if v
appears negated (resp., not negated) in ¢, us(Zpp;) =0 otherWlse

Figure shows an example of a game I'(C, V).

Intuitively, the leader looks for a strategy such that the follower’s best
response is to play action a?, thus achieving an expected utility of 1. The
leader’s strategy at information sets 7, (v € V') defines a truth assignment
to the variables such that, whenever a clause ¢ € C' is not satisfied, then the
follower best-responds playing action a?. Thus, the leader’s goal is to find
a strategy that defines a truth assignment satisfying all clauses.

In the following, for the ease of presentation, given a player p’s behav-
ioral strategy m, € 1I,, we use the notation 7, (a), rather than 7,,, to denote
the probability of playing action a € A,,.

First we show that when the 3-SAT formula is satisfiable there exists a
leader’s strategy that guarantees a payoff of 1.

Lemma 10.5. If (C,V) is satisfiable, then there exists a leader’s strat-
egy my such that for all follower’s best responses ¢y € BR(m) it holds
UZ(WE,’/Tf) = 1.

Proof. Let T be a truth assignment satisfying all clauses. Take 7, such that
mi(af) = [ forallv € Vand mg(a;") = 1if T'(v) = 1, while my(a;") = 1
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|V[+2
0, vreme +1

V|42
» (IVI+1)?

+10

[V[+2
P (IVI+1)?

0

Figure 10.3: Game I'(C,V), where V. = {v1,...,vv|}, C = {é1,..., ||}, and clause
¢ € C is such that ¢ = v;Ujvi. Hollow nodes belong to the leader, while solid ones belong to
the follower.

192



10.4. Computational Complexity of Refined SEs

whenever T'(v) = 0. Clearly, at each node hfc’”, the unique follower’s best
response is to play the action corresponding to that played by the leader in
I,,. As aresult, the follower gets a utility of 1 by playmg al 7 atthe root, i.e.,
u f(m, a f) = 1. Now, let us prove that playing action a! 7 at the root is the
unique follower’s best-response to m,. Let us consider actions a}, for all
v € V, we have:

(. a) = V| +2 1 |V|—1+ Vi+2 \ 1
PEOS =\ (V]+1)? V] (VI+1)2) V]

(V] +1)? V]

Thus, playing a} is not a best-response, for all v € V. Now, we ana-

lyze actions a?, for all ¢ € C. Since T satisfies all clauses, each clause
¢ € C has a literal [, that is true under 7" and, thus, ﬂg(a;’(l’“)’T) =1

if [ requires the corresponding variable to be true, or m(aZ(l’“)’F) = 1if
it requires false. Assume, without loss of generality, that [}, requires the
variable to be true for all [, € ¢. By playing a?, the follower gets util-

ity uy(me,af) = molay™)me(ap ™Y 4 mo(ap®)me(ap )+

3
l v(l3),Fy |V [+1
(a€(3)> Z( (13) )%

a, . Three cases are possible.

1. There exists unique [, € ¢ such that m;(ag(l’“) ) = 1, for instance lit-

eral [;. Thus, since m(aZ(Q)’ ),m(az(ZS) ) < 1, it holds uf(m,a?) <

W (o (ay ™) + melay ™). Also, me(ay) = 7
plies uf(m,a?) < |V:‘3+1 (1 — m(|V! — 2)) = 2V for n
sufficiently large (|V| > 2).

for all v € V im-

2. Exactly two literals [ in ¢ are such that Wg(az(l’“)’T) = 1. With a
similar reasoning, we have u (7, af) < ‘VHl ( — %(|V| — 1))
1, for every |V|.

v(lg),T

3. m(ay, *") = 1 for all literals I, € ¢, and uf(m,aj?) < 1. Therefore,

it must be (7, a?) < 1 and a? is not a follower’s best-response to
Ty.
In conclusion, the unique follower’s best response is to play a'} at node h(},
and (7, a%) = 1. O

Given that 1 is the maximum leader’s payoff in I'(C, V'), we can con-
clude the following:
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Corollary 10.3.1. If (C, V) is satisfiable, then all SEs of I'(C, V') give the
leader an expected utility of 1.

We now show that a utility of 1 for the leader implies the existence of a
truth assignment satisfying the 3-SAT formula.

Lemma 10.6. If there exists a leader’s strategy m, and a follower’s best
response Ty € BR(my) such that u,(my, w¢) = 1, then (C, V) is satisfiable.

Proof. Since uy(mg, m¢) = 1, it must be the case that in 7; the follower
plays a} at the root node hY, or else the leader would not get a utility of 1.

Moreover, the leader’s strategy m, must be such that either m;(a;"") = 1 or
m(az F) = 1, for every v € V, and, at each node hfc’”, the follower must
play the action corresponding to that played by the leader in /,,. Because
al 7 is a best response, it must be that uy(m,a}) < 1 for every v € V, oth-

erwise a/ + would not be a follower best response. From us(m,a}) < 1,

it follows that uy(m, a}) = (‘%ffy + 1 —m(ay) < 1, so that my(aj) >

Vi+2
(IVI+1)? \VI+1
otherwise playing o’ 7 1s not a best response for the follower. As a con-
sequence, for every ¢ € (, there must exist at least one literal [, € ¢
such that m,(a)™™) = 1 if [, requires true, or m(al™*F) = 1 if I}, re-
quires false. By contradiction, suppose such a literal /; does not exist,
and assume, without loss of generality, that [, requires true for all [, € ¢.

Thus, Uf(ﬂ'g,a?) = 774(014(1)) o(a e( 1), )\V|+1 +me(ay v(l2 ))W[(CLZ(IZ)uF)‘Vg+1 +

7TZ(%(ls)) e(az(ls) F)IVngl |V£+1 (mela ”(ll))+7r (a v(Z))—HTz( v(ls))) > 1, as
me(ay) > |V|+1 for all v € V. This contradicts the fact that u (7, af) <1
It follows that ¢ must be satisfied. Since ¢ was arbitrary, this shows that
all clauses are satisfied. In conclusion, a variable assignment 7" such that
T(v) = 1if mp(af’") = 1, while T'(v) = 0 whenever m,(ay") = 1, satisfies
all clauses. []

for every |V|. For every ¢ € C we have uf(m,af) <1,

It directly follows from Lemma [[0.6] that:
Corollary 10.3.2. [f (C, V) is not satisfiable, then all SEs of T'(C, V') give

an expected utility smaller than 1 to the leader.
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CHAPTER 1 1

Quasi-Perfect Stackelberg Equilibrium

In this chapter, we focus on a particular refinement of the SE, which is
based on the idea of quasi perfection introduced by [Van Damme, (1984).
Initially, in Section [[T.I} we provide an axiomatic definition of quasi-
perfect SE, following the line of the original definition of [Van Damme
(1984). We also anticipate the main result of this chapter, i.e., that the
limit points (as € — 0) of sequences of SEs in perturbed EFSGs obtained
for some quasi-perfect e-perturbation scheme are quasi-perfect SEs accord-
ing to our axiomatic definition. Then, in Section|11.2] we first show some
properties of EFSGs perturbed with quasi-perfect e-perturbation schemes
and, then, we prove our main result. Finally, Section [I1.3] provides an al-
gorithm to compute (approximate) quasi-perfect SSEs and experimentally
evaluates it on some classical extensive-form game test instances.

11.1 Definition of Quasi-Perfect Stackelberg Equilibrim

We start providing an axiomatic definition of quasi-perfect SEs, i.e., one
that does not rely on perturbation schemes defined over the sequence form
(as Definition @]), but, instead, it is directly concerned with the extensive
form. Before that, we introduce alternative definitions for SEs and SSEs,
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which will help the reader to understand how our definition of quasi-perfect
SEs works. In the following, for the ease of presentation, we denote with
BRr(7m¢) C 11y the set of follower’s best responses to the leader’s strategy
7y € 11, in the game I'.

Definition 11.1 (Stackelberg Equilibrium). Given an EFSG I, (7, 7s) is
an SE of I if 1y € BRp(my) and, for all 71, € 1, there exists 7y € BRp(7,)
such that Ug(ﬂ'g, 7Tf) > Ug(ﬁ‘g, ﬁ‘f)

Definition 11.2 (Strong Stackelberg Equilibrium). Given an EFSG T,
(mg,my) is an SSE of T if my € BRyp(my) and, for all 7, € 11, and 7y €
BRp(ﬁ'g), it holds ’U,g(ﬂ'g, 7Tf) > UZ(ﬁ'g, 7ATf)

Notice that, using the equivalence between behavioral strategies and re-
alization plans, SEs and SSEs can be defined analogously for EFSGs in
sequence form.

Before introducing our axiomatic definition of quasi-perfect SE, we pro-
vide some useful, additional notation. We say that 7, € II, is completely
mixed if 7y, > 0 forall a € A,,. Given two information sets I, I € Z,, we
write I > I whenever I follows I, i.e., there exists a path from h € [
to h € I. We assume Iy = [ forall [ € 7, such that there is no

I # Ie Z,: 1= I. In perfect-recall games, = is a partial order over
Z,U{lz}. Given,, 7, € I, and [ € 7, U {1}, Wp/lﬁ'p is equal to 7, at
all [ € Z,: 1= I , while it is equal to 7, everywhere else. Moreover, for
I € 7, we write m, = 7, if my, = 7, for all @ € A(I). Finally, given
completely mixed strategies 7, € Iy, 7y € IIy and I € Z,, u,, (7, 7s) de-
notes player p’s expected utility given that [ has been reached and strategies
me and 7y are played.

Next, we introduce a fundamental building block: the idea of follower’s
best response at an information set I € Z;. Intuitively, 7y is an I-best
response to m, whenever playing as prescribed by 7 at the information set
I is part of some follower’s best response to 7, in the game following 7,
given that / has been reached during play. Formally:

Definition 11.3. Given an EFSG ', a completely mixed m; € 11y, and I €
Ty, we say that 1y € Il is an I-best response to 7y, written 7y € BR; (),
if the following holds:

g, e (e 71) = g v (v 79).

For p € N and 7, € II,, let {m,\}ren be a sequence of completely
mixed player p’s strategies with 7, as a limit point. We are now ready to
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11.1. Definition of Quasi-Perfect Stackelberg Equilibrim

define the refinement concept. In words, in a quasi-perfect SE, the leader
selects an optimal strategy to commit to in all information sets, given that
the follower best responds to it at every information set, following some tie-
breaking rule. Specifically, the second point in Definition[IT.4]ensures that
the leader’s commitment is optimal also in those information sets that are
unreachable in absence of players’ errors. Notice that the leader only ac-
counts for follower’s future errors, while the follower assumes that only the
leader can make mistakes in future. This is in line with the idea underlying
quasi-perfect equilibria in non-Stackelberg games [Van Damme| (1984)). []

Definition 11.4. Given an EFSG I, (my, 7y) is a quasi-perfect Stackelberg
equilibrium (QP-SE) of ' if there exist sequences {m,\ }ren, defined for
every p € N and m, € 11, such that:

1. my € BRy(my) forall I € Iy,

~

2. forall I € T, U {Iz} and 7, € 11y, there exists 7y € Iy : 71y €
BRj(Wg7k/I7Al'g7k)f0r all I € If, with:

we (Ten/ o mpw) > we (Wer/ 7o, Tpe) - (11.1)

As with SEs, we introduce the strong version of QP-SES.EI

Definition 11.5. Given an EFSG T, (m;, 7¢) is a quasi-perfect strong Stack-
elberg equilibrium (QP-SSE) of T" if there exist {m, \ } ken, defined for every
p € N and 7, € 11, such that:

1. my € BRy(mpy) forall I € Iy,

2. foralll € T, U {Ig}, 7, € 11, and ﬁ'f € Hf : 7ATf € BRIA(ﬂ'g,k/Iﬁ'g,k)
forall I € T;, Equation (TT.1)) holds.

As we will show in Subsection [I1.1.1T} QP-SEs are refinements of SEs,
i.e., any QP-SE is also an SE.
11.1.1 QP-SEs and Perturbation Schemes

Let us recall that, in Definition[I0.4] we introduced a family of e-perturbation
schemes for EFSGs in sequence form, claiming that quasi-perfect SEs can

!'Van Damme| (1984) defines a quasi-perfect equilibrium of an n-player extensive-form game as a strategy
profile (7 ) pe v obtained as a limit point of a sequence of completely mixed strategy profiles {(7p. x)pe N }ren
such that 7 € BRy((7g,k)q2pen) forallp € N and I € Zp,.

A 2Since Equation (TT.I) must hold for every 7y € Il, and 7y € Hy : 7y € BRf(ﬂ'l,k/ﬂAFZ,k) for all
I € Iy, Definition assumes that the follower breaks ties in favor of the leader.
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be defined in terms of such perturbations. The main result of this chapter
is to show that this is indeed the case, i.e., perturbed EFSGs obtained for
such perturbation schemes satisfy the following fundamental property: lim-
its of SEs in perturbed sequence-form EFSGs are QP-SEs of the original
unperturbed EFSGs as the magnitude of the perturbation € goes to zero. In
addition to being theoretically relevant, this result enables us to design an
algorithm for computing QP-SEs in EFSGs (Section[I1.3).

In the following, for the ease of presentation, we denote by (I, §;,&y) a
&-perturbed EFSG obtained for some quasi-perfect e-perturbation scheme
based on the functions &, and &; (see Definition . Moreover, we let
['(€) be a particular &-perturbed game instance in sequence form, obtained
from I by restricting each set of realization plans R, to be R,(¢). We also
denote by 7,(¢) any realization plan in R,(¢), and we let £,(¢) € RI®»l be
a vector whose components are the lower-bounds &, (¢, 0,,). We denote by
7p(€) = rp(e) — &, (€) the residual of r,(e), which represents the part of
player p’s strategy that is not fixed by the perturbation. E]

Next, we state our main result about sequences of SEs in &-perturbed
games. We postpone the proof to Section|[I1.2]

Theorem 11.1. Given a &-perturbed EFSG (I',&,,&y), let {eg}ren — 0
and let {(r¢(ey),r(€x)) tren be a sequence of SEs in I'(ey). Then, any
limit point (7y, 75) of the sequence {(7y i, T s ) }ken is a QP-SE of I', where
(7o k, r i) are equivalent to (ry(ex), 7¢(ex)) for all k € N.

Theorem [I1.T] also allows us to conclude the following, as a conse-
quence of Theorem [10.1]

Corollary 11.1.1. Any QP-SE of an EFSG 1 is an SE of T..
The second and third points in Definition [10.4] cannot be removed:

Proposition 11.1. There are &-perturbed EFSGs (I, &y, &f) obtained for
Ep-perturbation schemes that violate the second or third point in Defini-

tion for which Theorem[I1.1]does not hold.

Proof. Consider the EFSG in Figure with &(e,a}) = &le,a2) = ¢
and &(e,aja}) = &(e,ajay) = S, which violates the third requirement
in Definition Clearly, any SE of I'(¢) requires r(e,a}) = 1 — ¢,
re(e,af) = € e, ajal) = £, and ry(e, aja;) = 3. Thus, any limit point
of a sequence of SEs has 7,3 = % and 7, = %, which cannot be the

case in a QP-SE of T, as the leader’s optimal strategy at /.2 is to play a;.

3We assume without loss of generality that T'(¢) is well-defined, that is, each set Ry (e) is non-empty for
every € € (0,1].
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11.2. Limits of SEs in ¢-Perturbed Games are QP-SEs

As for the second requirement, we can build a similar example by setting
&(E, a?) = % D

1,1 0,0 0,0 1,1 0,0 1,1 1,0 1,1

(a) Example of EFSG used to show that (b) Example of EFSG used to show
our perturbation schemes general- that the second and third points
ize those introduced by |Miltersen in Definition are neces-
and Sprensen| (2010). sary for Theorem@] to hold.

Figure 11.1: Examples of EFSGs.

Miltersen and Sgrensen| (2010) introduced the idea of perturbing games
using the sequence form in order to find a quasi-perfect equilibrium. Our
perturbation scheme generalizes theirs, where &, (¢, 0,) = €7l for all o, €
Y, \ {0z}, with |o,| being the number of actions in ¢,. There are games
where our perturbation captures QP-SEs that are not obtainable with theirs.
For instance, in the EFSG in Figure 11.1a, (7, 7y), with Tpq1 = 73 = 1,
Tpa2 = Tpad = 0, and Tfal = Tfa2 = 3 is a QP-SE that cannot be obtained
with their perturbation scheme while it is reachable by setting (¢, a) =
2. We observe that (m, 77) is also a quasi-perfect equilibrium when we
look at the game as its non-Stackelberg counterpart; this shows that our
perturbation scheme generalizes theirs also for quasi-perfect equilibria.

11.2 Limits of SEs in ¢-Perturbed Games are QP-SEs

Before proving our main result, we now study the properties of the fol-
lower’s best responses to the leader’s strategy in £-perturbed games. These
properties will be useful for proving our results later in the section.

In the following, letting ¥,(a) = {0, € ¥, | a € 0,} forall a € A,
Ep(I) = Usea) Xp(a) denotes player p’s sequences that pass through
information set / € Z,. For the ease of presentation, given I € Z,,
9o 1(Te,7) =D sesopes,r) W(0)re(oe)rs(oy) denotes player p’s expected
utility contribution from terminal nodes reachable from /. Finally, for
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I €7, let R,(I) C R,bethesetof r, € R, : r,(0,(])) = 1, while,
fora € A(I), Ry(a) C R,(I)isthesetof r, € R, : rp(0,(I)a) = 1.

Let BRr()(r¢(€)) = arg max;,)er, () us(re(€), 74(€)) be the set of fol-
lower’s best responses to 7,(¢) € Ry(€) in I'(¢). The next lemma gives
a mathematical programming formulation of the follower’s best-response
problem in I'(e).

Lemma 11.1. For every ry(€) € Ry(e), r¢(e) € BRp(o)(re(€)) if and only if
7t (€) is optimal for Problem P () below.
max  7(e) U7
Pe) : < 7y é(~) Iy B
S.t. Ff?"f :ff—ngf(E), Ty ZO
Proof. Since, r¢(e) € BRr()(r¢(¢)) if and only if

rs(e) € argmax  7¢(e)TUyry,
rpFprp=frrp>Es(e)

introducing variables 7y = ry — &s(e) and dropping the constant term
ro(€)TU;&; (€) from the objective, we obtain that r;(e) must be an optimal
solution to Problem P(e). O

The dual of Problem P(¢) above is as follows.

Proposition 11.2. For ry(e) € Ry(€), Problem D(¢) below is the dual of
Problem P(€), where vy € RE1FY s the vector of dual variables.

min  (f; — Fy&p(e))" vy (11.2a)
D(e) : < vr T T
st. Frop > Upr(e). (11.2b)

Remark 11.1. Constraints (11.2b) in Problem D(€) defined above ensure
that, for every I € Ly and a € A(I), we have

v > Z us(o)re(e, o0) + Z Vg f (11.3)

oeX:op=0y(I)a feIf:af(f):af(I)a

The optimal solutions to Problem D(¢) enjoy important properties that
are stated in the following lemmas. The first one says that, in an opti-
mal solution, each variable vy ; must equal the maximum possible expected
utility the follower can achieve following information set / € Z;. The
second lemma says that if an optimal solution to Problem D(e) satisfies
Constraint (IT.3)) with equality for an information set / € Z; and an action
a € A(I), then playing a at I is optimal in the game following /.
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Lemma 11.2. For every r¢(€) € Ry(e), if v; € R%ItY is optimal for Prob-
lem D(€), then for every I € Iy:

Upr =, max, )gff(w( €),7y). (11.4)
Proof. Let us consider Problem D(¢). First, observe that, for every infor-
mation set / € Zy, the objective function coefficient for the variable vy,
is equal t0 §f(e,04(1)) — D car) §r(€,05(1)a). Assuming I'(e) is well-
defined, such coefficients are positive for every vy ;. Then, in an optimal
solution v} € RZ7H1 to Problem D(¢), each variable vy ; is set to its min-
imum given Constraints (T1.3)). We prove Equation (11.4) using a simple
inductive argument. The base case of the induction is when there is no
information set / # I € I, with I > I. For every action a € A([),
Vi > Y e S ug(o)r(e, o¢), which, using the fact that v} ; must
be set to its minimum p0s51ble value given the constraints, implies the fol-
lowing:

Unr = i Y. upo)releon) =
oeXos=0y(I)a

= ma r Tr),

max g 1(ri(c). )
where the last equality holds since >, ;) Pr(or(1)a) = Pr(op(1)) = 1,
for the definition of realization plan. As for the inductive step, let us con-
sider an information set / € Z; and assume, by induction, that Equa-

tion (TT.4) holds for every information set I # I € Z; with [ = I. We
can write:

Ga=m X wlneot Y v

o€Xior=0y¢(I)a fEIf:Uf(f):Jf(I)a

:arélj()]() Z Uf(O)’I“g(E,Ug) +
o€Xiop=0y(I)a

+ > max_ g ;(re(e), 7y) =
. = fGRf(I)
IeIf:af(])fo(I)a

= ma T T
o 071(ri(€). 7).

where the first equality directly follows from the optimality of v}, the sec-
ond one from the inductive hypothesis, while the last equality holds since

wehave 3 4y Pr(op()a) =7p(op(1)) = 1. .
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Lemma 11.3. For every 1y(e) € Ry(e), I € Iy, and a € A(I), if Con-
straint (11.3)) holds with equality in an optimal solution to Problem D(e),
then

) = ). 115
o max gra(ree). 7) ;max gra(re(e), ) (11.5)
Proof. Let v* € R%I+! be an optimal solution to Problem D(e) that sat-

isfies Constraint (IT.3), for I € Z; and a € A(I), with equality. We can
write:

Vi = Z us(o)re(e, o0) + Z v

oeXior=0ys(I)a ffelf:af(f)zaf(f)a
= max re(€),7¢) = max Te(€),7y),
e gr.1(re(e), 7y) ffeRf(z)gf’I( o(€),7r)

where the second equality holds for the optimality of v} and the last one for
Lemmal[IT.2l O

Now, we are ready to prove a fundamental property of the follower’s
best responses in &-perturbed game instances I'(¢). Intuitively, in a per-
turbed game instance, the follower best responds playing sequence o (Iy)a
with probability strictly greater than its lower-bound (e, 0(1)a) only if
playing a is optimal in the game following /. Theorem formally ex-
presses the idea that, in a perturbed game instance I'(¢), when the follower
decides how to best respond to a leader’s commitment in a given infor-
mation set, she does not take into account her future trembles, but only
opponents’ ones.

Theorem 11.2. Given r(€) € Ry(e), 7¢(€) € BRry(re(€)), I € Iy, and
ac A(D), ifrs(e,op(l)a) > &s(e,0¢(1)a), then

A

a P g a. .
 max gr.1(re(e), 7s) max gr.1(re(e), 7s)

Proof. By Lemma(l1.1} 7¢(€) € BRr(r¢(¢)) if and only if 7 (€) = 7f(e)—
& (e) is optimal for Problem P(¢). By applying the complementarity slack-
ness theorem to Problems P(€) and D(e) we have that, if 7;(¢) and v} €
RWZs+1 are optimal, then, whenever 74 (¢, o¢(I)a) > 0, i.e., 4(e,0¢(I)a) >
&s(e,0¢(1)a), Constraint (T1.3) for information set / and action a must hold
with equality, which, by Lemma|[I1.3] yields Equation (I1.5). O

Now, we are ready to prove Theorem [T1.1]
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First, we introduce two lemmas. The first provides a characterization of
I-best responses in terms of sequence form. Intuitively, a follower’s strat-
egy 7y is an [-best response to 7, if and only if it places positive probability
only on actions a € A(I) that are part of some best response of the follower
below information set /.

Lemma 11.4. Given an SEFG I, a completely mixed my € 11, and I € Iy,
7y € BRy(m) if for every a € A(I):

Tre >0 = max re, T max re,T¢),
fa rfeRf()gqu Fr) = TfeR()gf,(e f)

where ry € Ry is equivalent to .

Proof. First, let us notice that, forevery / € Z; and a € A([), the following
relation holds:

ma re, T ma Te, T 11.6
TfeR;Ea)gf, 1(re,7y) = rfeRfI% )gfl( 0, Tf) = (11.6)
ajchax  upy (me, s/ 75) = nax uyg (me, 75/ 7)

In order to see this, for I € Zy, let Z (I) C Z be the set of terminal nodes
that are potentially reachable from I, and, for h € Z(I) and 7 ¢ € Iy, let

Z/[fh(ﬂ'g,ﬂ'f —Uf H Toa H ’ﬁ'fa.

acor(h)  acos(W)\or(D)

Given the realization equivalence of 7, and 7, and the fact that 7¢(c¢(/)) =
1, the left-hand side in the first line of Equation (11.6)) is equivalent to
MAX7 €Tl ;:7 =1 ZheZ(I) Uy (g, T¢), while the right-hand side is the same
as maXz ert, ) pez(ry Urn(me, Ty). Then, by dividing both sides of the
equality in the first line of Equation (T1.6) by >_, ., Haegf(h) Tfq, DY
definition of wy;(m, 7/ ,7tf) we get the second line. Now, say that the
condition of the lemma holds for every a € A([). Clearly, we have

. Hm.axi . Uf7_[(7ré,7rf/17rf E T fa max _ U,f,[(ﬂ'g,ﬂ'f/l’irf),
npellymp=17y weA(D) wpellptpa=1

and, since ¢, > 0 only if it holds that

max gr(Te, T max grr(re,7f),
max gy, (re,7p) = L max, g 1(re, 7y)
Equation (T1.6) proves the result. O
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The next lemma shows that any limit point of a sequence of follower’s
best responses in £-perturbed games is a follower’s best response at every
information set in I'.

Lemma 11.5. Given a {-perturbed SEFG (I, &, &), let {€;}ren — 0 and
let {(r¢(ex), 7¢(€x)) }ken be a sequence of realization plans in I'(ey) with
r¢(€r) € BRr(e,) (1e(€r)). Then, any limit point (7, 7¢) of { (7o, Tp k) ren
is such that, eventually, 7y € BR; (myy) for all I € Ty, where (1, 71
are equivalent to (r¢(ex), rr(€x)) for all k € N.

Proof. First, notice that there must exist & € N such that, forall k € N :
k > k, and for every follower’s information set / € Z; and action a €
A(I), if mg > 0, then re(eg, 0r()a) > &f(ex, 0¢(I)a). Otherwise, by
the conditions in Definition [T0.4] it would be 7y, = 0. Let us fix I € Z;
and a € A(I). Suppose that 7y, > 0. Forall k € N : k > k, we have
that 7 (ey, o7 (1)a) > &f(ex, o7(1)a), which, by Theorem[11.2} implies the
following:

max gra(re(er),7s) = max grr(re(ex), 7r).
Thus, Lemma allows us to conclude that 7; € BR;(m ) for all k €
N : k& > k, which proves the result. ]

Finally, we can prove Theorem [I1.1]

Proof of Theorem[I1.1} First, since 7¢(ex) € BRp(,)(re(ex)) forall k € N,
Lemma [I1.5] allows us to conclude that the first point in Definition [I1.4]
holds. Therefore, in order to prove Theorem [I1.1| we need to show that
the second point holds as well. For contradiction, suppose that it does not
hold, i.e., no matter how we choose sequences {wp,k}keN, for p € N and
7, € II,, there is an information set I € Z, U {I5} and a leader’s strategy
#t, € T1; such that, for every 7y € Iy : 7y € BR;(mg/ o) forall I € I,
we have:
we(mor/ o, Tpk) < we(mor/ o, W)

By continuity, there must exist an index k € N such that, for all k € N :
k > k, the following holds:

Ue(ﬂe,k/ﬂe,k, Trg) < W(W,k/ﬁz,k, i)

Moreover, U@(ﬂ’g,k/lﬂ'g’k,ﬂ'f,k) = wug(mep, mpr). Let sequence {7k tren
be such that 7,(e;) € Ry(ex) for all k& € N, where each realization plan
7¢(€x) is equivalent to the strategy 7, / ek This is always possible since
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the third point in Definition [10.4] is satisfied. Now, let us consider a se-
quence {(7¢(ex), 7r(€x) ren With 7f(ex) € BRp(,)(7e(ex)), and let us de-
fine { (7 / Ier, Trk) bken as a sequence such that each strategy 7y is
equivalent to 77(e;). By Lemma any limit point (m,/ 7, @s) of
{(ﬂ'e,k/Iﬁ'g,k, ﬁf,k)}keN satisfies 7ATf c BRf(ﬂ'gyk/Iﬁ'gyk) for all j € If. Thus,
using the equivalence between strategies and realization plans, for all k£ €
N : k > k we have the following:

we(reer), ry(er)) < we(Fe(er), 7r(ex)).

Notice that this holds no matter how we choose 7f(e) € BRp,)(7¢(€x))s
which contradicts the fact that (r(e), 7¢(€x)) is an SE of I'(e). O

11.3 Computing a Quasi-Perfect Stackelberg Equilibrium

One can use our perturbation scheme to compute an (approximate) QP-SE.
We do this by developing an LP for computing a Stackelberg extensive-
form correlated equilibrium (SEFCE) in a given ¢-perturbed game instance,
where we maximize the leader’s value. We then conduct a branch-and-
bound search on this SEFCE LP. It branches on which actions to force be
recommended to the follower (by the correlation device of the SEFCE). The
idea is that, as long as we only recommend a single action to the follower at
any given information set, we get an SE of the perturbed game (specifically
an SSE), and, thus, according to Theorem 1.1} a QP-SE (specifically QP-
SSE) if we take the limit point of the perturbations. As in prior papers on
extensive-form correlated equilibrium (EFCE) computation in general-sum
games, we focus on games without chance nodes (Von Stengel and Forges,
2008; |[Cermak et al., [2016).

For computing an SEFCE we need to specify joint probabilities over
sequence pairs (o,07) € ¥ = ¥, x X;. However, not all pairs need
to specify probabilities, only pairs such that choosing o is affected by
the probability put on o, (we do not need to care about the converse of
this, as only the follower needs to be induced to follow the recommended
strategy). Intuitively, the set of the leader’s sequences relevant to a given
o € Yy is made of those sequences that affect the expected value of o or
any alternative sequence 6y € X whose last action is available at I¢(c).

Definition 11.6 (Relevant Sequences). A pair (0y,07) € X is relevant if
either oy = 0 or there exists h,h € H s.t. h precedes h, h € I;(oy), and
h € Ii(oy), or if the condition holds with the roles of o, and oy reversed.
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For every information set I € Z,, we let rel(I) be the set of sequences
relevant to each child sequence o,()a fora € A(I). Welet p(oy, o) be the
probability that we recommend that the leader plays sequence oy, and that
the follower sends her residual (i.e., the probability that is not fixed by the
perturbation) to o;. Moreover, we let (o) be the maximum probability
that the follower can put on a sequence oy € X given the {-perturbation
scheme.

First, we introduce a new value function representing the value to the
leader of the sequence pair (o, 0¢) € X given that o represents an assign-
ment of residual probability:

uy(oe,0p) = > n(opu(h) + > &€, 67)ue(or, b5).

hEZ:O‘g(h)ZO'g/\Uf(h)ZUf O’fEEf

The following LP finds an SEFCE in a -perturbed SEFG.

max Z plog, op)ug(oe, oy) (11.7a)
(0g,07)€ED
s.t. p(og,09) =1 (11.7b)
plog,08) >0 V(op,0p) € X (11.7¢)
> ploeog) > &le,00) Vog € 3 (11.7d)
orerel(or)

=> plouDa,op) VI €Ty, o €rel(I) (11.7¢)

acA(I)
p(oe, op(1 Zp op,0¢(l)a) VI €Iy op€rel(l) (11.7f)
acA(I)
v(oy) =nloy) Z ploe, op)us(oe, 0p)+
og€rel(oy)
+ > Y v(oga) Vo, €3y (117

IEZf O‘f([)—O‘f aEA I)

v(I,op) > n(op(Da) > plow,op)us(oe op(la)+

oe€rel(oy)

+ Z ’U([A,O'f)

fEIf;Uf(f):Uf(I)a
VIeZIsaec A(l),0r € prec(I) (11.7h)
v(of(I)a) =v(l,0¢(1)a) VIeZpaec A(I). (11.70)
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In of this LP, prec(), where I € T, is the set of follower’s
sequences oy that precede / in the sense that there is Ie Iy with af(f ) C
o;(I) and o = o4(I)a for some a € A(I). This LP is a modification of
the SEFCE LP given by [Cermak et al.|(2016)). The new LP has two mod-
ifications to allow perturbation. First, it has constraints to ensure
that the sum of recommendation probabilities on any leader’s sequence is
at least &(€, 0,). Second, because we are now recommending where to send
residual probability for the follower, we must modify the objective in order
to give the correct expected value for the leader.

We can branch-and-bound on recommendations to the follower in a way
that ensures that the final outcome is an SSE. That is guaranteed by the
following theorem, which shows that we can add and remove constraints
on which follower actions to recommend in a way that guarantees an SSE
of the perturbed game as long as the follower is recommended a “pure”
strategy with respect to the residual probabilities.

Theorem 11.3. If a solution to LP is such that for all I € Ly there
exists a € A(I) such that p(oe,0¢(l)a) = 0 for all & € A(I),0, €
rel(of(l)a) with a # a, then a strategy profile can be extracted in poly-
nomial time such that it is an SSE of the perturbed game instance.

Proof. First, we check that the leader strategy is valid. The argument is
identical to that of |(Cermak et al.|(2016). For the leader strategy at a given
information set I we pick an arbitrary oy € rel(o,([)) that is played with
positive probability and use the value p(o¢(l)a,oy) for all a € I. All
os € rel(oy(1)) recommend identical probability on oy(/)a due to (IL.7¢)
and the fact that we allow only a single follower action to be recommended
at every follower information set. The incentive constraints -
are identical to the original constraints given by [Von Stengel and Forges
(2008), so we only need to argue that we correctly represent the value of
sending the residual along each sequence. But the value of sending the
residual on o is simply the original value deeml(gf) ploe, op)us(oe, o),
except that we can send at most 7)(os) probability on o, plus the value of
whichever choice we make for sending residual along descendants of oy.
This is exactly the value that we encode in our constraints. It is easy to see
that any SSE is a feasible solution to the LP: since the follower plays a pure
strategy we can assign them their pure strategy, and assign the leader SSE
strategy the same way across all follower recommendations. 0

4We use the definition of relevant sequences and the LP from Von Stengel and Forges|(2008) rather than those
of |Cermak et al.|(2016). The latter are not well defined for (11.7¢)) and (I1.71).
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Now it is obvious that the LP upper bounds the value of any SSE
since the SSE is a feasible solution to the LP.

Theorem [I1.3|shows that one way to find an SSE is to find a solution to
LP where the follower is recommended a pure strategy with respect
to the residual probabilities. Since any SSE represents such a solution,
we can branch on which actions we make pure at each information set,
and use branch-and-bound to prune the space of possible solutions. This
approach was proposed by Cermak et al. (2016) for computing SSEs in
unperturbed games, where they showed that it performs better than a sin-
gle MIP. Because our LP for perturbed games uses residual probabilities
for the follower, we can apply the branching methodology of Cermak et al.
(2016). At each node in the search we choose some information set / where
more than one action is recommended. We then branch on which action in
A(I) to recommend. Forcing a given action is accomplished by requir-
ing all other action probabilities be zero. Our branch-and-bound chooses
information sets according to depth, always branching on the shallowest
one with at least two recommended action. We explore actions in descend-
ing order of mass, where the mass on a € A(I) (with sequence oy) is
Zogerel(af) p(Ug, O_f)'

The algorithm finds an SSE of the perturbed game. In the limit as the
perturbation approaches zero, this yields a QP-SE. No algorithm is cur-
rently known for computing such an exact limit. In practice, we pick a
small perturbation and solve the branch-and-bound using that value. This
immediately leads to an approximate notion of QP-SE (akin to approximate
refinement notions in non-Stackelberg extensive-form games (Farina et al.,
2017; Kroer et al., 2017)). Another approach is to use our algorithm as an
anytime algorithm where one runs it repeatedly with smaller and smaller
perturbation values.

11.3.1 Experimental Evaluation

We conducted experiments with our algorithm on two common benchmark
extensive-form games. The first is a search game played on the graph shown
in Figure It is a simultaneous-move game (which can be modeled as
a turn-taking EFG with appropriately chosen information sets). The leader
controls two patrols that can each move within their respective shaded areas
(labeled P1 and P2), and at each time step the controller chooses a move
for both patrols. The follower is always at a single node on the graph,
initially the leftmost node labeled S and can move freely to any adjacent
node (except at patrolled nodes, the follower cannot move from a patrolled
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node to another patrolled node). The follower can also choose to wait in
place for a time step in order to clean up their traces. If a patrol visits a node
that was previously visited by the follower, and the follower did not wait to
clean up their traces, they can see that the follower was there. If the follower
reaches any of the rightmost nodes they received the respective payoff at the
node (5 and 10, respectively). If the follower and any patrol are on the same
node at any time step, the follower is captured, which leads to a payoft of
0 for the follower and a payoff of 1 for the leader. Finally, the game times
out after £ simultaneous moves, in which case the leader receives payoff 0
and the follower receives —oo (because we are interested in games where
the follower attempts to reach an end node). This is the game considered
by [Kroer et al. (2018) except with the bottom layer removed, and is similar
to games considered by Bosansky et al.|(2014) and Bosansky and Cermak

(2015).
O—0O—0O—®
Py P,

Figure 11.2: The graph on which the search game is played.

The second game is a variant on Goofspiel (Ross,|[1971), a bidding game
where each player has a hand of cards numbered 1 to 3. There are 3 prizes
worth 1,..., 3. In each turn, the prize is the smallest among the remaining
prizes. Within the turn, the each of two players simultaneously chooses
some private card to play. The player with the larger card wins the prize.
In case of a tie, the prize is discarded, so this is not a constant-sum game.
The cards that were played get discarded. Once all cards have been played,
a player’s score is the sum of the prizes that she has won.

The LP solver we used is GLPK 4.63 (GLPK![2017). We had to make the
following changes to GLPK. First, we had to expose some internal routines
so that we could input to the solver rational numbers rather than double-
precision numbers. Second, we fixed a glitch in GLPK’s rational LP solver
in its pivoting step (it was not correct when the rational numbers were too
small). Our code and GLPK use the GNU GMP library to provide arbitrary-
precision arithmetic. The code, written in the C++14 language, was com-
piled with the g++ 7.2.0 compiler. It was run on a single thread on a 2.3
GHz Intel Xeon processor. The results are shown in Figure [[T.3]

209



Chapter 11. Quasi-Perfect Stackelberg Equilibrium

3
8 E T T ) E =
—_ = Search Game B S
2 i i g
= 1071 E | by
I : 1102 2
z j 1 g
= -2 g g=!
: 10 = 1 )
= § ] =
& 4 =]
» -3 L o
~ 1073 ¢ 110t E
,% = - B o
5 L | | | | | | i )
A — L0 L0 L0 — L0
CS I~ (@} (] o I~
; X =
=) = ;
S
(0]
2
5 107'F S
ft = Q
P B 14 2
5 1072 ¢ Q
o =
> i E
= _3 [ gham)
z 1077 19 @
= = a
- &
b5 1074 g
! B S
8 c | | | | | | | | | | | | 0 O
’J — D LD LD — 1O LD LD —H LD LD O
S ~ O AN OI-O0ONO IO AN
SSoSoSododo
c T o T llocelocxex
(@) o
o T3 > S <
S T o
Pertubation magnitude ¢

Figure 11.3: Experiments. Dashed lines show compute time. Solid lines show the loss in
the leader’s utility compared to the SSE value in the unperturbed game.
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CHAPTER 1 2

Conclusions and Discussion

In this thesis, we significantly advanced the state of the art on equilibrium
computation in Stackelberg games. In the first part of the work, we ad-
dressed settings involving a single leader and multiple followers, which,
with the exception of very specific cases, were largely unexplored before.
Then, in the second part of the work, we studied for the first time the prob-
lem of computing the strategies to commit to in Stackelberg games with
multiple leaders and followers. Finally, in the last part of the work, we
investigated how to refine the Stackelberg equilibrium in extensive-form
Stackelberg games, providing the first application of trembling-hand per-
fection in Stackelberg settings.

In the rest of this chapter, we conclude the work with a final discussion
on our results and future research directions.

12.1 Single-Leader Multi-Follower Stackelberg Games

We provided the first systematic study of the problem of computing Stack-
elberg equilibria in games with a single leader and multiple followers, fo-
cusing on the case in which the latter play a Nash equilibrium after observ-
ing the leader’s commitment. Specifically, we addressed the case where

211



Chapter 12. Conclusions and Discussion

the followers are restricted to pure strategies, for three reasons. First, the
general case of mixed strategies is already known to be computationally
intractable even in the basic setting of two-follower Stackelberg polyma-
trix games (Basilico et al., 2017a). Second, as we showed, the restriction
to pure strategies leads to non-trivial computational results. Finally, this
restriction is without loss of generality in games that always admit a pure-
strategy Nash equilibrium, such as congestion games (Rosenthal, [1973)).

In the setting of n-player normal-form Stackelberg games, after briefly
showing that a strong equilibrium (i.e., with the followers breaking ties in
favor of the leader) can be computed in time polynomial in the size of the
input, we extensively studied the problem of computing a weak equilibrium
(i.e., where the tie-breaking is against the leader), which is much more
involved. Among the other results, we provided the first, to the best of our
knowledge, exact algorithms for finding a weak Stackelberg equilibrium
in settings beyond single-leader single-follower games (for an algorithm
working in this case, see the work by |[Von Stengel and Zamir| (2010)).

The algorithms we have proposed can constitute a useful framework for
developing solution methods for games in which the normal-form represen-
tation cannot be assumed as input (such as, e.g., succinct games of poly-
nomial type like polymatrix and congestion games). Retaining the main
structure of our algorithms, such games could be tackled by adapting the
subproblems that are solved for each (relaxed) outcome configuration to
the case where the followers’ actions cannot be all taken into account ex-
plicitly. For outcomes in S™, a cutting plane method could be employed
to generate a best response for each of the followers iteratively, without
having to generate all of them a priori. For outcomes in S~, one could
adopt a column generation approach to iteratively add sets D,(a_,, a,,) for
different followers p € F' and action profiles a_,, € S, thus iteratively
enlarging the set of strategies the leader could play to improve her utility
while guaranteeing that the outcomes in S~ are not Nash equilibria.

Future developments along the research line of normal-form games,
include establishing the approximability status of the problem with two
followers (left open by Theorem 4.3), and the generalization to the case
with both leader and followers playing mixed strategies, partially addressed
in (Basilico et al.L[2017a,b, 2019) (even though we conjecture that this prob-
lem could be much harder, probably >5-hard).

As for Stackelberg polymatrix games, our main contribution was to
identify classes of games in which an equilibrium can be computed in poly-
nomial time once the number of players is fixed (while for the strong case
the algorithm is a straightforward variation of the enumerative algorithm
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designed by [Conitzer and Sandholm| (2006), for the weak case we proposed
a novel exact algorithm, see Algorithm [5.1)). Besides being interesting for
deriving computational complexity results, our classes of games are also
useful in practice, as they model reasonable real-world security problems
and they are equivalent to specific Stackelberg Bayesian games in which
the follower may be of different types. Future developments may investi-
gate more efficient implementations of our exact algorithm (Algorithm5.T)),
for instance, enhancing it with a branch-and-bound scheme like that used
by Jain et al.| (2011) in the setting of Stackelberg Bayesian games.

In conclusion, as for Stackelberg congestion games, our main contribu-
tion was a comprehensive characterization of hard and easy game instances
for the specific setting of games with singleton actions. While we also an-
alyzed the impact of non-singleton actions (showing that the problems be-
come highly intractable), possible future works may address what happens
when the actions have specific structures, as it is the case, e.g., in conges-
tion games played on graphs, where the players’ actions represent either
paths (Fabrikant et al., 2004) or spanning trees (Werneck et al., 2000). On
the algorithmic side, in this work we provided MILP formulations for the
strong version of the problem. As discussed above, for the weak case one
could adapt the exact algorithm proposed in the normal-form games setting,
which leads to new research challenges.

12.2 Multi-Leader Multi-Follower Stackelberg Games

We introduced a new way to apply the Stackelberg paradigm to any (un-
derlying) finite game. Differently from previous works, our approach deals
with scenarios involving multiple leaders by introducing a preliminary agree-
ment stage in which each leader can decide whether to be a leader or be-
come a follower. We defined and studied three natural solution concepts
that differ depending on the properties that they require on the agreement
stage (other solution concepts, e.g., requiring stability and perfect effi-
ciency, will be explored in future).

Our equilibria generalize the optimal correlated strategies to commit to
introduced by Conitzer and Korzhyk|(201 1) for single-leader multi-follower
Stackelberg games. At the same time, they also provided a significant ad-
vancement over the multi-leader solution concepts introduced in the secu-
rity context (see, e.g., (Gan et al., 2018))). First, correlated-strategy commit-
ments are more natural than leaders’ strategies satisfying some Nash-like
constraints. Secondly, our equilibria are funded on strong game-theoretic
groundings, as they are guaranteed to exist independently of the game struc-
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ture. Last but not least our solutions apply to general games.

Finally, our computational findings related to multi-leader Stackelberg
games exploit a general framework relying on a game-independent stability
oracle. Thus, our positive results can be extended to other game classes by
simply designing polynomial-time oracles.

In future, we will investigate new ways to model the agreement stage
involving the leaders. One possibility is to adopt cooperative solution con-
cepts at the leaders’ level. Moreover, we will also study how our model can
be applied in practical applications.

12.3 Refinements of the Stackelberg Equilibrium

We initiated the study of equilibrium refinement based on trembling-hand
perfection in extensive-form Stackelberg games. To the best of our knowl-
edge, this is the first solution concept that guarantees off-equilibrium-path
optimality in extensive-form Stackelberg games. We studied the equilib-
rium space of all the Stackelberg equilibria (containing both strong and
weak Stackelberg equilibria), and showed that it is complete with respect to
the limit points induced by perturbation schemes. We showed that this is not
the case for strong and weak Stackelberg equilibria. We also showed that
deciding the existence of any Stackelberg equilibrium—refined or not—
giving the leader expected value of at least v is NP-hard.

Then, we focused on quasi-perfection in Stackelberg settings. We pro-
vided a game-theoretic, axiomatic definition of quasi-perfect Stackelberg
equilibrium. We developed a family of game perturbation schemes that lead
to a quasi-perfect Stackelberg equilibrium in the limit. Our family gener-
alizes prior perturbation schemes introduced for finding (non-Stackelberg)
quasi-perfect equilibria. Using our perturbation schemes, we developed
a branch-and-bound algorithm for quasi-perfect Stackelberg equilibrium.
It leverages a perturbed variant of the LP for computing a Stackelberg
extensive-form correlated equilibrium. Experiments show that our algo-
rithm can be used to find an approximate quasi-perfect Stackelberg equilib-
rium in games with thousands of nodes.

We showed that some perturbation schemes outside our family do not
lead to quasi-perfect Stackelberg equilibria in some games. It remains
an open question whether our perturbation family fully characterizes the
whole set of such equilibria. As to the first requirement in Definition[10.4]
can all the quasi-perfect Stackelberg equilibria be captured by perturbation
schemes that only use polynomial lower bounds on trembles?

It was recently shown that in non-Stackelberg extensive-form games,
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there exists a perturbation size that is small enough (while still strictly pos-
itive) that an exact refined (e.g., quasi-perfect) equilibrium can be found by
solving a mathematical program with that perturbation size (Miltersen and
Sgrensen, 2010; [Farina and Gatti, [2017a; Farina et al., [2018a)), and |[Farina
et al.| (2018a) provide an algorithm for checking whether a given guess of
perturbation size is small enough. That obviates the need to try to explicitly
compute a limit of a sequence. It would be interesting to see whether such
theory can also be developed for Stackelberg extensive-form games—and
for our perturbation family in particular.
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