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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING AND PHYSICAL SCIENCES

School of Electronics and Computer Science

Thesis

Online Learning in the Presence of Strategic Adversary

by Le Cong Dinh
ORCID: 0000-0002-3306-0603

This thesis offers a comprehensive exploration of the online learning problem in which
an agent needs to strategise against a strategic adversary (also known as a no-regret
adversary). Through examination of three interrelated settings, we have devised novel
algorithms that achieve improved performance guarantees and last round convergence to
the Nash Equilibrium both in theoretical and empirical contexts. Our findings open the
door to further investigation of complex problems in online learning and game theory,

where strategic adversaries play a crucial role in a multitude of applications.

In the first of the three main chapters comprising our study, we examine the prob-
lem of playing against a strategic adversary under a two-player zero-sum game setting.
In this scenario, we introduce a new no-dynamic regret algorithm, namely the Last
Round Convergence of Asymmetric Games (LRCA), that achieves last round conver-
gence to the minimax equilibrium. Building on this work, the second main chapter
investigates the more general problem of online linear optimization and proposes several
new algorithms, including Online Single Oracle (OSO), Accurate Follow the Regular-
ized Leader (AFTRL), and Prod-Best Response algorithm (Prod-BR). These algorithms
achieve state-of-the-art performance guarantees against a strategic adversary, such as
no-forward regret and no-dynamic regret. Additionally, we show that a special case of
AFTRL, the Accurate Multiplicative Weights Update (AMWU), can achieve last round
convergence to the Nash equilibrium in self-play settings. In the third and final main
chapter, we extend our results to the challenging setting of Online Markov Decision
Processes (OMDPs), which have many significant applications in practice. Here, we
propose two new algorithms, MDP-Online Oracle Expert (MDP-OOE) and Last Round
Convergence-OMDP (LRC-OMDP), that achieve no-policy regret and last round con-

vergence to the Nash equilibrium, respectively, against a strategic adversary.
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Chapter 2: Last Round Convergence to NE Against Strategic Adversary

A payoff matrix in the zero-sum game
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n number of pure strategies for the row player

m number of pure strategies for the column player
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(3

norm of a vector

[BE

dual norm of ||.||

Chapter 3: Achieving Better Regret Against Strategic Adversary

Tt strategy of the learner at round ¢

F strategy domain of the learner

T loss vector chosen by the environment at round ¢
exp() natural exponential function

T total number of rounds in play

n size of learner’s strategy

a’ pure strategy of the row player at row ¢

c pure strategy of the column player at column j
supp(.) support of a vector: number of non-zero elements
v value of the game




2 NOMENCLATURE
(f*,y") the Nash Equilibrium of the game
|11 p-norm of a vector
11, effective strategy set at round ¢
1I row player (i.e., the learner) ’s pure strategy set
C the column player’s pure strategy set
k size of the effective strategy set at the final time window
Q exploiting rate
n learning rate
M, prediction of the strategy of the environment (x;) at round ¢
Dx(.) Bregman divergence with respect to R
R regularizer function

Chapter 4: Online Markov Decision Processes Against Strategic Adversary

L size of adversary’s pure loss vectors
Ar the action space of the adversary: a simplex of size L
A agent’s action space
| Al size of agent’s action space
T mixing time constant
m agent’s policy at round ¢
S state space
|S| size of the state space
P(.].) transition model
Py probability of transitioning from state s to s’ by taking the action a
P(m)s.s probability of transitioning from state s to s’ by taking the policy 7
L() loss function at round ¢
dr, stationary distribution of policy 7 (also denote d;)
dyg stationary distribution set from all agent’s deterministic policies
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o] (z,a) the probability of (state, action) pair (z,a) at time step ¢
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() average loss of policy m with respect to the loss [
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A the loss function at round ¢ against the fixed policy 7 of the agent
P(r) state transition matrix
II-Il1 l1 norm of a vector
v the minimax value of the zero-sum game
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(,) the dot product
E the expectation
supp() support size of a vector
(da=, %) the minimax equilibrium of the zero-sum game (also known as the
Nash Equilibrium)
T; time window ¢
7 effective strategy set in state s at time ¢
BR(.) best response strategy
(1) average loss function
k number of time windows
RE(.) the relative entropy distance







Chapter 1

Introduction

Online learning and prediction of individual sequences have been extensively studied
in various fields, including game theory, operational research, and machine learning,
owing to their diverse applications in weather forecasting, financial stock analysis, on-
line advertisement placement, online web ranking, and classification (Cesa-Bianchi and
Lugosi, 2006; Shalev-Shwartz, 2012). The key idea is to predict the next element of
an unknown sequence given some knowledge about past elements and side information.
In the classical statistical theory of sequential prediction, researchers often rely on the
stationarity assumption, where the elements of the sequence are supposed to follow a
stationary stochastic process. Under this assumption, the past observations can be used
to estimate the statistical properties and then a prediction rule can be derived to achieve
a near-optimal strategy. Two popular algorithms that provably converge to the optimal
strategy are e-greedy (Sutton and Barto, 2018) and Upper Confidence Bound (Auer
et al., 2002). However, the underlying mechanisms governing the elements of a sequence
in many real-world applications may be unknown, whether deterministic, stochastic or
adversarially adaptive, rendering the classical approach unsuitable. To address this is-
sue, researchers have proposed the prediction of individual sequences, which abandons
stochastic assumptions and treats the sequence elements as products of unknown and
unspecific mechanisms (Cesa-Bianchi and Lugosi, 2006). This approach has been exten-
sively studied, resulting in significant algorithmic advancements and relevant properties.
These algorithms offer robust performance in adversarial environments, ensuring that
on average, the agent does not perform worse than a baseline strategy in hindsight.
The most widely-used baseline is the best-fixed strategy in hindsight, with algorithms

satisfying this criterion referred to as no-(external) regret algorithms.

No-regret or no-external algorithms are widely used in the fields of online learning and al-
gorithmic game theory due to their attractive worst-case performance guarantees (Cesa-
Bianchi and Lugosi, 2006). These algorithms provably guarantee that the average payoff
of the strategies played will not be significantly worse than the best-fixed strategy in

hindsight, regardless of the encountered sequences. As a result, they are commonly

5



6 Chapter 1 Introduction

used in playing against adversaries, strategizing in unknown environments, or solving
two-player zero-sum games, leading to average convergence to a Nash Equilibrium (NE)
under self-play settings (Zinkevich et al., 2007; Cesa-Bianchi and Lugosi, 2006; Lanctot
et al., 2017). However, in order to maintain a small regret bound, no-(external) regret
algorithms such as Multiplicative Weights Update (Littlestone and Warmuth, 1994; Fre-
und and Schapire, 1999), Follow the Regularized Leader (Abernethy et al., 2008), Follow
the Perturbed Leader (Kalai and Vempala, 2005), and Mirror Descent (Nemirovskij and
Yudin, 1983) must keep their learning rate small, resulting in a slow change in the strat-
egy profile. This predictability is further compounded by the fact that the behaviour of
no-(external) regret algorithms depend heavily on feedback from the environment. As
a result, the sequence of strategies played by no-(external) regret algorithms is highly
correlated to its predecessors. Against a no-(external) regret learning opponent, the
loss sequence encountered by the learner/player is not entirely arbitrarily adversarial
in each round, making the worst-case performance guarantees not attractive for the
learner. Therefore, it is desirable to develop a learning algorithm that can exploit the
extra structure when playing against an agent following a no-(external) regret algorithm
(also known as a strategic adversary: in our work, we will use the two terms strategic

adversary and no-(external) regret adversary interchangeably), and answer the question:

Can we exploit the strategic adversary?

In this thesis, we focus on three important properties that an ideal algorithm should

have in order to exploit a strategic adversary:

e Better performance: Exploit the extra information when playing against strategic

adversaries to achieve better performance.

e Last round convergence: Convergence to a NE in self-play setting (state-of-the-art
solver for a NE).

e Robustness: Maintain no-(external) regret bound in the worst-case scenario.

Better performance against the strategic adversary: It is well-known that famous
no-regret algorithms such as Multiplicative Weights Update (Freund and Schapire, 1999)
or Follow the Regularized Leader (Abernethy et al., 2008) achieve optimal performance
guarantee in a fully adversarial setting (Cesa-Bianchi and Lugosi, 2006). However, given
the extra knowledge from the strategic adversary, the worst-case performance guarantee
of these famous no-regret algorithms is too pessimistic. Therefore, it is desirable to
develop new algorithms that achieve better performance guarantees against the strategic
adversary. In the literature of online learning in repeated games, Deng et al. (2019)
proposed a fixed strategy for an agent playing against a no-external regret adversary,

assuming that the agent knows the game structure such as the payoff matrix and the
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utility function. The proposed strategy can ensure a Stackelberg value, which is optimal
in certain games, such as general-sum games. However, this approach cannot be applied
in many practical scenarios where the environment or game structure is unknown, or the
adversary does not follow no-regret algorithms. To overcome these limitations, Chiang
et al. (2012) and Rakhlin and Sridharan (2013a) considered a different setting where
the agent has access to a prediction M; of x; before making a decision at round ¢t.
Their proposed algorithm, Optimistic Follow the Regularized Leader (OFTRL), has an

external regret that depends linearly on \/ 23:1 |l — My||2. However, with an accurate
prediction (i.e., M; ~ x;), one could expect a stronger performance guarantee than the
no-external regret of OFTRL. It is worth noting that OF TRL assigns a fixed weight of
1 to the prediction M;, which can limit the advantage of the additional knowledge in
the learning process. Our work demonstrates that playing against a strategic adversary
can lead to an accurate prediction of x;, thereby offering an opportunity to enhance the
performance of OFTRL. In Chapter 3, we propose improved techniques for leveraging
the accurate prediction M; of x; to achieve better performance guarantee, as outlined
in Theorems 3.14 and 3.18.

Last round convergence: The convergence of average strategies to a minimax equi-
librium (i.e., the NE) has been well-established when both players employ no-regret
algorithms, with a convergence rate of O(T~1/?) as cited in Freund and Schapire (1999).
Further developments in no-regret algorithms by Daskalakis et al. (2011) and Rakhlin
and Sridharan (2013b) have led to near-optimal convergence rates of O(%). However,
despite extensive literature on no-regret learning, one unsatisfactory result is the aver-
age convergence to the NE. That is, in two-player zero-sum games, no-regret algorithms
such as Multiplicative Weights Update (MWU) (Freund and Schapire, 1999) or Follow
the Regularized Leader (FTRL) (Abernethy et al., 2008) will only lead to average con-
vergence instead of last round convergence to the NE. Specifically, Bailey and Piliouras
(2018) has demonstrated that the multiplicative weights update (MWU) algorithm leads
to convergence of the last round strategy to the boundary in games with an interior Nash
equilibrium point, while Mertikopoulos et al. (2018) has identified Poincaré recurrence
as an undesirable feature arising from regularized learning, leading to cyclic behaviour
in strategy dynamics. The average convergence will not only increase the computational
and memory overhead but also make things difficult when using a neutral network in
the solution process in which averaging is not always possible (Bowling et al., 2015).
For game theory and modern applications of online learning in optimization such as
training Generative Adversarial Networks (Daskalakis et al., 2018), last round conver-
gence plays a vital role in the process, thus it is crucial to develop algorithms that can
lead to last round convergence. Recently, Daskalakis and Panageas (2019) have proven
the attainment of last round convergence to the minimax equilibrium by both players
using the optimistic multiplicative weights update algorithm (OMWU) under the as-
sumption of a unique equilibrium point. However, this result hinges on the calculation

of the constant step size of the update mechanism from the game’s payoff matrix A.
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Therefore, a lack of knowledge of A on the row player’s part precludes the guarantee
of last round convergence by OMWU. Furthermore, in scenarios where the row player
employs distinct no-regret algorithms such as MWU or FTRL, which have widespread
use in various applications, OMWU cannot ensure last round convergence. This issue
prompts the question of whether a robust algorithm exists that is capable of achieving
last round convergence to the minimax equilibrium even when playing against different
no-regret algorithms. In this thesis, we conduct a thorough investigation of this problem
and introduce two algorithms: Last Round Convergence in Asymmetric Games (Algo-
rithm 11) and Last Round Convergence in Online Markov Decision Processes (Algorithm
21). These algorithms can achieve last round convergence against the strategic adver-
sary in the two-player zero-sum game and online Markov decision processes settings,

respectively.

Robustness against the general adversary: While our algorithms are designed to
play against strategic adversaries, there exists the possibility that the additional informa-
tion or our predictions may be inaccurate, resulting in suboptimal performance against a
general type of adversary. Hence, it is important to develop algorithms that can leverage
the feedback structure when playing against strategic adversaries while maintaining the
standard no-(external) regret bound against general adversaries. Various works, such
as Cesa-Bianchi et al. (2007); Even-Dar et al. (2008); Sani et al. (2014), have explored
this goal and introduced a class of algorithms called “Prod” that achieves improved re-
gret bounds against “easy data” while maintaining the no-(external) regret bound in the
worst-case scenario. The Prod algorithm combines two separate algorithms, one for easy
data and another for the worst-case scenario, and tunes the weight between them based
on their performance in each round of the game. Since we can exploit the structure
of a strategic adversary, we can view it as an easy data opponent and apply the Prod
technique to enhance our algorithm’s performance. Another approach, as described in
De Rooij et al. (2014), is to use the FlipFlop algorithm, which interleaves the Adahedge
algorithm (for general adversary) and the Follow-the-Leader algorithm (for easy data) to
achieve the best of both worlds. In our work, we propose several algorithms (e.g., Algo-
rithms 12, 15 and 20) that can exploit the strategic adversary to achieve state-of-the-art

performance while maintaining no-regret guarantees against the general adversary.

This thesis aims to provide a comprehensive investigation into the problem of playing
against the strategic adversary. To achieve this goal, we examine this problem in three
interrelated settings: two-player zero-sum games, online linear optimization, and online
Markov Decision Processes. These settings are widely studied in the literature and have
important practical applications. In the following sections, we provide an overview of the
fundamental concepts and related algorithms for each setting. A more specific literature

review will be presented in the relevant chapters.
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1.1 Two-player Zero-sum Games

Repeated two-player zero-sum games have been extensively studied in game theory lit-
erature. Formally, the game is characterized by an n x m payoff matrix A, with the
entries of A assumed to be within the interval [0, 1] without loss of generality. The rows
and columns of A correspond to the pure strategies of the row and column players, re-
spectively. At round ¢, the set of feasible strategies available to the row player is denoted
by A,, which consists of all ; € R™ such that > ", @(i) = 1 and a:(i) > 0 for all
i € {1,...,n}. Similarly, the set of feasible strategies for the column player is denoted by
Ap,. We use e; to denote the pure strategy where e;(i) = 1. If the row (resp. column)
player selects a mixed strategy x; € A, (resp. y; € A,,) at round ¢, the row player’s
payoff is —x, Ay,, while the column player’s payoff is ,; Ay;. Consequently, the row
(resp. column) player aims to minimize (resp. maximize) the value of x; Ay,. John
von Neumann’s minimax theorem (Neumann (1928)), which is fundamental in zero-sum

games can be expressed as:
max min ' Ay = min max ' Ay = v (1.1)
YyeA,, TEA, xEA, YeA,

for some v € R. We call a point (x*, y*) satisfying the minimax theorem Equation

(1.1) the minimaz equilibrium of the game. We also consider another important type of

equilibrium, e-Nash Equilibrium in our work.

Definition 1.1 (e-Nash Equilibrium). Assume ¢ > 0. We call a point (x,y) €
A, x Ay, eNE if

ma:nyeAma:TAy —e<axz Ay < minmeAanAy + €.

Clearly, if the details of the game are known (i.e., the game’s payoff matrix A), then
the adversary can calculate their minimax strategies and follow these strategies in each
round. In our thesis, we consider a much weaker scenario, a completely-uncoupled

dynamics that can be described as follows:

e Each player only knows their own pure strategies and not the game matrix or the

number of strategies their opponent has.
e Players interact in rounds and choose a mixed strategy in each round.

e At the end of each round, each player is informed about the expected payoff they
would have received if they had played each of their pure strategies against their
opponent’s mixed strategy, although the mixed strategy used by the opponent
is not disclosed to them (this type of feedback is also known as full information
feedback).
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In the following section, we introduce one of the most famous completely-uncoupled

dynamics in game theory, namely fictitious play.

1.1.1 Fictitious Play

The Fictitious play (FP) was first introduced by Brown (1949), in which he believed the
strategies would ultimately reach the value of a zero-sum game. Robinson (1951) later

confirmed the convergence properties of this method in a two-player zero-sum game.

Algorithm 1 Fictitious Play

1: Input: arbitrary strategy a1,y of the row and column players.
2: fort=1,2,... do
3. the row player follows @;1; such that @11 = argmin, gy eZTA (Z;:l yj)
T
4:  the column player follows y;+1 such that y, 11 = argmax;e ) (Z;Zl :cj> Ae;
5. end for

Definition 1.2 (Fictitious play Brown (1949)). Fictitious play is the completely uncou-
pled dynamics in which in every round, each player responds with their best strategy to

their opponent’s historical strategy.

It is well-known that following the FP algorithm, the average strategy of both players
will converge to the NE in certain games. In particular, FP will lead to convergence in
two-player zero-sum game (Robinson, 1951), potential games (Monderer and Shapley,
1996), general-sum 2 x N games (Berger, 2005) and games that is solvable by iterative
elimination of strictly dominated strategies (Nachbar, 1990). However, Brandt et al.
(2010) shows that, in an example of a constant-sum game, FP requires an exponentially
large number of rounds over the size of the representation of the game to converge. It
is consistent with the finding of Daskalakis and Pan (2014) in which, by unravelling the
induction step in the convergence proof of Robinson (1951), the convergence rate of FP

1
in a two-player zero-sum game can be bounded by O(t~ m+n=2).

When the exact best responses in the FP dynamic are hard to calculate (e.g., the game
matrix A is large), the approximate best responses can be used without affecting the
convergence guarantee of the method. In particular, Van der Genugten (2000) proposed
the Weakened fictitious play, in which the strategies played at each step only need to be e-
best response, with € — 0 as time progresses. Leslie and Collins (2006) further extended
this result to propose generalised weakened fictitious play (GWFP) with more relaxation
into the progress. The convergence result of GWFP leads to many applications in the

machine learning domain where the exact best response is costly to obtain.

The undesirable exponential convergence property of FP leaves a question of whether

there exists learning dynamics that can theoretically achieve a faster convergence rate
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to NE in a completely-uncoupled dynamic. In the next sections, we introduce a class of
algorithms, namely “no-(external )regret” algorithms that achieve a convergence rate of

O(f%) in the two-player zero-sum game setting.

1.1.2 Multiplicative Weights Update and its Variants

Along with convergence in the self-play setting, one of the important aspects of a learn-
ing algorithm is the average performance (i.e., the cumulative loss). Traditionally, the
performance is measured using the external-regret bound which is the difference between
the cumulative loss of the player and the best-fixed strategy in hindsight. Formally, it

is defined as follows:

Definition 1.3 (No-external regret). Let y1,y2,. .. be a sequence of mixed strategies
played by the column player. An algorithm of the row player that generates a sequence
of mixed strategies x1, @2, ... is called a no-ezternal regret algorithm (or no-regret algo-
rithm) if we have

lim & =0,

T
where Rp := min Z :c;r Ay — wTAyt denotes the external regret.
z€An \ 157

One of the most well-studied no-regret algorithms in the game theory literature is the

multiplicative weights update (MWU) method, which can be defined as follows:

Algorithm 2 Multiplicative Weights Update
1: fort=1,2,... do

2:  Predict a vector @41 such that @x;y;1(7) = x(7)

T
e~ Hte; Ayt

t€d{l,...n
;L:l mt(I)eiutezTAyt7 { Y }

3: end for

Definition 1.4 (MWU Freund and Schapire (1999)). Let yi,yo, ... be a sequence of
mixed strategies played by the column player. The row player is said to follow the MWU
algorithm if strategy a;y1 is updated as follows:
. . e*uteiTAyt .
Ti1(i) = @e(i)—5—, i € {1,...n},
where { Zy=>1" @y (i)e el Av 1, € [0, 00) is a parameter,

e, i € {1,...,n}, is the unit-vector with 1 at the ith component.

When T is known in advance, by fixing the learning rate p; = /8log(n)/T, we can
achieve the optimal regret bound for MWU (Theorem 2.2 in (Cesa-Bianchi and Lugosi,
2006)):

Ry < /Tlog(n)/2.
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When T' is unknown, we can apply the following Doubling Trick to bound the regret of
MWU.

Algorithm 3 The Doubling Trick

1: Input: algorithm A whose parameters depend on the time horizon
2: forn=20,1,2,... do

3 run A on rounds t =2",..., 2" — 1

4: end for

Definition 1.5 (The Doubling Trick Cesa-Bianchi and Lugosi (2006)). For an al-
gorithm with the regret av/T with a parameter depends on the time-horizon T. The
Doubling Trick restarts the algorithm at round 2™ for m=0,1,2... Following the dou-
bling trick, the total regret is not bigger than the sum of the regret in each part. Thus,

we have
[logo(T)]

. 1—+2T 2
Ry < Z 04\/27§04 < V2 aVT.
i=1

1-v2 ~V2-1

Therefore, following the Doubling Trick, in case T is unknown, MWU can achieve the

external regret bound of

(V2/(V2 = 1))y/Tlog(n)/2,

which is worse than the optimal one when 7' is known by a factor of v/2/(v/2 — 1).

De Rooij et al. (2014) proposed a better algorithm for unknown 7', AdaHedge, a variant
of MWU with adaptive learning rate u; = log(n)/A;—1 where A; denotes the cumulative
mixability gap:

Definition 1.6 (AdaHedge De Rooij et al. (2014)). Let yi1,ys2,... be a sequence of
mixed strategies played by the column player. The row player is said to follow AdaHedge

if 441 is updated as follows:

exp (—ut S eiTij)
D i1 €XP (‘Mt Yl el Ay; )

xi11(1) = , Vi € [n]

where n is the number of pure strategies and p; > 0 is an adaptive learning rate such
as: py = log(n)/A¢—1. Ay denotes the cumulative mixability gap, which can be derived
from historical data (Equation (5) in De Rooij et al. (2014)).

Then applying Theorem 8 in De Rooij et al. (2014) to our setting with S =1, LT — L~ <

T we have:

+ _ Jx * _ T —
R?daHedge < 2\/(L L[; )_(I"L_ L )

L+t —L)%2/4 16 16
< 2\/(L+L)—/ log(n) + 0 log(n) +2 < \/Tlog(n) + 0 log(n) + 2,

16
log(n) + 3 log(n) + 2
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which is worse than the optimal one when T is known by a factor of /2.

Another variant of MWU is the Linear Multiplicative Weights Update (LMWU), which

later plays an important role in the analysis of our algorithms:

Definition 1.7 (LMWU Cesa-Bianchi et al. (2007)). The row player is said to play the
Linear Multiplicative Weights Update if the row player updates the strategy as follows:

e (i) = x: (1) (1 — pe; T Ayy)
" D1 e()(1 — pee; T Ayy)

Vie{l,...n}.

By properly choosing the learning rate p; (e.g., see Theorem 1 in Cesa-Bianchi et al.
(2007)), LMWU is a no-(external) regret with the regret bound depends on the sum of
the loss square (i.e., erzl(e;rijV). Because of this dependency, LMWU is also called
a no-(external) regret algorithm with a second-order regret bound.

Despite their optimal regret bound in the worst-case scenario, MWU and its variants
(AdaHedge and LMWU) have an undesirable property: non-last round convergence in
a self-play setting. Specifically, Bailey and Piliouras (2018) proved that if both players
follow MWU then in the case of interior minimax equilibrium, the strategies will move
away from the equilibrium and towards the boundary. This undesirable feature causes
many issues in game theory and applications, including unwanted cyclic behaviour in
training Generative Adversarial Networks (GANs). Thus, a learning dynamic leading to
last round convergence is important in the development of the field (e.g., see Daskalakis
et al. (2018) for more details). Daskalakis and Panageas (2019) proved a variant of
MWU, Optimistic Multiplicative Weights Update algorithm (OMWU), converge last
round to the NE in a self-play setting.

Definition 1.8 (OMWU Daskalakis and Panageas (2019)). Let y1, y2, ... be a sequence
of mixed strategies played by the column player. The row player is said to follow the
OMWU algorithm if strategy x;y1 is updated as follows:

-
e He; AQRYt—yr—1)

Tpy1(i) = 2 (i)———F——, i € {1,...n},
b Zy=3% 1, @y (i)erel Aye—vi-1) 1) € [0, 00) is a learning rate,
where
e, i € {1,...,n}, is the unit-vector with 1 at the ith component.

When the game A has a unique NE equilibrium, then OMWU with arbitrarily small
learning rate u leads to last round convergence to the NE in the self-play setting (e.g.,
Theorem 1.1 in Daskalakis and Panageas (2019)). Furthermore, Wei et al. (2020) proves
that OMWU can achieve a linear last round convergence rate with a universal constant
learning rate. The works around OMWU have motivated us to derive the convergence

properties for our algorithms.
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Along with last round convergence, our work also focuses on achieving better perfor-
mance against the strategic adversary. In order to do that, we consider a stronger notion

of regret compared to external regret:

Definition 1.9 (Dynamic Regret Besbes et al. (2015)). Let yi, yo2, ... be a sequence
of mixed strategies played by the column player. An algorithm of the row player that
generates a sequence of mixed strategies a1, xo, ... is called a no-dynamic regret algo-

rithm if we have

lim

T—o0

T
D
fr =0, where DRy := Z <

zctTAyt — min :cTAyt> .
t=1

wGAn

The no-dynamic regret is a much stronger type of regret compared to the normal no-
regret where the regret Ry = mingen, = (ZtT:l(azt —m)TAyt> (i.e., the best-fixed
strategy on average) is considered instead of DRy (i.e., the best strategy at each round).
In the literature, the no-dynamic regret is desirable but impossible to achieve with the

current state-of-the-art algorithms in the adversarial symmetric setting.

1.2 Online Linear Optimization

Algorithm 4 Online Linear Optimization

: Input: A convex set F

:fort=1,2,... do
predict a vector f, € F
receive a loss function l;(f) := (f,x) Vf e F
suffer loss I;(fi)

end for

I S

In Chapter 3, we study the online linear optimization setting in which at round ¢,
the learner chooses a strategy f; € F, where F C [0,1]" ! is a convex compact set.
Simultaneously, the environment reviews a loss vector @; € [0, 1]™ and the learner suffers
the loss: (f;, x¢).

The goal of the learner is to minimize the total loss after T rounds: ming, . ¢, Zthl (fr, ).

1.2.1 Follow-the-Leader

The most natural method of learning is to utilize the vector that has the lowest loss from
all previous rounds in each online iteration. In online learning literature, this method is
usually referred to as Follow-the-Leader (FTL).

LAll the results remains true for bounded domain of strategy and loss vector.
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Algorithm 5 Follow-the-Leader
1: fort=1,2,... do
t—1

2:  predict a vector f; := argmingcr > ;71 Li(f)
3: end for

Definition 1.10 (FTL Shalev-Shwartz (2012)). Let [;, 12, ... be a sequence of loss func-
tions generated by the environment. The learner is said to follow the Follow-the-leader

algorithm if strategy f: is updated as follows:

t—1
i = argminz Li(f).

fer ia

Against a stochastic setting (i.e., stationary stochastic assumption of loss function),
FTL guarantees a constant regret and therefore has been studied extensively in this
setting (De Rooij et al., 2014; McMahan, 2011; Huang et al., 2016). In an adversarial
setting, when the loss function /; has the quadratic structure: I,(f) = 3||f — /|3, then
by following FTL, the learner can guarantee an external regret of 4(log(7) + 1) (e.g.,
see Corollary 2.2 in Shalev-Shwartz (2012) for more detail). However, in the setting
of online linear optimization, FTL fails to guarantee a low external regret bound. The
following example in Shalev-Shwartz (2012) demonstrates why FTL can possibly achieve

a high regret against an adversary.

Example 1.1 (Failure of FTL). Consider F = [—1,1] € R and the sequence of linear

loss functions such that l,(f) = x.f where

—0.5, ift=1
T =41, if t is even

-1, ift > 1 and t is odd.

Following the prediction rule of FTL, f; = 1 for odd t values and f; = —1 for even t
values, leading to the cumulative loss of T for the FTL algorithm. On the other hand,

the cumulative loss of a fized strategy fi = 0 is 0. Therefore, the external regret of FTL
s T.

The failure of FTL in the aforementioned scenario can be explained by the fact that its
predictions are inconsistent - the value of f; changes significantly with each iteration,
even though only one loss function was added to the optimization problem’s objective.
On the other hand, FTL performs well in the case of a quadratic game (e.g., see Corollary
2.2 in Shalev-Shwartz (2012)) because the value of fiy; remains “near” f;. To resolve
this instability, FTL can be improved by incorporating regularization, which will be the
Follow-the-Regularized-Leader (FTRL) (Abernethy et al., 2008).
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1.2.2 Follow-the-Regularized-Leader and its Variants

The Follow-the-Regularized-Leader (FTRL) algorithm (Shalev-Shwartz and Singer, 2006)
is an adaptation of the standard FTL method in which the objective is to minimize the
accumulated loss over all previous rounds, along with a regularization component. The
purpose of this regularization component is to stabilize the solution obtained. Formally,
for a regularization function R, a S-strongly convex function with respect to ||.||, norm,
we define the FTRL algorithm as follow

Algorithm 6 Follow-the-Regularized-Leader
Input: learning rate n > 0, regularizer function R(f), fi = argmingcr R(f)

Output: next strategy update

t
fry1 =argmin Fyq(f) = Zli(f) + @

feF i—1 n

For the FTRL algorithm, it is natural that different regularization functions will lead to
different algorithms with different regret bounds. In the remaining of this section, we

will examine the two most famous variants of FTRL.

When applying FTRL with the Euclidean regularization function
R(F) = 51513
= 5, 171

and the learning space F = RY, it is easy to verify that the update strategy will have

the simple form

fiv1 = fr — nxy.

Since x; is the gradient of I3, this update rule is also called the Online Gradient Descent
(OGD) (Hazan, 2015).

Algorithm 7 Online Gradient Descent
Input: learning rate n > 0, F = R?, loss function I;(f) = (f, x¢)

Output: next strategy update

fir1=fi — UVlt(ft)-

Consider F; := {f : ||f|| < B} and let L be such that %ZZTZI |zi||3 < L2 Then by

choosing the learning rate n = T iﬁ we have the regret bound for OGD 2

Ry(Fy) == minger Rr(f) < BLV2T.

2For the full proof, see, for example, Theorem 2.4 in Shalev-Shwartz (2012).
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The learning rate n in the above analysis depends on the time horizon 7. When T is
unknown, we can apply the Doubling Trick in Algorithm 3 to derive a similar bound.
OGD can also be generalized to different loss functions (i.e., Lipschitz functions) to
achieve a sublinear regret bound. More details can be found in Corollary 2.7 in Shalev-
Shwartz (2012).

OGD is used in many applications in practice due to its simple strategy update and
its near-optimal performance guarantee in the adversarial setting. When apply to the
problem of prediction with expert advice (i.e., the action space is a probability sim-
plex f € [0,1]%), the regret bound of OGD will be v/2dT 3. By choosing a suitable
regularization function, FTRL can provide a more efficient bound of +/log(d)T/2.

When applying FTRL with the Entropic regularization of the following form

d
R(f) =) f(i)log(£(i),
i=1
it is easy to show that the update strategy of FTRL recovers the famous multiplica-
tive weights update (MWU) algorithm in Algorithm 2. Thus, FTRL with Entropic
regularization can enjoy the MWU’s optimal regret bound of O(y/log(d)T’) against an

adversary.

While FTRL is a generalization of many famous algorithms (e.g., OGD, MWU), it
also inherits an unfavourable property from them: non-last round convergence. More
specifically, although the no-regret properties of FTRL can guarantee the convergence
to the coarse correlated equilibrium (CCE) of the empirical frequency of play (i.e., a
time-average convergence) (Cesa-Bianchi and Lugosi, 2006), it has been shown by Mer-
tikopoulos et al. (2018) that FTRL’s behaviour in zero-sum games with an interior
equilibrium is Poincaré recurrent, which means that nearly every path repeatedly re-
visits any (arbitrarily small) starting point neighbourhood. This cycling behaviour is
resilient to the agents’ choice of regularization method, and it applies to all positive affine
transformations of zero-sum games, including strictly competitive games (Adler et al.,
2009), even though these changes produce different playing paths. Additionally, the
cycling behaviour persists in the context of networked competition (i.e., constant-sum

polymatrix games (Cai et al., 2016)).

Apart from learning the convergence dynamic of FTRL, many researchers have tried
to improve the performance guarantee (i.e., regret bound) of FTRL-type algorithms.
Rakhlin and Sridharan (2013a) studies the setting of online linear optimization in which
at round t 4 1, the learner has access to the prediction M1 of x¢11, the behaviour
of the environment. Under this setting, Rakhlin and Sridharan (2013a) suggests a new
algorithm, Optimistic Follow the Regularized Leader (OFTRL) that can theoretically

exploit the extra prediction.

3For detail proof, see Corollary 2.13 in Shalev-Shwartz (2012)
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Algorithm 8 Optimistic Follow-the-Regularized-Leader

Input: learning rate n > 0, regularizer function R(f), fi = argmingc» R(f)
Output: next strategy update

t
fiy1 = arjgminFm(f) —(F,3 @+ M) + R;f)

eF i=1

With a suitable learning rate, Rakhlin and Sridharan (2013a) shows that the regret
bound of the OFTRL algorithm will be

T
O [ 4[>l — M2
t=1

When M1 = 0, OFTRL becomes identical to the FTRL algorithm developed by Aber-
nethy et al. (2008). However, when M;;; is not equal to zero, the algorithm is like
predicting the next step and including it in the goal. If the prediction is correct, OF TRL
will suffer no regret. One should note here that the no-regret performance in the case of
correct prediction is not strong since an agent can achieve a no-dynamic regret perfor-
mance in this case. Thus, it is natural to develop a new algorithm that can fully exploit
the correct prediction while maintaining a no-regret property in the worst-case scenario.

This problem will be discussed thoroughly in Chapter 3.

1.2.3 Optimistic Mirror Descent

Chiang et al. (2012); Rakhlin and Sridharan (2013a) study the same setting in OFTRL
with predictable sequences and suggests a new algorithm, Optimistic Mirror Descent
(OMD), a modification of the famous Mirror Descent algorithm (Nemirovskij and Yudin,
1983). Formally, let R be a 1-strongly convex function with respect to a norm ||.||, and
let Dg(.,.) denote the Bregman divergence with respect to R. Let ||.||« be dual to ||.]|.
Let M1 be the prediction of x4; 1 at round ¢. Then the update strategy of OMD follows
Algorithm 9. Note that when M; = 0, OMD becomes exactly the same as the famous
Mirror Descent in Beck and Teboulle (2003).

The intuition behind OMD is as follows. If at round ¢ + 1, the agent can play j”t 1=
argmin ge 7 Fr1(f) = 7(f, Te+1)+Dr(f, gi+1), then it is easy to show that a small regret
can be achieved. However, in reality, the agent can not observe x;1 before making the
decision at round ¢ + 1. Yet, if the agent can make a close prediction of x;11, then it

can expect a small regret from this process.
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Algorithm 9 Optimistic Mirror Descent
Input: learning rate n > 0,
J1 = g1 = argming. r R(f).
Output: next strategy update

giy1 = argn}in Gii1(9) = n(g,z) + Dr(g,9:)
ge

fty1= al“}c{H}in Fopi(f) =n(f, Mi41) + Dr(f, 9t+1)
c

Similar to OFTRL, OMD with a suitable learning rate will have the regret bound of

T
0 (Zuwt —Mtuz> .
t=1

In Chapter 3, we will provide a modification of OMD to better exploit the prediction
M; of x;. In particular, the learner can achieve no-forward regret, a stronger notion of

performance compared to the conventional no-external regret.

Definition 1.11 (Forward Regret Saha et al. (2012)). The forward regret is defined

as:

T t
. R
FRp = Z ((ft;zt) — (g1, @1)) , where gry1 = argimin Gi1(g9) = (g, chs + ®i41) + 579)

t=1 g€ s=1

The following lemma implies that if an algorithm has no-forward regret property, then

it is a no-external regret algorithm as well, but not vice versa 4.

Lemma 1.12. Let g; be defined as above, then the following relationship holds for any
ferF:
T T
R
Z<gt7wt> < <f7zwt> + §7f)

t=1 t=1
1.3 Online Markov Decision Processes

In Chapter 4, we extend our results in two-player zero-sum games and online linear
optimization to a more general framework, namely Online Markov Decision Processes
(OMDPs), in which the agent environment dynamic can be expressed as Figure 1.1.
Our focus is on studying OMDPs, where at each round t € N, the adversary selects
the loss function l; based on the agent’s policy history {m,mo,...,m—1}. We consider
OMDPs with a finite state space .S, a finite action set A for the agent at each state,

and a fixed transition model P. The agent’s starting state, z1, follows a distribution pg

4See 3.25 for the proof of this lemma.
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over S. Given state x; € S at time ¢, the agent selects an action a; € A, and moves
to a new random state x;11 determined by the fixed transition model P(xii1|x¢,at).
The agent simultaneously receives an immediate loss I;(x¢, a;), where the loss function
l; : S x A — Ris bounded in [0, 1]/41%15] and is selected by the adversary from a simplex
Ayp. Here, {l1,ls,...,1l1} are the loss vectors of the adversary, and Ay denotes the set
of all probability distributions over {ly,ls,...,l}. We assume a zero-sum game setting,
where the adversary receives the loss of —l;(z, a;) at round t. We consider the popular
full-information feedback (Even-Dar et al., 2009; Dick et al., 2014), where the agent can
observe the loss function I; after each round t. When there is only one state in the
process, OMDPs reduce to the previous setting of online linear optimization, which we

discuss in Chapter 3.

Several scholars have examined OMDPs in an oblivious environment in which the loss
function can be chosen arbitrarily. The algorithm’s effectiveness is evaluated through
external regret, which is the difference between the overall loss and the optimal stationary
policy in hindsight. In Chapter 4, we consider a subclass of non-oblivious environment,
the strategic adversary (i.e., the adversary follows a no-(external) regret algorithm to
update the loss functions). In the presence of a non-oblivious environment, the formal
definition of no-external regret is inadequate as the adversary can adjust to the agent’s
actions. In our research, we utilize the same methodology as in Arora et al. (2012a)
and focus on policy regret. Specifically, the objective of the agent is to minimize policy

regret relative to the best-fixed policy in hindsight:

T T
Ry(m) =Ex.a | Y (X, A) | —Exoa | D IF(XT,AD)| (1.2)
t=1 t=1
where I7* denotes the loss function at time ¢ while the agent follows 71, ..., 7 and ] is

the adaptive loss function against the fixed policy m of the agent. We say that the agent
achieves sublinear policy regret (i.e., no-policy regret property) with respect to the best

fixed strategy in hindsight if Rp(w) satisfies:

Rp(nw
lim max T( ) =0.
T—oo ™ T
] Agent
New state z;11 Loss 1311 Action a;
Environment <

(. J

FIGURE 1.1: Agent-Environment Interaction in OMDPs
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We use the notation P(7) to represent the state transition matrix produced by policy m,
where P(m)s s = >_,c47(als)P¢,,. Throughout our work, we assume the mixing time
assumption, which is a commonly accepted assumption in OMDPs according to various
prior studies (Even-Dar et al., 2009; Dick et al., 2014; Neu et al., 2013):

Assumption 1 (Mixing time). There exists a constant 7 > 0 such that for all distributions

d and d’ over the state space, any policy T,

|dP(r) — d'P(r e VTlld—d|,

<

where ||z||; denotes the I; norm of a vector .

Let v] (x, a) represent the probability of pair (x,a) at time step ¢t when following policy
m with initial state x1. According to the mixing time assumption, for any initial states,
vy will eventually converge to a stationary distribution d, as t approaches infinity. We
can denote the stationary distribution set from all agent’s deterministic policies as dry.
When an agent follows an algorithm A that utilizes 71, w2, ... at each time step, we use
vi(x,a) = P[Xy =z, Ay = a] and d; = d,, despite some minor misuse of notation. As

a result, the regret in Equation (1.2) can be formulated as

T

>, vt>] —-E [Z (17, v] >] .

The mixing time assumption allows us to define the average loss of policy 7 in an online
MDP with loss I as m(7) = (I, dr) and the accumulated loss Qr (s, a) is defined as

[e.e]

Qn Z St,at (71'))‘51 = S,a1 = a,ﬂ'] .

In the next sections, we introduce two families of algorithms in the case of the oblivious
adversary. The understanding of these algorithms is fundamental in developing new

algorithms against non-oblivious strategy in Chapter 4.

1.3.1 Markov Decision Process-Expert

Algorithm 10 Markov Decision Process-Expert (MDP-E)

1: Input: Expert algorithm B; (i.e., MWU) for each state

2: for t =1 to oo do

3:  Using algorithm By with set of expert A and the feedback Qr, 4, (s, .) for each state
S
Output 741 and observe ly41

5: end for




22 Chapter 1 Introduction

In the OMDPs setting, the agent needs to choose a policy from a finite set of fixed
policies in each round of play. Thus, a naive approach could be applying a standard
no-regret algorithm (e.g., MWU) to the set of all fixed policies and following this algo-
rithm. However, there are several drawbacks to this approach. Firstly, we are dealing
with a huge number of fixed policies. Specifically, for an MDP with state space S and
action space A, the number of fixed policies is |A||S || which renders the naive no-regret’s
approach computationally infeasible. Secondly, using no-regret algorithms comes with
another issue: the policy’s current reward is influenced by past actions, which is not
typical in standard settings. Additionally, when applying typical regret algorithms, the
regret bounds are usually logarithmic in the number of policies, meaning they have a
linear relationship with the number of states. It would be beneficial to have a more
efficient regret bound that does not depend on the state space’s size, which is usually
large. Markov Decision Process-Expert (MDP-E) (Even-Dar et al., 2009) resolves the
above problem by efficiently incorporating the benefits of existing no-regret algorithms
into a more adversarial reinforcement learning setting, in which the environment could

change obliviously over time.

The idea of MDP-E (Even-Dar et al., 2009) comes from the observation of the perfor-
mance difference lemma: the global regret of the agent can be decomposed into local
regret in each state with appropriate feedback. Formally, the performance difference
between two stationary distributions of strategy = and 7* against the loss function I can

be expressed as

<l7 d7r> - <l7 d7r*> = Esed.,r* [Qﬂ',l(s’ 77) - Qﬂ’,l(sa W*)}

Therefore, summing up the above inequalities I; and d, for t =1,...,T we have

T T
Z l;,d 71't <l’d7r*> = Zd Z Qﬁhlt S5, 7['75 Qﬂt,lt(svﬂ-*)]‘
t=1

t=1 ses

Therefore, by bounding the regret in each state s with the appropriate feedback Q. 1, (s, 7),

the agent can bound the regret with respect to the stationary distribution.

Leveraging on the performance difference lemma, MDP-E (Even-Dar et al., 2009) fol-
lows a no-regret algorithm (e.g., MWU) in each state with the feedback @y, , (s, m) so
that it can bound the regret with respect to the stationary distribution. Furthermore,
in order to quantify the difference between the actual performance and the stationary
distribution, the no-regret algorithm used in MDP-E needs to have another property:
slowly updating the strategy profile (for example, MWU and FTRL satisfy this prop-
erty). Therefore, MDP-E with a suitable no-regret algorithm will lead to a sublinear
regret bound (Even-Dar et al., 2009) of

o( T4Tlog(\A|)).
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Despite the strong sublinear regret, one limitation of MDP-E is that it requires the exact
action-value function @, ; in order to update its strategy. Therefore, the algorithm will
be inefficient when the action-value function is hard or expensive to calculate. In order
to resolve that, Abbasi-Yadkori et al. (2019); Cai et al. (2020) use least squares policy
evaluation (LSPE) to estimate the action-value function @, creating new algorithms

with more practical use.

While MDP-E can work well with function approximation for the action-value function,
extending it with some constraints such as uncertainties in the transition model will
be challenging due to the nature of the algorithm. In the next section, we introduce
another class of OMDPs algorithm that can effectively handle model constraints and

further extensions.

1.3.2 Online Relative Entropy Policy Search

Compared to the MDP-E line of work, the Online Relative Entropy Policy Search (O-
REPS) algorithm (Zimin and Neu, 2013; Dick et al., 2014) improves on the suboptimal
dependency of the regret bound on the mixing time parameter 7. To achieve this, O-
REPS views the OMDP problem as an online linear optimization problem and demon-
strates that the resulting methods can be implemented efficiently. The first observation
in O-REPS is that the set of all stationary distribution dpy is a convex polytope in RIV|
and can be expressed as a set of linear constraints (U denotes all the (state, action) pair
so |U| =|A| x |5]):

dn = d€[0,1}|U|:Zd( ) =1, Z d(s,a) Zd (s|lu),s € S

uelU a€A(s) uelU

Then by applying an online linear optimization algorithm with the loss function (l, dy,)
and the convex decision set di;, O-REPS can have a sublinear regret bound with respect
to the stationary distribution. The remaining job is to derive the connection between
the actual regret and the regret of the stationary distribution, which follows (see Lemma
1 in Dick et al. (2014) for the full proof)

T T T
E[th(Xt,At) —Exa | D U(XTAT)| <D B[l dr, — de)] + T(7 + 1)k + 47 + 4,
t=1 t=1 t=1

for any k > E[||d, —dr, .||, t=2,...T.

Given that it is possible to retrieve a policy from a stationary distribution, it is suffi-
cient to identify a sequence of di,...dr € dp that changes gradually and leads to a
small initial value for the bound. Using the famous Mirror Descent with approximate

projections (Dick et al., 2014), O-REPS can achieve the following regret bound in the
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full information setting

O(v/ 7T log(|Al)),

which is a substantial improvement in the mixing time dependency compared to the
MDP-E algorithm (Even-Dar et al., 2009). Another improvement of O-REPS compared
to MDP-E is that it can easily accommodate uncertainties in the transition model by
extending the convex decision set dy (see for example Rosenberg and Mansour (2019)).
In Chapter 4, we focus more on extending our result in the MDP-E line of work and

leave the extension on O-REPS as an important future work.

1.4 Structure of the Thesis and Contributions

This thesis contains three main chapters that consider the problem of learning against
the strategic adversary under different settings: Two-player Zero-Sum Games, Online
Linear Optimization, and Online Markov Decision Processes. Together, we extensively
derive different theoretical and empirical results that broaden our understanding of the
strategic adversary. Since our goal is to create a cohesive thesis while ensuring that
each chapter remains independent, we reintroduce some notations and definitions with
minor modifications in each chapter to align with the specific context. Our hope is that
this approach will help readers fully grasp our contributions. Figure 1.2 summarizes our

contributions in each setting.

Firstly, in Chapter 2, we consider the two-player zero-sum games setting and develop
a new algorithm, Last Round Convergence in Asymmetric algorithm (LRCA), a no-

dynamic regret algorithm that leads to last round convergence against the strategic

Chapter 4: Online Markov Decision Processes (OMDPs)
MDP-E against the Strategic Adversary; MDP-OOE algorithm with no-policy regret
and LRC-OMDP algorithm with last round convergence

Chapter 3: Online Linear Optimization
Introducing OSO; AFTRL; AMD; Prod-BR with no-dynamic regret and
AMWU algorithms with last round convergence

Chapter 2: Two-Player Zero-Sum Games
Introducing LRCA algorithm with proven last round convergence
and no-dynamic regret

Learning against the Strategic Adversary

FIGURE 1.2: Contributions of our thesis



Chapter 1 Introduction 25

adversary. This is the first algorithm to achieve both last round convergence and no-

dynamic regret against the strategic adversary in the literature.

Secondly, in Chapter 3, we consider a more general setting compared to the two-player
zero-sum games: online linear optimization. In this setting, we further exploit the
property of the strategy adversary and propose Online Single Oracle, a combination
of no-external regret algorithms and double oracle from game theory that achieves a
better external regret. Furthermore, we develop three online learning algorithms, namely
Accurate Follow the Regularized Leader (AFTRL), Accurate Mirror Descent (AMD) and
Prod-Best Response (Prod-BR), that can intensively exploit the extra knowledge from
playing against the strategic adversary. Our algorithms are the first to consider forward
regret and achieve O(1) regret against the strategic adversary. A special case of AFTRL,
Accurate Multiplicative Weights Update (AMWU) leads to last round convergence in
the self-play setting with a better rate compared to state-of-the-art algorithms (e.g.,
MWU, OMWU).

Thirdly, in Chapter 4, we study online Markov decision processes (OMDPs), a general
setting that covers many practical applications. Under this setting, we first show that
MDP-E is a no-policy regret algorithm against the strategic adversary. In real-world
games where the support size of a NE is small, we introduce MDP-Online Oracle Expert
(MDP-OOE) which provably achieves a better policy regret compared to MDP-E. In
convergence dynamic analysis, we show that our algorithm, Last-Round Convergence in
OMDPs (LRC-OMDP), achieves last round convergence to a NE against the strategic
adversary. Finally, Chapter 5 concludes the work and proposes several directions for

future research.






Chapter 2

Last Round Convergence to NE
Against Strategic Adversary

This chapter is dedicated to investigating the problem of learning against a strategic ad-
versary in the context of repeated two-player zero-sum games. Specifically, we consider
the scenario in which the row player (i.e. the strategic adversary) employs a no-regret
algorithm to minimize her regret while repeatedly playing the game, and focus on devel-
oping a no-dynamic regret algorithm for the column player to achieve last round conver-
gence to a minimax equilibrium. Our proposed algorithm is designed to efficiently handle
a broad range of popular no-regret algorithms that the row player may use, including
the multiplicative weights update algorithm, general follow-the-regularized-leader, and
any no-regret algorithms that satisfy the stability property. Our analysis demonstrates
the effectiveness of our approach, making significant contributions to the literature on

learning against strategic adversaries in the two-player zero-sum games setting.

2.1 Introduction

Repeated two-player zero-sum games form one of the most studied classes of repeated
games in game theory. In this setting, thanks to Blackwell’s famous approachability
theorem, if a player’s strategies are generated by algorithms (i.e., policies) with a special
property called “no-regret”, one can prove that, on average, that player does not perform
worse than the best-fixed strategy in hindsight. A direct implication of this result
is that if both players choose to play such no-regret algorithms, their average payoffs
will converge to the game’s minimax value. Put differently, the players’ strategies will
converge to a minimax equilibrium on average (see e.g., Cesa-Bianchi and Lugosi (2006)
or Arora et al. (2012b) for more details). It can also be easily shown that this (on-
average) convergence holds independently from the prior information that each player

has about the payoff matrix A. That is, no matter how much prior information a player

27
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1:=0.5 pe=1/t1/3

— MWU vs MWU
- MWU vs LRCA

—)

tail, tail head,tail tail, tail head,tail

FI1GURE 2.1: Player Strategies Spiraling Outwards In MWU vs Last Round Conver-
gence in LRCA in Matching Pennies after 2500 iterations with the Same Initial Condi-
tion.

has about the game, she cannot exploit the other player’s average payoff if the latter

uses a no-regret algorithm.

In this chapter, we consider a shift of interest for the column player and investigate
whether she can achieve that in the repeated two-player zero-sum games setting. Along
with optimizing the usual performance measure (i.e., no-regret property), the column
player also wants to keep her strategy stable while repeatedly play the game. This
is motivated by the fact that changing strategies through repeated games might be
undesirable. For example, changing the (mixed) strategy of a company will increase
the cost of operation to implement the new mixed strategy (e.g., as a result of having
to hire new equipment and employees). Therefore, the company often aims not only to
maximize the revenue (i.e., the average payoff) but also to reduce the cost of operation by
having a stable strategy. For another example, consider a government-owned company,
for whom, along with the average benefit, keeping the market stable is one of the key
goals in order to increase social welfare. Finally, in system design, the designer (the
column player) will want the participant (the row player) to play a certain strategy so

that the system is well-behaved.

In the online learning literature, maximizing the average payoff and achieving the sys-
tem’s stability are often viewed as conflicting goals. That is, if all the player in a system
follows a selfish behaviour (e.g., an FTRL no-regret algorithm) to maximize their payoff,
then the dynamic of the system could become chaotic, and last round convergence never
happens (see, e.g., Mertikopoulos et al. (2018) for more details). Figure 2.1 demonstrates
a simple game of matching pennies where the dynamic of two selfish players using Multi-
plicative Weight Update(MWU)(i.e., the blue trajectory) leads to outwards spirals with
different step size p. Thus, the Nash equilibrium point(i.e., the centre point) can never
be achieved in this situation. The question is, whether there is a way to achieve both

no regret and stability in a system.
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In this chapter, we show that it is possible to exploit strategic adversaries to achieve
both stability and no-dynamic regret; that is, the regret compared to the best action
of each round. In the general fully adversarial setting, it is impossible to achieve no-
dynamic regret property and therefore the state-of-the-art algorithms instead measure
the success by comparing the regret with the best fixed strategy in the hindsight. By
looking deeper into the adversarial setting and analysing the behaviour of strategic

players, one can achieve a much stronger concept of regret: dynamic regret.

The intuition behind this result can be explained as follows: If the row player believes
that the goal for both players is to maximize their average payoffs (i.e., a fully adversary
setting since the column player tries minimise the payoff of the row player in zero-sum
game), then she will typically choose to play a no-regret “type” algorithm to achieve
good average performance. Being aware of this, the column player can now choose
an algorithm that exploits this information to have no-dynamic regret and last round
convergence. We should note here, however, that it is not trivial how this can be
efficiently done. For example, if the column player keeps playing the same strategy (i.e.,
the minimax equilibrium), then while the system might achieve stability as the strategy
of the row player will converge to the best response, this is not a no-regret algorithm

and therefore, far away from being a no-dynamic regret algorithm.

Motivated by the abovementioned challenge, we propose a new algorithm that achieves
no-dynamic regret for the column player in the case the row player is a strategic adver-
sary. In contrast to normal no-regret algorithms which take best fixed strategy as the
milestone, dynamic regret (e.g., see Besbes et al. (2015)) compares the regret with the
optimal strategy in the hindsight. Thus, dynamic regret is a much stronger concept than
normal regret, especially in situation where every fixed strategy perform poorly in the
game. In adversarial setting, we show that one player can leverage the other strategic
player’s behaviour to achieve a no-dynamic regret algorithm. In the general case, we
introduce a method for the column player to have no-regret property against random
strategies of the row player while still maintaining no-dynamic regret property against

a strategic row player.

Furthermore, while on-average convergence has been extensively studied, it is still an
open question whether last round convergence can be achieved, especially when the row
player is also playing a no-regret algorithm (see Section 2.2 for more details). Against
this background, we show that our algorithm, called the Last Round Convergence in
Asymmetric games (LRCA), provably achieves last round convergence to a minimax
equilibrium of the corresponding game. As shown in Figure 2.1, our Last Round Con-
vergence Algorithm (i.e., the orange trajectory) converges to the Nash equilibrium of the
Matching Pennies game while playing against the MWU with different step size yu. We
prove that in our setting if the column player follows LRCA and the row player follows
an algorithm from a wide set of common no-regret algorithms, then last round conver-

gence to the minimax equilibrium of the game can be achieved. Note that in the case
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the horizon of play is unknown, the row player needs to employ a decreasing learning
rate to make the algorithm no-regret. It means that the new observation feedback will
be discounted compare to the old feedback. Lin et al. (2020) argues that this discounted
new feedback is counter intuitive and unjustifiable from economic principles. Thus, it is
important to consider the no-regret learning dynamic where the learner does not impose
decreasing step size. In this chapter, we allow the row player to play different type
of algorithms, including p-regret algorithms (i.e., constant step size) in which even the

average convergence in self-play is not yet known.

Overall this chapter has two main contributions. First, by allowing different strategies
between the column and row player, in Section 2.5, we propose an algorithm that leads
to last round convergence in many situations, which were proven not to hold (i.e., there
is no last round convergence) in symmetric information settings. Second, we show that
by using the algorithm, the column player can achieve no-dynamic regret property; see
Section 2.6 for more details. This answer the question of how to achieve both maximizing

the average payoff and stability against the strategic adversary in a repeated game.

2.2 Related Work

It is well-known that if both players use no-regret algorithms, their average strategies
converge to a minimax equilibrium with the convergence rate of (’)(T_l/ 2): cf. Freund
and Schapire (1999). Daskalakis et al. (2011) and Rakhlin and Sridharan (2013b) have
further improved this result by developing no-regret algorithms with a near-optimal
convergence rate of O(%). However, despite the extensive literature on no-regret
algorithms, these algorithms typically provide on-average convergence only, but not last
round convergence. For example, Bailey and Piliouras (2018) proved that in games
with an interior Nash equilibrium point, if the players use the multiplicative weights
update (MWU) algorithm, then the last round strategy converges to the boundary. In
addition, Mertikopoulos et al. (2018) showed that by using regularized learning, the sys-
tem’s behaviour is Poincaré recurrent; that is, there is a loop in the strategy dynamics
of the players. This undesirable feature causes many issues in game theory and applica-
tions, including unwanted cyclic behaviour in training Generative Adversarial Networks
(GANSs). Thus, a learning dynamic leading to last round convergence is of importance
in the development of the field (see, e.g., Daskalakis et al. (2018) for more details).
Note that in a recent paper, Daskalakis and Panageas (2019) proved that if both players
use the optimistic multiplicative weights update algorithm (OMWU), then we have last
round convergence to the minimax equilibrium if this equilibrium point is unique. This
last round convergence result also requires another restrictive assumption, namely: The
constant step size of the update mechanism has to be calculated from the payoff matrix
A of the game. Therefore, if the row player does not know the matrix A of the game,

then OMWU cannot guarantee last round convergence (as it requires both players to
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know matrix A). Besides, if the row player plays different no-regret algorithms such that
MWU or FTRL, which are widely used in many applications, then OMWU cannot lead
to the last round convergence either. This raises the question of whether there could be
a robust algorithm, when playing against different no-regret algorithms, converging at

the last round to minimax equilibrium.

2.3 Key Assumptions

To proceed with the development of this chapter, we make the following two assumptions:

1. The column player can get an arbitrarily close estimation of her minimax equilib-

rium.

2. The row player is a strategic adversary (i.e. follows a no-regret “type” algorithm).

The rationale of these assumptions can be explained as follows: Assumption 1 may
arise from asymmetric information two-player zero-sum games in which the column
player knows the matrix A of the game. In this case, the column player can calculate
the exact minimax equilibrium using linear programming. Realistic examples for this
setting include problems from the security games domain, where an attacker can store
the feedback from past observations and analyze the behaviour of the system. Thus,
the attacker could know the matrix A of the game. Another example comes from the
perspective of a new company that enters an existing business market. In this market,
every strategy and payoff of the players are revealed. Therefore, when a new company
enters the market, it can anticipate what the payoff for a particular action of its strategies
is. Thus, the new incomer knows the matrix A of the game. Note that the asymmetric
game assumption might appear in many other applications, and hence we argue that

this setting deserves attention from the online learning research community.

In the case of symmetric information games (i.e., both players have the same prior
information about the game), if the row player follows a no-regret type algorithm, the
column player can first use a no-regret algorithm to estimate the minimax equilibrium.
Note that in this estimation phase, the column player cannot guarantee the no-dynamic
regret property like in the case of an asymmetric game. See Section 2.5.5 for more
details.

Assumption 2 comes from the vanilla property of no-regret algorithms: without prior
information, a player will not do worse than the best-fixed strategy in hindsight by
following a no-regret algorithm. In this chapter, we allow the row player to deviate from

a no-regret algorithm in a certain way; that is, she can choose a fixed learning rate.
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We also consider the full information feedback (see, e.g., Bailey and Piliouras (2018),
Daskalakis et al. (2011), Freund and Schapire (1999)).

Note that our setting differs from Daskalakis and Panageas (2019) in the following ways:
we require neither the knowledge of the update step size nor the uniqueness of the
minimax equilibrium. In addition, our result does not require the row player to follow
the fixed learning rate OMWU. As such, we argue that our result can be applied to
more real-world applications, due to its more reasonable and realistic assumptions (see

Section 2.3 for more detailed discussions).

2.4 Problem Formulations & Preliminaries

Consider a repeated two-player zero-sum game. This game is described by a n x m
payoff matrix A and w.l.o.g we assume the entries of A in [0,1]. The rows and
columns of A represent the pure strategies of the row and column players, respec-
tively. We define the set of feasible strategies of the row player, at round ¢, by A, :=
{ze e R"| YO0 @e(i) =1, (i) > 0Vi e {1,....,n}}. The set of feasible strategies of
the column player, denoted by A,,, is defined in a similar way. At round ¢, if the row
(resp. column) player chooses a mixed strategy x; € A,, (resp. y; € A,,), then the row
player’s payoff is —x, Ay;, while the column player’s payoff is x| Ay;. Thus, the row
(resp. column) player aims to minimise (resp. maximise) the quantity x, Ay; (resp.
x; Ay;). John von Neumann’s minimax theorem (Neumann (1928)), founding stone in

zero-sum games states that

s ety = gl xetAy = .
for some v € R. We call a point (z*, y*) satisfying the minimax theorem Equation (2.1)
the minimax equilibrium of the game. Throughout this chapter, we use the notation
f(x) = maxyea, ¢' Ay. Since A is a non-zero matrix with entries in [0, 1], we
have f(x) > 0. Note that (x,y*) which satisfy f(x) — v < e are e-Nash equilibria (i.e.,
maxyeAm:L'TAy —x" Ay < ecand &' Ay — mingea, ' Ay < ¢ ) and € = 0 implies a;
is the Nash equilibrium of the row player. Similarly, if mingea,, x! Ay = v, then y is
also a minimax equilibrium strategy. Next, we define the concept of a no-dynamic regret

that will play an important role in this chapter.

Definition 2.1 (Besbes et al. (2015)). Let @1, @2, ... be a sequence of mixed strategies

played by the row player. An algorithm of the column player that generates a sequence

!Note that the main focus of this chapter is on the investigation of the benefit of having asymmetric
information. Thus, the analysis of other feedback cases, such as bandit or semi-bandit, is out of scope
and remains part of future work.



Chapter 2 Last Round Convergence to NE Against Strategic Adversary 33

of mixed strategies y1,yo,... is called a no-dynamic regret algorithm if we have
T
. DRy
Tlgréo =0, where DRyt := ; <;re1g}; x] Ay — Ayt>

Here, the no-dynamic regret property is a stronger notion, compared to the usual no-
regret property, as the latter, defined by Rt = maxyen,, % Zthl x;' A(y—y;), is bench-
marked against the best-fixed strategy in hindsight.

Note that no-dynamic regret is typically impossible to achieve with current state-of-the-
art algorithms in the adversarial symmetric setting. We will show that in our setting we

can design an algorithm that can achieve the no-dynamic regret property.

Finally, it is important to mention that in this chapter, we will use the Kullback-Leibler

divergence to understand the behaviour of the row player’s strategies.

Definition 2.2 (Kullback and Leibler (1951)). The relative entropy or K-L divergence

between two vectors X7 and Xs in A, is defined as

s - m0me (32

The Kullback-Leibler divergence is always non-negative. Furthermore, from Gibbs’s
inequality (Mitrinovic and Vasic (1970)) we can show that RE(X;|X2) = 0 if and only

if X7 = X9 almost everywhere.

2.5 Last Round Convergence to Minimax Equilibrium

We first start with the investigation of last round convergence in asymmetric infor-
mation cases. In particular, we present the Last Round Convergence of Asymmetric
games (LRCA) algorithm for the column player. We then show that our algorithm
is robust to many no-regret algorithms that can be played by the row player, namely:
MWU/LMWU, general FTRL and stable no-regret algorithms(i.e., it provides last round
convergence when played against these algorithms). Under Assumption 1, we first study
the case where the column player knows the exact minimax equilibrium y* and the
value v of the game (i.e. the column player knows the matrix A of the game). We then
consider the case where only estimation of y* and v are available to the column player
in Section 2.5.5.

For a sequence of strategies @1, €2, ... played by the row player, the LRCA algorithm (see
Algorithm 11) for the column player can be described as follows: At each odd round, the

column player plays the minimax equilibrium strategy, y*, so that in the next round,
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she can not only predict the distance between the current strategy of the row player
and a minimax equilibrium but also prevent the row player from deviating the current
strategy. Then, at the following even round, the column player chooses a strategy such
that the feedback to the row player, Ay, is a direction towards a minimax equilibrium
strategy of the row player. Depending on the distance between the current strategy
of the row player and a minimax equilibrium (which is measured by f(x;—1) — v), the
column player chooses a suitable step size ay so that the strategy of the row player will
approach a minimax equilibrium. Note here that § is a constant number and we can
fix B = n? so that our LRCA algorithm is robust against different no-regret algorithms
that we consider in this chapter. In order to obtain a tighter regret convergence rate,
we choose two different § in the case of MWU/LMWU and FTRL.

Algorithm 11 (LRCA) will work for a large set of learning rates, including the constant
learning rate case. Simpler algorithms, such that “fictitious play” or “best response to
the last feedback” will fail to converge in the simple case of constant learning rate and

do not have the no-dynamic regret property in Section 2.6.

In Algorithm 11, every odd round the column player keeps playing the same strategy y*
and thus the row player can realize and exploit this pattern. To avoid this scenario, the
column player can randomly choose two successive strategies such that: yor_1 4+ yor =
y* + (1 — agg)y™ + aggesr, where g, and egy, are chosen according to Algorithm 11. By
following this method, the cumulative feedback received by the row player in the odd
round will stay the same and thus the analysis of Algorithm 11 remains correct. We will
prove in the following subsections that if the column player follows LRCA and the row
player uses one of the aforementioned no-regret algorithms, last round convergence to

the minimax equilibrium will be achieved.

Algorithm 11 Last Round Convergence in Asymmetric algorithm (LRCA)

Input: Current iteration ¢, past feedback astTflA of the row player
Output: Strategy y; for the column player
ift=2k—1, k€ N then
Yy=y"
else if t = 2k, k € N then
em} x! (Ae;  flxy 1) = MaXyeA,, x| Ay

e i= argmaX,cie o,
o = 7“%%1)_1)
Y= (1 —a)y* + avey
end if

2.5.1 No-Regret Algorithms with Stability Property

We first prove that LRCA can work with a general class of no-regret algorithms, should
the no-regret algorithm of the row player have a “stability” property defined below:
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Definition 2.3. A no-regret algorithm is stable if Vt:y, = y* = x4 = xy.

The stability property is natural and can be explained as follows. Intuitively, in a good
situation where the column player follows y* and all the rewards Ay* are equal (i.e.,
Ay* = [v,v,...,v]), the row player’s all strategy will provide the same reward and there
is no incentive to change the current strategy. Thus, the next strategy of the row player
will be the same as the current strategy (i.e., ;41 = @;) and the column player can use

this information to exploit the row player in the next iteration.

There are many no-regret algorithms with the stability property. For example, we prove
below that a wide class of no-regret algorithms, Follow The Regularized Leader (FTRL),

are stable:

Lemma 2.4. Suppose the row player follows an FTRL algorithm with reqularizer R(x)
defined as:
t—1
x; = argmin px (Z Ayi> + R(x).

mEAn i=1

If there exists a fully-mized minimaz equilibrium strategy for the row player, then FTRL

1s stable.

Proof. As there exists a fully-mixed minimax equilibrium strategy for the row player,

we have Ay* = [v,..., U]T. Thus, we have
T *
x Ay =v Ve eA,.

When the column player follows the minimax strategy, the minimization for x; and x;11

only differ by a constant term v, so their solutions are the same. O

Note that the FTRL framework, with appropriately chosen R(x), can recover many pop-
ular no-regret algorithms, such as online mirror descent, multiplicative weights update,
and Hannan’s algorithm (a.k.a. Follow the Perturbed Leader). See, e.g., (McMahan,
2011; Arora et al., 2012b) for more details. Following the stability property, we prove

the LRCA can lead to e-Nash equilibrium, where € can be chosen arbitrarily small:

Theorem 2.5. Assume that the row player follows a stable no-regret algorithm and n
is the row player’s strategy dimension. Then, by following LRCA, for any € > 0, there
exists | € N such that % = (’)(%) and f(x;) —v <.

Proof. We will prove the theorem by contradiction. Suppose there exists ¢ > 0 such
that:
flx;) —v>e€ VIEN.



36 Chapter 2 Last Round Convergence to NE Against Strategic Adversary

Then, following the update rule of Algorithm 1 (LRCA) we have:

X flxog—1) —v _ €
Yp-1=Y Qg = ——FH—— > 5.
B B

By the stability property, as yor_1 = y*, we then have: xop_1 = @9r. Following the
update rule of Algorithm 1 (LRCA):

xh Ayor = o3, 1A ((1 — agp)y™ + agrear)

> (1 — agp)v + g f(@2r-1) (2.2a)
> (1 — agp)v + aog(v +€) (2.2b)
>v+ 6;,

Where inequality (2.2a) is due to
T Ay* > v Ve € A,

and where inequality (2.2b) comes from the assumption that f(ax;) —v > e. We then

have:
T 2
1 T v+ (v + B) €2
T;_lwt Y > 5 ’u+2ﬁ

We also note that, from the definition of the value of the game, we have:
T T
1 T a2 Yt
miln T ;ei Ay = mim €; AtT <.

Thus, we have:

1 T 1 T €2 €2
lim min — E e Ay, — — E z, Ay <v— v+ —= | =—=—
T~>loo il Tt ] ! ¢ Tt 1 t ¢ v (U 2ﬁ> 2ﬁ7

contradicting to the definition of a no-regret algorithm:

T T
. 1 T 1 T
jlgréonlilnT;ei Ayt_T;$t Ay = 0.

O

For no-regret algorithms with optimal regret bound R; = O(V/1), following Theorem
2.5, the players will reach an e-Nash equilibrium in at most O(1)* rounds. Due to the
full information feedback assumption, the column player will know when the row player
plays an e-Nash equilibrium strategy. Depending on the number of rounds, the column

player can lead the row player to play any e-Nash equilibrium, after that switching from
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LRCA to y* so the row player will remain to play the e-Nash equilibrium (due to the
stability property).

With the stability property, we prove that LRCA can drive the row player to play an e-
Nash equilibrium, where € can be chosen arbitrarily small. However, in situations where
the stability property does not hold (i.e., Ay* # [v,v,...,v] or the row player follows
p-regret algorithms with constant step size), we need different analyses for LRCA. In
the following sections, we provide refined analyses for the LRCA algorithm with respect

to specific algorithms followed by the row player.

2.5.2 Last Round Convergence under MWU/LMWU

One of the most well-studied no-regret algorithms in the game theory literature is the

multiplicative weights update (MWU) method, which can be defined as follows:

Definition 2.6 (Freund and Schapire (1999)). Let yi,y2,... be a sequence of mixed
strategies played by the column player. The row player is said to follow the MWU
algorithm if strategy a1 is updated as follows:
zo (i) = () S e {1, ),
where { Zy=3%1, a:t(i)e_“feiTAyt, we € [0,00) is a parameter,
e;, i €{1,...,n}, is the unit-vector with 1 at the ith component.

Bailey and Piliouras (2018) proved that if both players follow MWU then in the case of
interior minimax equilibrium, the strategies will move away from the equilibrium and

towards the boundary(e.g., the blue trajectory in Figure 2.1).

A variant of MWU is the Linear Multiplicative Weight Update(LMWU), which is also

a no-regret algorithm with a suitable step size:

Definition 2.7. The row player is said to play the LMWU if the row player updates

the strategy as follows:

T 1(1) _ mt(i)(l - MteiTAyt)
" Yo () (1 — pee; T Ay)

Vie{l,...n}.

In this subsection, we prove that Algorithm 11 (LRCA) played by the column player
will lead to last round convergence in the case of MWU/LMWU. The following lemma
shows that the relative entropy between the strategy of the row player and the minimax

equilibrium is non-increasing.

Lemma 2.8. Assume that the row player follows the MWU/LMWU algorithm with a

non-increasing step size pug such that there exists t' € N with py < % If the column
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player follows LRCA with 3 > 2 then

* 1
RE (x*||@og—1) — RE (x*||xok11) > 2,“2k042k(f($2k—1) —v) VkeN: 2k > t,

where RE denotes the relative entropy, which is defined in Definition 2.2.

Proof. First, we provide the proof in the case of MWU. Following Definition 2 of relative
entropy we have:

RE(x"||@2ps1) — RE(fc*Hw%—l)

= (RE(z"||w2r41) — RE(x"[|z2r)) + (RE(x"||2ok) — RE("||228-1))

(o) Erom (28]

n

(Zw )log <932k Z;m i)log (CB% (1221)>>

1=

(Zm Jlog <3'321<:+1Z()Z )) (Zm Jlog <m32?];;(1%()2)>) '

Following the update rule of the multiplicative weights update algorithm in Definition

3.1 we have:

RE(z"||Tok 1) — RE(x™||22x 1)

(,uzkiv Ay2k+10g(Z2k)) <M2k—1$*TAy2k—1+10g(22k—1)>

<,u2kv + log (Z wgk(i)e“Q’“eiTAy%>> + (p2k—1v + log(Zak—1)) (2.3a)

IN

=1
& T T
Lorv + log (Z :I:Qk_l(i)e’#%flei AYok—1 o~ H2k€; Ay2k> _ log(ng_1)>
=1

(f2k—1v + log(Zak-1)) ,
where Inequality (2.3a) is due to the fact that *' Ay < v Vy € A,,. Thus,

RE(@"|[@2111) — RE(2"|[w2 1)

n
< (,U,gk’U + log (Z iBQk_l(i)e“2k1€IAy*6#2k€;Ay2k>> + piok_1v

=1

n
< (M%U + log (Z m%_l(Z')e—uzk_we—#zkez—Ayzk)) + piok_1v (2.4a)

=1

n
= pokv + log (Z w2k_1(i)€_“2keiTAy2k> ;

i=1
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where Inequality (2.4a) is the result of the inequality:
T Ay* > v Vx e A,
Now, using the update rule of Algorithm 1 (LRCA)
Yor = (1 — qop)y™ + ke,
we then have:
RE(x*||xok—1)

RE(x”||2or 11

.
< poxv + log Zw% 1(7)e H2re Ay?’“)

< piopv + log Zm% 1(i)e —p2k((1—azk)vte; A(O‘2k62k))>' (2.5a)

) —
= pokv + log (ZCC% | (3)eHarel All—azk)y *+‘”2ke2k)>

The Inequality (2.5a) holds as:
zT Ay* >0 Yz e A,
This leads to
RE(z"||@ok+1) — RE(™||T2k-1)

n

N T

< Mok oV + log < E wgk_l(z)e M2k 2k€; Aegk)
=1

< popaoiv + log (Z Tok—1(1)(1 — (1 — e H2E¥2k) g, A€2k> (2.6a)
=1

= p2r0okv + log <1 —(1- 6_“2'“012'“)41321«7;146%)
< pokaopv — (1 — e P22 ) o 1 T Aegy (2.6b)

= pogoorv — (1 — e7H20920) f(ag)_q),
where Inequalities (2.6a,2.6b) are due to
r<1—(1-p)z VB8>0xe€l0,1] and log(l —z) < —x Vo < 1.

We can develop Inequality (2.6b) further as
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RE(x*||xor11) — RE(x*||xor—1) < popaopv — (1 — e7H2K92%) f(@g) 1)

< Hok okl — (1 — <1 — Moglog + ;(ﬂ%a%)Q)) f(Tar—1) (2.7a)
= — ook (f(x2r—1) —v) + %(Mk%k)zf(m%—l)

< —pogoap(f(Tor—1) —v) + }M%Q%N%Mf(w% 1) (2.7b)
- N 2 f(xak—1) -

< — ok (f(Tor—1) —v) + %MZkQZk (f(xog—1) —v) (2.7¢c)
= _%ﬂ%a%(f(w%fl) —v) <0.

Here, Inequality (2.7a) is due to e” < 1+z+ 322 Vz € [—00,0], Inequality (2.7b) comes

from the definition of ay:

fl®e—1) —v
B

and finally Inequality (2.7¢) comes from the choice of k at the beginning of the proof,

ap = 76227 f(ka—l)Sl

ie., uop < 1.

We now consider the LMWU case. From the step size assumption of LMWU algorithm,

we have:
o

1
3t € N such that p; < 3 and lingpi = 0.
1=
Using the update rule of LMWU in Definition 3.3 we obtain

Trmi1(1) . . Trmi1(n) ~- (1

T T
— lUm Ay ... (1 — umen ' Ay,
zm(1) 2o (1) pmer ' Ayn) (1 — pmen Aym) Ym

Take m equal t and ¢t — 1 and time the equations side by side we obtain

xi1(1)  ®1(2) iy1(n) - .
. N = 1 — A 1 _ B A _ .

xi—1(1) " xe_1(2) x;_1(n) ( pier Ayg)( pi—1e1 Ayi_1)

(1— pes” Aye)(1— pr—1ea” Ays1) i (1— e Aye)(1— p-1e,, | Ayy1)

@1 (i )(1—Mt61TA’yt)(1—Mt 1€4 Ayt 1)

Viel,2,...n
Zj:l xi—1(J)(1 — e TAy)(1 - Ht—1€; TAy; 1)

= x41(1) =

Note that for ¢ is event, y;—; = y* in LRCA-1 algorithm. For any i such that : e; ' Ay* =
v we have:
@i (i) (1 —pu—re;" Ay*)(1 — me; " Ayy)
ze1(i) 1)1 — pere; T Ay*) (1 — ey T Ayy)
_ (1= 1) (1 — mei " Ayy)
S @1 — p—1e; T Ay*) (1 — e T Ayy)
(1— pe; " Ayy) N (1—ue; " Ayy)

S () (- ] Ay 2gm @) (1= ey Av)
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The last inequality is due to e;—Ay* >ov Vje{l,...,n}.

We also have for any j such that : e;' Ay* > v then x*(j) = 0 for any minimax

equilibrium strategy x*. Therefore, we have:

« xy11(4)
E _ E(x
RE(x*||xi—1) — R *lzir1) ZCB <$t1(1)>
> Za: ) log (1 juei Ay) im )log ,ute,TAyt)
dimpze—1(d)(1 - pre; T Ayy) 1 — mx, Ay

Applying inequality log(z) > (z — 1) — (z — 1)? V2 > 0.5 to the above equation, we

obtain

2
iTA 1— el A
RE(z*||z_1) — RE(2*||zi41) > Z mer Ay oy (Uzmer Ay)

pa 1 — )y Ay 1— | Ay
_ (e Ay — 2T Ayy) Z el Ay — e Ayy)?
1 — ] | Ay — (1— ez | Ay)?

Now, following Algorithm 1 (LRCA), we have: y; = (1 — ay)y* + ayeq. For j such that
e;-rAy* > v, we have *(j) = 0. We can simplify the above equation accordingly and

use the Cauchy theorem to obtain

RE(@" |y 1) — RE(@" |141) >
= 0L Ay =) g 20— e Ay o’
1— ) | Ay —1 (1 — ez Ayy)? (2.8)
N pea (x| Aey — a:*TAet) B zn:x*(i)Q,utza?(ath_lAet — el Ae;)?
(1= mw_  Ayy)?

1- Mtth_lA'yt i—1

1 .
For py < 5 we have:

> 0.

pe(l — a)(z_ Ay* —v) Zw 207 (1 — o) (2 Ay —v)?
1— ) | Ay, (1 — x| Ay;)?
We also have:
(] | Ae; — e Ae;)? < 1
(1 peay_ Aye)? (1= ) (1 — pua_ Ayy)

Follow the Inequality (2.8), we obtain

/J,tOét(SC;I;lAet — .’IB*TAet) 2#%04152

RE(x*||xi—1) — RE(x"||xi+1) > .
1=z Ay (1= pe)(1 = e Aye)
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By definition of «; in LRCA-1 algorithm

T T T
x,_Ae —v < z, Ae; —x* Ae;

= 2 = 2 ’
along with p; < é we have:
lutat(azj_lAet — :L'*TAet) - 2u?a?
2 1 — ) | Ay T (1= ) (1 — ) Ayy)

Thus, we have:

1 T Ae,—az*TA
RE(x*||xi—1) — RE(x"||zi11) > ez, Aey —a et)

2 1- Mtth_1Ayt
> lﬂtat(mtTAAet —v) > pran(z]_ Aep — v)
T2 11—z Ay 2

>0Vt =2k.

This lemma can be used to prove the following result:

Theorem 2.9. Let A be an nxm non-zero matriz with entries in [0, 1]. Assume that the
row player follows the MWU/LMWU algorithm with a non-increasing step size p; such
that limp_ o Z::F:l ur = oo and there exists t' € N with puy < % If the column player
plays LRCA then there exists a minimaz equilibrium &*, such that limy_, oo RE(Z*||x;) =

*

0 and thus limi— o x; = Z* almost everywhere and limi—o Y = y*.

Proof. Let «* be a minimax equilibrium strategy of the row player (z* may not be
unique). Since p; is a non-increasing step size, there exists ¢’ such that pu; < % for all
t > t'. Following Lemma 2.8, for all k¥ € N such that 2k > ¢/, we have

* * 1
RE(z||®a+1) — RE(@"||@20-1) < —5 pawcan(f (@2k-1) = v). (2.9)
Thus, the sequence of relative entropy RE(x*||@2,_1) is non-increasing for all k > % As
the sequence is bounded below by 0, it has a limit for any minimax equilibrium strategy

x*. Since t’ is a finite number and ;7 iy = 0o, we have > 3, iy = co. Thus,

T
lim Z 2k = OQ.

T—o00 f

=r
We will prove that Ve > 0, 3h € N such that following LRCA for the column player
and MWU/LMWU algorithm for the row player, the row player will play strategy xj

at round h and f(xp) — v < e. In particular, we prove this by contradiction. That is,



Chapter 2 Last Round Convergence to NE Against Strategic Adversary 43

suppose that Je > 0 such that Vh € N, f(xp) —v > €. Then Vk € N,

gk (f(xop—1) —v) = (f(w%ﬁl) —v)° > e;.

Let k vary from [%’—‘ to T in equation (2.9). By summing over k, we obtain:

RE(z"||x2r+1) < RE(z"||2y) — 5 pakcr(f(Tak—1) — v)
k= 5]
1e? d
< RE )=
RE(z™||zv) - 5 5 Z

Since lim7_, 4 ZZf {q por, = oo and RE(x*||xp41) > 0, which contradicts our assump-
2

tion about Yh € N, f(xp) —v > €.

Now, we take a sequence of ¢, > 0 such that limy_,., €, = 0. Then for each k, there exists
xy, € A, such that v < f(xy,) < v+ €. As A, is a compact set and x;, is bounded
then following the Bolzano-Weierstrass theorem, there is a convergence subsequence
x7, . The limit of that sequence, Z*, is a minimax equilibrium strategy of the row
player (since f(z*) = f(limg_ooxz,) = limpo f(x7,) = v). Combining with the
fact that RE(&*||xor—1) is non-increasing for k > {ﬂ—‘ and RE(z*||z*) = 0, we have

2
limy_, 00 RE(Z*||xox—1) = 0. We also note that

n
— % — x JE . _ T *
RE(Z*||zok) — RE(Z*||T2k-1) = pox—13" " Ayay_1 + log (§ Loy (i)e H2k-re AY )
i1

n
< pog—1v + log (Z w2k1(i)€_“2kw> =0,

=1

following the fact that *T Ay < v for all y € A,, and ' Ay* > v for all & € A,,.
Thus, we have limy_,o, RE(Z*||@2r) = 0 as well. Subsequently, lim;_, ., RE(Z*||x;) = 0,
which concludes the proof. O
The optimal step size a4 in the case of MWU is oy = %
make LRCA robust against other algorithms of the row player, we choose the step size
as shown in the algorithm. In LRCA Algorithm 11, if we have f(x;) — v < ¢, then

However, in order to

mz’nweAanAyt >l-—ap)v>(1—e€v = v— minweAanAyt <e

It is easy to show that these inequalities imply (@, y¢) is 2e-nash equilibrium. Follow

Lemma 2.8 in the case of constant learning rate u; = u, we have the complexity of the

algorithm in order to achieve e-nash equilibrium is (’)(log(e%).
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2.5.3 Last Round Convergence under FTRL

We now consider a more general form of no-regret algorithms for the strategic adversary,
namely Follow the Regularized Leader (e.g., see Abernethy et al. (2008)).

Definition 2.10. The row player is said to play the FTRL with o-strongly convex

regularizer: F'(x) if the row player updates the strategy as follows:

t—1
1
x; = argmin Gy(x) = ' (Z Ayi> + ;F(m)

rEA, i—1

FTRL covers a large set of well-known no-regret algorithms. For instance, if the nega-
tive entropy function is used as the regularizer, then FTRL results in a fixed step-size
Multiplicative Weight Update. In the case of Euclidean regularizer, the FTRL becomes
the famous Online Mirror Descent with lazy projection(e.g. see Shalev-Shwartz (2012)).

We now have an analysis of last round convergence when play against the general FTRL:

Theorem 2.11. Assume that the row player follows the FTRL with o-strongly convex
reqularizer: F(x) with fived step such that p <1 and o > 1. Then if the column player
follows the Algorithm 11 (LRCA) with B > n?, there will be last round convergence to

the minimax equilibrium.

Proof. Let «* be a minimax equilibrium of the row player. Denote Hy(x*) = G¢(x*) —

Gy(xy), following properties of strongly convex function we have:
o
H, > —|lz* — x|
125, | ¢l

Thus, if Hi(x*) converges to 0 then we have x; converges to &*. We will prove that

(f(i-1) — U)2

Hi (%) = Hepa (x7) = o2

YVt = 2k.
From the definition of H; we have:

Hy 1(x") — Hip1 (") = (Gig1(41) — Gi—1(xi—1)) — (Giga (™) — Gi—1(x™))
= (Gi—1(xi41) — Gra(@e—1) + :I:tHTA(yt,l + 1)) — w*TA(yt,l )
> i“wﬂ—l —za|P +zen Ayt +Fy) — 2T Ay + ) (2.10a)

where the last inequality derives from the strongly convex property of G;_1. We note

that as «* = argmingea x| Ay*, the following inequality holds

x Ayt >z Ayt = vV € A,,.
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Plug it in the inequality (2.10a) and note that y;—; = y* for an even ¢, then we have:

O- ES
Hy1(x*) — Hypa(z7) > ﬂ”a’t-i-l — x|+ (Ts1 — ) Ay,

g *

= ﬂ”(lit—i—l — x|+ (e — )T (1 — ) y* + aser) (2.11a)
g *

> ﬂ”wt%-l — x|+ a(@epr —a) " Aey (2.11b)

ag
= gl - w1 ||* 4 op(mpr — 1) Aep + ap(@og — o) Aey

o
> ﬂHth — a1 |” — oull@r — 1| |Aetl|s + e (f(zi-1) — ). (2.11c)

Equalities (2.11a,2.11b) come from the definition of y;. We have the inequalities (2.11c)

as the result of,
T
a'b < |all[bl,

where || ||« denotes the dual norm. For vector a such that {a| 0 < a(i) < 1Vi € [n]} we
have:

lall. < n.

Substitute this into the inequalities (2.11c) we have:

* * g
Hy1(z") — Hypa (x7) > ﬂ”xt-l-l — @ |? = nadll@i — x|l + a(f(z) —v)

2
o no n2a?
= /gl — @l = | (@) —v) - T 2E
" 9 /o 20
2p
n2a? n?a?
> ar(f(@rr) —v) = T = o) —v) T (2.12a)
Now, from LRCA Algorithm 11 we have
oy — f(wt—12) -
n
then inequality (2.12a) implies:
a2
Hyr(a?) ~ Hon (@) 2 S (fan) - o) = YU vt even,
n

Following the same argument in the proof of Theorem 2.9, we have the last round

convergence result. ]

Note that we only need an upper bound for p and a lower bound for ¢ in order to prove
the Theorem 2.11. The FTRL with negative entropy regularizer becomes the MWU with
constant step size u. However, when p varies in each update, then the two algorithms

can be significantly different and thus the analysis in Theorem 2.9 is necessary. From
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the analysis of Theorem 2.11, the complexity of the algorithm in order to achieve e-Nash

equilibrium is (9(72—22)

2.5.4 Last Round Convergence under Optimistic MWU
When following the Optimistic Multiplicative Weight Update algorithm Daskalakis and
Panageas (2019), the row player will have the following strategy update:

efZ/LeiTAytﬁuezTAyt_l
Vie{l...n}.

Ti41 (Z) = mt(Z) Zn ) wtjef2p,eIAyz+uejTAyt_1
j:

We note that in Algorithm 11, we just use one “stabilizing” strategy y;—1 = y* before we
exploit the strategy of the row player. However, in the case of Optimistic Multiplicative
Weight Update algorithm, we need two “stabilizing” strategies. It will not change the
result of LRCA in other cases, but it will make it slower to converge to the minimax
equilibrium of the row player. In this case, let y3x = ysp—1 = y* and ysp1 = (1 —
a)y* + aesyy1 where esgy1 = argmaxycna, . zcérkAy, Vk € N. Then we have:

6_2M62—A93k+2_ﬂe?14y3k+1_Me;rAyBk'f‘MelTAyBk—l

s (1) = T3k (i) 27} | T3k (j)€—2M€;Ay3k+2—,u€jTAy3k+1—MGJ-TAysk-i-MejTAysk—l '
j:

Following that we then have:

RE(&" o) — RE(" |zgrss) = 3 () log(Z22))
i=1 31 (1)

3 *(i) log( em2ue] Ay —pe] Ay
=D _@'(i)log
=1 Z?zl 93314:(j)e_%e;Ay*_“ejTAySkﬂ

n
* N —2pel Ay*—pel
= —2uv — px TAyBk—l—l - 1og( E $3k(])e 2pe; Ay”—pe; Ay3k+1)
=1

n
—2p — v — (—2pv) — log(Y_ aay(j)e " AV
7j=1

v

n
= —uv — ]Og(z wsk(j)e_#e‘;rAy3k+l).
j=1

Now it comes back the exact step in the proof of Theorem 2.9 and with the same chosen

step size we will have the last round convergence.
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2.5.5 Convergence with Minimax Equilibrium Estimation

It is well-known that if both players follow a no-regret algorithm, then the average
strategy will converge to a minimax equilibrium Cesa-Bianchi and Lugosi (2006). Bailey
and Piliouras (2019) considered a more interesting setting where both players use a
constant step size gradient algorithm(i.e., algorithms with a constant regret). They
proved that in the case of 2 x 2 matrix A, there will be average convergence to minimax
equilibrium. Further, their experimental results suggest that the result holds true for
every size of matrix A. In this section, we consider a symmetric game in which the row
player follows the Multiplicative Weight Update Algorithm. Without the knowledge
of the matrix A, the column player first plays a no-regret algorithm and collects the
historical average strategy: an estimation of y*. After having the estimation, the column
player then follows the Algorithm 11. We prove that the strategies of the row and column

player will converge to an arbitrarily small ball containing the minimax equilibrium.

Theorem 2.12. Assume that the row player follows the MWU algorithm with o fized
step size > 0. For any A > 0, there exists € > 0 such that if the column player
follows LRCA with the approzimations of y*, v as g, v and mingea, ' Ay > v— € with
v+€>U>v—¢, then there exist T and such that for every t > T, there is a minimax
equilibrium x* such that RE(x*||x:) < A.

Proof of Theorem 2.12. We first provide some lemmas before proving the theorem.

Lemma 2.13. Let A be a matriz of a two-players zero-sum game with entries in [0,1].
For all X > 0, there exists € > 0 such that:

if max x' Ay < v+e = There exists a minimaz equilibrium x* such that ||x—x*|| < \.
yeEQam

Proof. Let denote f(x) = maxyea,, x ' Ay. Consider a closed and bounded set:
S ={x e A, |lx —x*|| > AV equilibria points *}.

f(x) is a continuous function on the closed and bounded set S, therefore it achieves a
minimum v’ in S. Since the construction of S, we have v/ —v > 0. Pick 0 < e < v/ — v,
then

Ve € Ay, mazyea, ® Ay <v+e<v = x ¢S = Iz*such that|jxz — z*|| < \.

O]

Lemma 2.14. Let x be a point in the A,. Then for every X > 0, there exists € > 0
such that Yy € A,
|z —yl| <e = Re(z|ly) < A
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Proof. For z; = 0, we have z;log(7t) = 0 so w.l.o.g, we assume x; > 0 Vi € [n]. Let

T = Miljep,) L5 Pick 0 < € < xf such that

Tk
1 <A
og(xk_ﬁ) <

With the assumption that ||z — y|| < €, we have y; > x; — ¢. Then,

E(z||ly) = lelog <le

log = log( T ) < A
Ty — €

Now, we can prove the above theorem. Following the Definition of relative entropy we

have:

RE(x*||xor+1) — RE(x"||T2r—1)
= (RE(x"||xop+1) — RE(x"||xar)) + (RE(x™||T2k) — RE(x™||T28-1))

) (i“‘*(” MECURE S (i 10e <f;(ff>>) .

1=1 =1
<y x*(i) S x* (i)
(;m (i) log (m%(z) — ;:B (i) log (wzk—l(i)>>

— <i§:x*(i)log <m>> + (éw*(i) log <w>> |

Following the update rule of the multiplicative weights update algorithm we have:

RE(x"||xopy1) — RE(x™|[T2x—1)

(u:z: Ay2k+10g(Z2k)) (M$*TAy2k—1+10g(Z2k—1))

<

pv + log (Z Lo (1)e 1 Ayz’“)) + (wv + log(Zak-1)) (2.13a)

(HU—HOg (Zﬁvzk [ (i)e el Avziorempe; Ay%) _log(Z2k—1)>
+ (pv + log(Zar-1)),

where Inequality (2.13a) is due to the fact that =* ' Ay < v Vy € A,,. Now, using the
update rule of Algorithm (LRCA)

yor = (1 — qo)y + agpeay,
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we then have:

RE(z"||@ok+1) — RE(2"||225-1)

("
< (uv+log (Zw% 1(i)erei i Ay —pel A((1- a2k)y+a2ke2k)>> + pw
< (,wu+10g (Zw% 1 (i)e P gmnll—azy)(v=e)—pazke; Ae2k>> +

n
= €(2u — pasy) + posgv + log (Z mgk_l(i)e“a%e:Ae?’“) ,
i=1

where Inequality (2.14a) is the result of the inequality:
' Ay* > v Vx € A,.
This leads to

RE(x*||xopt+1) — RE(x™||T2k—1)

=1
n

< e(2p — pogy) + pogkv + log
i=1

n
< €(2p — pogg) + pagkv + log <Z Top—1(1)e HH2kE Ae?’“)

Lok 1 (1 — 6_”a2k)eiTAer>

= €(21 — pagy) + pag,v + log (1 6_“a2")$2k—1TA62k)

IN

(21 — poor) + paggy — (1 — e 02z 1T Aeyy,

€(2p — page) + pooky — (1 — e H9%) f(wop-1),
where Inequalities (2.15a,2.15b) are due to
fr<1—(1-p)x Y8>0xze€l0,1] and log(l —z) < —a Vo < 1.

We can develop Inequality (2.15b) further as

(2.14a)

(2.15a)

(2.15b)

RE(x*||xopt+1) — RE(x"||xop—1) < €(2u — pagy) + pogiv — (1 — e_‘w‘%) f(xar—1)

< €(2p — pagy) + pookv — (1 — (1 — pogg + ;(Ma%)2>) f(xar—1)

= €(2p — povoy) — pook(f(Tar—1) —v) + %(Mazk)Qf(wqu)

€(2p — pagg) — pooy(f(T2k-1) —v) + ;Ma%ﬂf(m?fk(;lz)k;? -

1
< €(2p — pogg) — Eﬂa%(f(m%—l) — v — 2¢)
1

€(2u — pagy) = S pu(f(@on-1) — v)(f(@2k-1) — v = 2e).

f(xor—1)

(2.16a)

(2.16b)

(2.16¢)
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Here, Inequality (2.16a) is due to e® < 1+ z + 322 Vz € [—00,0], Inequality (2.16b)

comes from the definition of a4:

flxi—1) —v+e€
f(@i-1)

ay =

and finally, Inequality (2.16¢) comes from the choice of k at the beginning of the proof,
ie., pop < 1. If

A

f(xop—1) —v>3yeand e <

then we have
RE(x"||@2+1) — RE(x"||@2)—1)

< e(2) ~ 33VE(2V0)
< —ep < 0.

Using lemma 2.13 and lemma 2.14, pick € such that if f(zor_1) — v < 34/€, then
RE(m*ngk_l) <A< A- e,

Since RE() is non-negative, there exists k such that f(xgr_1) — v < 3y/e. It leads to
RE(x*||xop—1) < A — eu. If f(xart1) — v < 3y/€, then

RE(m*H$2k+1) <M< A— €LL.
If f(wgk_l) —v > 3\/E, then
RE(x*||xok41) < RE(x™||Tor—1) + 2€pt < A\ + 2ep0 < X — e

RE(x*||xor+3) < RE(x™||Tor+1) — € < A+ € < X — ep.

Following this process, we then have the K-L distance RE(x*||@xg_1) < A — eu < A for
alll > k.

For the even round, for all [ > k we have:

RE($*H$21) _ RE(m*HmQZ—l) — /.Lm*TAyQZ—l + log (Z mgl_l(i)eueiTAy>
i=1

< pv + log (Z $2l—1(i)€_“(v_5)>

i=1

= Le.

This implies that

RE(x*||xg) < RE(x™||xo—1) + pe < (A — pe) + pe =AVI> k.
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Next, we prove that the LRCA algorithm is a no-dynamic regret algorithm under mild

conditions.

2.6 No-dynamic Regret Algorithm

In this section, we first show that if the column player wants to achieve both the no-
regret and stability properties, then the row player’s strategy needs to converge to the
minimax equilibrium. We then show that LRCA is a no-dynamic regret algorithm for
the column player when the row player follows the aforementioned no-regret algorithms.
In a general case, we suggest a method to combine our LRCA algorithm with another no-
regret algorithm (such that Adahedge De Rooij et al. (2014)) so that the new algorithm
will still have no-regret property against random sequences of the row player while

maintaining no-dynamic regret in the specific situation.

Lemma 2.15. Suppose that the row player is a strategic adversary who follows a com-
mon no-regret algorithm such as MWU, OMD, FTRL, LMWU or OMWU. Then, the
column player cannot achieve last round convergence and the no-regret property if the

row player’s strategy does not converge to a minimax equilibrium of the game.

Proof. Suppose that the column player achieves both stability and no-regret property.
The strategy of the column player will then converge, say to . Following the property
of common no-regret algorithms, the strategy of the row player will also converge to a
single best response & to y:

& = argminx ' Ag.
wEAn

Furthermore, since the strategy of the column player is no-regret, we must also have

¢ = argmax & ' Ay.
YyEA,

Therefore, by definition, (&, ¥) is a minimax equilibrium of the game. O

Our algorithm LRCA satisfies the sufficient condition in Lemma 2.15. Next, we prove

the no-dynamic regret property of the algorithm, clarifying the design of LRCA.

Theorem 2.16. Assume that the row player is a strategic adversary who follows the
above-mentioned no-regret type algorithms: MWU/LMWU, FTRL. If there exists a fully
mized minimazx strategy for the row player, then by following LRCA, the column player
will achieve the no-dynamic regret property with the dynamic regret satisfying Ry <

DRy = O (\/log(n)T3/4>. Furthermore, in the case the row player uses a constant
learning rate p, we have DRy = (’)(%Tlﬂ).
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Proof. We first prove the theorem in the case the row player follows the MWU/LMWU

algorithm.

For the odd round 2k — 1, the dynamic regret of the column player at round 2k — 1 will
satisfy
DR*7! = max xj, Ae; — xq, | Ay* < f(xop_1) —

1€l,.m

For the even round 2k, considering the existence of the fully mixed minimax equilibrium
of the row player, we then have Ay* = vl; (I; is a vector of all 1 element) and thus
X = Top_1. Therefore DR* < f(xop_1) — v.

Combining the case of odd and even round, we derive

/2
DRy < 22 (T2k-1) — ).

Now, following Lemma 2.8 in the case n > 8, we have

1 Top_1) — v)? "
s LD Rty — RE(e )

)2
— ZM% (®24-1) — v)? <ARE(z*||z1) < 4log(n).

Using the Cauchy—Schwarz inequality, we can then derive that

T/2 T/2 T/2

1
Y (f(war-1) —v) <2y/log(n)y| Y — = DRp <4\/log(n),| Y —
=1 i M2k el fiok

If the row player follows the constant step size p, then we have

2\/5\/10%'(”) 1/2 _ myr 12
Si\/ﬁ T2 =0(—=T"%).

i

If the row player follows a decreasing step size ur = /8log(n)/k (Cesa-Bianchi and
Lugosi (2006)) to make the algorithm no-regret, then we have

DRy < log(n)Y4T3/* = O(y/log(n)T?/%).

T/2

Indeed, for any sequence of step size py, such that ;7 < O(T?/?), the theorem

holds.

1
1 pop

We continue the proof in the case of FTRL. W.lLo.g, assume that maxzea, F(z) = 1.
Following the proof of Theorem 2.11 we have

T/2 o2 T/2 .

Toj— = Zor ) — v) < — T2,
;(f( ok1) — )% < p — kil(f( k1) — ) < \/ET
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Using the same argument as the case of MWU, we then have:

2 n
DRy < —TY2p = O(—TY?),
T Vi (\/ﬁ )

O

In the case of the row player using a constant learning rate, LRCA achieves the average
dynamic regret of O(T~1/2), better than state-of-the-art no-regret algorithms which

obtain the same average but in the normal regret Ryp.

In the general case where the column player does not know whether the row player
uses the following algorithm to achieve the no-regret property in any situation while
maintaining the no-dynamic regret property against the no-regret algorithm of the row
player: The idea is to put LCRA on top of another no-regret algorithm. When the regret
of LCRA exceeds a certain threshold, we swap to the chosen algorithm. If the row player
follows a no-regret algorithm then the LRCA regret will never exceed the threshold; thus
we will have no-dynamic regret. By doing that, the column player sacrifices the optimal
rate of no-regret in the worst case in order to achieve a much better no-dynamic regret
in the case the row player follows a no-regret algorithm. The new Algorithm 12 will
have the regret Ry = O(\/WTE’/ 4) against random sequence strategies of the row
player while maintaining no-dynamic regret against the no-regret algorithm of the row

player.

Algorithm 12 Combination of LRCA and Adahedge algorithm

Input: Current iteration t, past feedback :L';—_IA of the row player, total regret up to
time t: R;
Output: Strategy y; for the column player
if R; < \/log(n)t3/* then
Follow Algorithm 11 (LRCA)
else
Follow Adahedge algorithm De Rooij et al. (2014) onwards
end if

2.7 Conclusion

The main focus of this chapter centres around the crucial concept of achieving last
round convergence against a strategic adversary in the two-player zero-sum game set-
ting. We demonstrate that, by taking into account the asymmetric goals of the players,
a natural method can be implemented to achieve last round convergence, which had
previously been unattainable in the symmetric setting. This will strengthen the study
of no-regret algorithms in the theoretical community and open to more interesting prob-

lems in which last round convergence can be achieved (e.g., see Dinh (2022); Bishop
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et al. (2021), Daskalakis and Panageas (2019)). As researchers increasingly embrace
no-regret algorithms in online learning, there has been a growing shift towards prioritiz-
ing last round convergence of strategies over average convergence. Our approach sheds
light on how Nash equilibrium can emerge organically in dynamic environments, and
moreover, confers stability upon the system, thereby providing system designers with an
advantageous property to leverage. In the next chapter, we extend our understanding

of the strategic adversary to a broader setting: online linear optimization.



Chapter 3

Achieving Better Regret Against
Strategic Adversary

In this chapter, we study the problem of online learning in the presence of a strategic
adversary under the online linear optimization setting. By leveraging the additional
knowledge gained from the adversary’s behaviour, we develop novel algorithms that
offer improved performance guarantees. Firstly, we present the Online Single Oracle
algorithm, which combines no-(external) regret algorithms and double oracle from game
theory to exploit the strategic adversary with an external regret bound of O(y/klog(k)T)
in normal-form game, where the size of the effective strategy set k is often linearly
dependent on the support size of the Nash Equilibrium. Secondly, we introduce Ac-
curate Follow the Regularized Leader (AFTRL) and Prod-Best Response (Prod-BR),
two new online learning algorithms that intensively leverage this additional knowledge
while ensuring no-regret property in the worst-case scenario of having inaccurate ex-
tra knowledge. AFTRL achieves O(1) external regret or O(1) forward regret against
the strategic adversary, in contrast to the O(v/T) dynamic regret of Prod-BR. To the
best of our knowledge, our algorithm is the first to consider forward regret and achieve
O(1) regret against strategic adversaries. When playing zero-sum games with Accu-
rate Multiplicative Weights Update (AMWU), a special case of AFTRL, we achieve last
round convergence to the NE. We also provide numerical experiments to support our
theoretical results, which demonstrate that our methods offer significantly better regret
bounds and rate of last round convergence than the state-of-the-art algorithms, such as
Multiplicative Weights Update (MWU) and its optimistic counterpart, OMWU.

55
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3.1 Introduction

No-regret algorithms are popular in the online learning and algorithmic game theory
literature due to their attractive worst-case performance guarantees (Cesa-Bianchi and
Lugosi, 2006). In particular, using these algorithms to choose the strategies to play prov-
ably guarantees the average payoff will not be (significantly) worse than the best-fixed
strategy in the hindsight, regardless of the sequences encountered. Due to this property,
these no-regret algorithms are commonly used in playing against adversary and solving
two-player zero-sum games, in which it will eventually lead to average convergence to a
Nash Equilibrium (NE) under self-play settings (Zinkevich et al., 2007; Lanctot et al.,
2017; Dinh et al., 2022). However, in order to keep the regret bound small, no-regret
algorithms (e.g., Multiplicative Weights Update (Freund and Schapire, 1999), Follow
the Regularized Leader (Abernethy et al., 2008) and Mirror Descent (Nemirovskij and
Yudin, 1983)) need to keep their learning rate small, leading to a slow change in the
strategy profile. This makes the sequence of strategies played by no-regret algorithms
predictable since each strategy profile will be correlated to its predecessors. Thus, against
a no-regret learning opponent, the loss sequence encountered by the learner/player is not
entirely arbitrarily adversarial in each round and therefore the worst-case performance
guarantees are too pessimistic for the learner. Therefore, in situations such as playing
against no-regret algorithms (a.k.a. strategic adversaries), it is desirable to develop a
learning algorithm that can exploit the extra structure while maintaining the no-regret

property in the worst-case scenario and answer the question:
Can we exploit strategic adversaries?

Besides aiming for better regret bounds, we are also interested in last round convergence.
In more detail, despite extensive literature on no-regret learning, one unsatisfactory
result is the average convergence to the NE. That is, in two-player zero-sum games, no-
regret algorithms such as Multiplicative Weights Update (MWU) (Freund and Schapire,
1999) or Follow the Regularized Leader (FTRL) (Abernethy et al., 2008) will only lead to
average convergence instead of last round convergence to the NE. In fact, recent results
in Bailey and Piliouras (2018); Mertikopoulos et al. (2018) show that MWU and FTRL
will lead to divergence from the NE in many situations. The average convergence will
not only increase the computational and memory overhead but also make things difficult
when using a neutral network in the solution process in which averaging is not always
possible (Bowling et al., 2015). For game theory and modern applications of online
learning in optimization such as training Generative Adversarial Networks (Daskalakis
et al., 2018), last round convergence plays a vital role in the process, thus it is crucial

to develop algorithms that can lead to last round convergence.

To investigate both of the above-mentioned goals in this chapter, under the setting of on-

line linear optimization, firstly, by conducting no-regret analysis (Freund and Schapire,
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1999) within the DO framework (McMahan et al., 2003), we propose the Online Single
Oracle (OSO) algorithm which inherits the key benefits from both sides. It is the first
DO method that enjoys the no-regret property and can exploit strategic adversaries dur-
ing game play. Importantly, OSO achieves a regret of O(y/klog(k)T) where k, the size
of effective strategy set, is upper-bounded by the total number of pure strategies n and
often k < n holds in practice. Secondly, we develop a new algorithm, Accurate Follow
the Regularized Leader (AFTRL), that can exploit strategic adversaries to achieve O(1)

external regret or O(1) forward regret while maintaining state-of-the-art regret bound

of O<\/ ST | — :ct_ng) in the worst-case scenario. We also show the generality
of our method by extending the result to another online learning class and propose a
new algorithm, Accurate Mirror Descent (AMD) with a similar forward regret bound
for it. To the best of our knowledge, we are the first to consider intensive exploitation
and achieve O(1) forward regret against the strategic adversary. Thirdly, we explore
the idea of (A,B)-Prod algorithm in Sani et al. (2014) and suggest a new algorithm,
Prod-Best Response (Prod-BR) that achieves a stronger performance guarantee in our
setting. In particular, Prod-BR achieves O(\/T ) dynamic regret against the strategic
adversary while maintaining O(/T log(T')) external regret in the worst case. Fourthly,
in a particular case of AFTRL with entropy regularizer, called Accurate Multiplicative
Weights Update (AMWU), we prove that this new algorithm will lead to last round
convergence in two-player zero-sum games, thus can be an efficient game-solver in many
practical applications. In addition, this provides novel contributions to the last round
convergence literature. Finally, to demonstrate the practical efficiency of AMWU, we
show that our algorithm significantly outperforms MWU and OMWU (Rakhlin and Srid-
haran, 2013a; Daskalakis and Panageas, 2019) on a number of random matrix games and
meta games such as Connect Four or Disc (Czarnecki et al., 2020) by a large margin,

achieving smaller average loss, dynamic regret and faster last round convergence.

3.2 Related Work

Online learning against a strategic adversary: Deng et al. (2019) studies a similar
setting in which the agent plays against a no-external regret adversary in a repeated
game. Under the assumption that the agent knows the game structure (i.e., payoff ma-
trix, player’s utility), Deng et al. (2019) suggested a fixed strategy for the agent (through
solving an optimization problem) such that the agent can guarantee a Stackelberg value,
which is optimal in certain games (e.g., general-sum games). Although the work in Deng
et al. (2019) provides a planning solution against no-external regret adversary, it can
not be applied in many practical situations in which the environment or game structure
is unknown (i.e., the agent can not calculate the Stackelberg strategy in advance) or the
adversary does not follow no-regret algorithms (i.e., there is no performance guarantee
against general adversary). Chiang et al. (2012) and Rakhlin and Sridharan (2013a)
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study a different setting in which the agent has access to the prediction M; of x; before
making a decision at round ¢. ' The new algorithm, Optimistic Follow the Regularized
Leader (OFTRL), has the external regret that depends linearly on \/ Zthl ||ler — M2

However, with an accurate prediction (i.e., My ~ x;), one could expect a stronger per-

formance guarantee rather than no-external regret of OF TRL. Intuitively, since OF TRL
sets a fixed weight 1 for prediction M; 2, it restricts the advantage of the extra knowl-
edge in the learning process. Our new algorithms (AFTRL and AMD) generalize the
work of Rakhlin and Sridharan (2013a) to further exploit the extra knowledge in the
learning process while maintaining a no-forward regret property (Saha et al., 2012) in

the worst-case scenario.

Last round convergence: While average convergence of no-regret learning dynamics
has been studied extensively in game theory and online learning communities (e.g., Fre-
und and Schapire (1999); Cesa-Bianchi and Lugosi (2006)), last round convergence has
only been a topic of research in the last few years due to its application in game theory
and optimization. This started with the negative results of Bailey and Piliouras (2018);
Mertikopoulos et al. (2018), who showed that in games with interior equilibria, if the
agents use MWU, then the last round strategy moves away from the NE and towards
the boundary. More recently, Daskalakis and Panageas (2019); Wei et al. (2020) proved
that in a two-player zero-sum game with unique NE, if both players follow a variant of
MWU, called optimistic multiplicative weight update (OMWU), then the dynamic will
converge in the last round to the NE. In the asymmetric setting, Dinh et al. (2021) pro-
posed last round convergence in asymmetric games algorithm (LRCA), which requires
one agent to have an estimate of the minimax equilibrium and therefore limits the use
of the algorithm. In our work, we prove that our method AMWU will converge in last
round to the NE of a two-player zero-sum game without such a requirement, and it does
this faster than OMWU and MWU.

3.3 Problem Formulations & Preliminaries

We consider the online linear optimization setting in which at round ¢, the learner chooses
a strategy f; € F, where F C [0,1]" 2 is a convex compact set. Simultaneously, the en-
vironment reviews a loss vector ; € [0, 1]" and the learner suffers the loss: (f;, ;). The
goal of the learner is to minimize the total loss after T' rounds: ming, . z;f:l< fr,xe),

which can be translated into minimizing the following dynamic regret:

! As we prove in Lemma 3.13, playing against strategic adversary can result in an accurate prediction
of x;.

2The exploiting rate a in Algorithm 15.

3All the results remains true for bounded domain of strategy and loss vector.
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Definition 3.1 (Dynamic Regret Besbes et al. (2015)). The dynamic regret is defined
as:

T
DRy := Z <<ft,a:t> - argmin<gt,wt>> .

t=1 gtEF

In situations where there is no knowledge about x;, it is often impossible to achieve no-
dynamic regret. Thus, it is more tractable to aim for no-external regret (Cesa-Bianchi
and Lugosi, 2006):

Definition 3.2 (No-external regret). Let @1, xs,... be a sequence of mixed losses
played by the environment. An algorithm of the learner that generates a sequence of

mixed strategies fi, fo, ... is called a no-external regret algorithm if we have

N

lim T = 0, where Ry := iy > () = (.20,

The well-known Multiplicative Weights Update (Freund and Schapire, 1999) has this

no-external regret property:

Definition 3.3 (Multiplicative Weights Update). Let @1, xs,... be a sequence of loss
vectors followed by the environment. The learner is said to follow MWU if f, 1 is

updated as follows:

£i(6) exp(—pat ' a;)

fiy1(2) = : . , Vi € [n] (3.1)
Yy fuli) exp(—peat ;)
where p; > 0 is a parameter, fo = [1/n,...,1/n] and n is the number of pure strategies
(a.k.a. experts).
When T is known in advance, by fixing the learning rate p; = /8log(n)/T, we can

achieve the optimal regret bound for MWU (Theorem 2.2 in Cesa-Bianchi and Lugosi
(2006)):

VT log(n)/2.

When T is unknown, we can apply the Doubling Trick to achieve the regret bound of

(V2/(V2 = 1))yTlog(n)/2,

which is worse than the optimal one by a factor of v/2/(v/2 — 1). De Rooij et al. (2014)
proposed AdaHedge, a variant of MWU with adaptive learning rate pu; = log(n)/Ai—1
where A; denotes the cumulative mixability gap 4. Then following Theorem 8 in De Rooij
et al. (2014), the regret for AdaHedge will be bounded by

v Tlog(n) +16/3log(n) + 2,

4See Appendix A.2 and A.3 for more details about Doubling Trick and AdaHedge algorithm.
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which is the worse than the optimal one by a factor of v/2.

In our work, w.l.o.g we use the optimal regret bound of MWU when T is known to derive
our theoretical results. In the case T is unknown, following exactly the same argument
with the Doubling Trick or AdHedge algorithm, we can derive similar regret bound up

to a constant factor for our algorithms.

In our work, since we assume the learner has extra knowledge about the adversary,
the learner can achieve a stronger notion of performance, compared to the conventional

no-external regret, namely:

Definition 3.4 (Forward Regret Saha et al. (2012)). The forward regret is defined

as:

T ¢
. R
FRy = Z ((fe, ) — (g, ®1)) , where gy1 = argimin Git1(9) = (g, st + @iq1) + 579)

t=1 g€e s=1

In particular, the following lemma implies that if an algorithm has no-forward regret

property, then it is a no-external regret algorithm as well, but not vice versa.

Lemma 3.5. Let g; be defined as above, then the following relationship holds for any
fer:
T T
R
Z<gt,$t> < <f»zmt> + @
t=1 t=1 g

(We provide the full proof in Appendiz 3.25).

In Section 3.7, we study a simpler form of online linear optimization, a two-player
zero-sum normal-form game, which is often described by a payoff matrix A of size
n X m. The rows and columns of A are the pure strategies of the row and the col-
umn players, respectively, and we consider n and m to be prohibitively large numbers.
We denote the set of pure strategies for the row player as II := {a',a?,...a"}, and
C = {c',c?...,cm} for the column player. We consider A;; € [0,1] to represent the
(normalised) loss of the row player when playing a pure strategy a’ against the pure
strategy ¢/ of the column player. The set of mixed strategies for the row-player is
A = {fIf =X zia’, Yz = 1,a; > 0,Vi € [n]}, and for the column player
it is A, = {yly = > vic!, >0 yi = 1,y; > 0,Vi € [m]}. The support of a mixed
strategy is written as supp(f) = {a’ € Il|z; # 0}, with its size being |supp(f)|. At
the ¢t-th round, the expected payoff for the joint-strategy profile (f; € A,y € Ayy,) is

(_ftTAyh ftTAyt)'

The NE in two-player zero-sum game A can be expressed by John von Neumann’s

minimax theorem (Neumann, 1928):

. T . T
max min Ay = min ma Ay =v 3.2
yeA)viL feEA, f Y felAn yGAi f Y ( )
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for some v € R. The point (f*,y*) satisfying Equation (3.2) is the NE of the game.

Following the minimax theorem, it is well-known that the minimax equilibrium can be
calculated by solving a linear programming problem. However, when the game size
is large, it is still computationally expensive to solve the exact NE. The DO method
(McMahan et al., 2003) approximates a NE in large-scale zero-sum games by iteratively
expanding and solving a series of sub-games (i.e., games with a restricted set of pure
strategies). Since the sets of pure strategies of the sub-game are often much smaller than
the original game, the NE of the sub-games can be easily solved via approaches such
as FP. Based on the NE of the sub-game, each player finds the best response to said
NE, and expands their strategy set with this best response. PSRO methods (Lanctot
et al., 2017; McAleer et al., 2020) are a generalisation of DO in which RL methods (e.g.,
Actor-Critic) are adopted to approximate the best-response strategy. In the worst case
scenario (e.g., the support size of NE is large), DO may end up restoring the original

game and will maintain no advantages over LP solutions.

Although DO can solve large-scale zero-sum games, it requires both players to coordinate
by finding a NE in the sub-games; this is a problem for DO when applied in real-world
scenarios, as it cannot exploit the opponent who can play any non-stationary strategy.

OSO addresses this problem by combining DO with tools in online learning.

3.4 Online Single Oracle

In this section, we introduce Online Single Oracle (OSO), a no-regret algorithm followed
by individual players that can strategically exploit any non-stationary opponent unlike
DO. Compared to the MWU algorithm, OSO can be applied to strategizing against a

strategic adversary as it only considers a smaller subset of the full pure strategy space.

This section is organised as follows: we start by introducing OSO and deriving its regret
bound. We then discuss the bound on the effective strategy set k, the key element in the
regret bound of OSO. Finally, we set out two different questions on the effectiveness and
efficiency of the best-response oracle, and analyse OSO’s performance when the player

only has access to less-frequent or approximate best-responses oracles.

3.4.1 Online Single Oracle Algorithm

One can think of OSO as an online counterpart to the Single Oracle in DO (McMahan
et al., 2003) which can achieve the no-regret property. In contrast to classical no-regret
algorithms such as MWU (Freund and Schapire, 1999) where the whole set of pure
strategies needs considering at each iteration, i.e., Equation (3.1), we propose OSO that

only considers a subset of the whole strategy set. The key operation is that, at each



62 Chapter 3 Achieving Better Regret Against Strategic Adversary

Algorithm 13 Online Single Oracle Algorithm

1: Input: Player’s pure strategy set II
2: Init. effective strategies set: Iy = II; = {a’},a’ € I
3: fort=1to T do
4: if II; =1II;_1 then
5 Compute f; by the MWU in Equation (3.1)
6 else if II; # II;_; then
7 Start a new time window T;4; and
Reset f; = [1/|IL],...,1/|IL|], =0
8  end if
9:  Observe x; and update the average loss in Tj: & = ), .. x¢/|T;|
10:  Calculate the best-response: a; = argmin¢cri(f, )
11:  Update the set of strategies: II;11 = IT; U {a;}
12: end for
13: Output: fr, Illp

round ¢, OSO only considers adding a new strategy if it is the best response to the
average loss in a time window (defined formally in the following paragraph). As such,
OSO can save on exploration costs by ignoring the pure strategies that have never been

the best-response to any, so far observed, average losses, .

Our OSO is listed in Algorithm 13. We initialise the OSO algorithm with a random
strategy subset 11y from the original strategy set II. Without loss of generality, we assume
that IIy starts from only one pure strategy (line 2). We call subset II; the effective
strategy set at the timestep ¢, and define the period of consecutive iterations as one
time window T; in which the effective strategy set stays fixed, i.e., T; := {t ’ IIL| = z}
At iteration ¢, we update f; (line 5) whilst only considering the effective strategy set
IT; (rather than whole set II); and the best-response is computed against the average
loss & within the current time window T; (line 9). Adding a new best-response that is
not in the existing effective strategy set will start a new time window (line 7). Notably,
despite the design of effective strategy sets, the exact best-response oracle in line 10 still
needs to search over the whole strategy set II, which is a property that we relax through

best-response approximation later.

We now present the regret bound of OSO as follows,

Theorem 3.6 (Regret Bound of OSO). Let @1, x2,...,xr be a sequence of loss vectors
played by an adversary, and (-,-) be the dot product, OSO in Algorithm 13 is a no-regret

7

where k = |Il7| is the size of the effective strategy set in the final time window.

algorithm with
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Proof. W.l.o.g, we assume the player uses the MWU as the no-regret algorithm and

starts with only one pure strategy in Ilp in Algorithm 13. Since in the final time
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window, the effective strategy set has k elements, there are exactly k time windows.
Denote |T1], |T2|, .. ., |Tk| be the lengths of time windows during each of which the subset
of strategies the no-regret algorithm considers does not change. In the case of finite set

of strategies, k will be finite and we have

In the time window with length |7;|, following the regret bound of MWU in Definition

3.3 we have

o |Tsx1] |T\ B i—1
Z (foz) —  min Do (Fom) <[5 log(i),  where |Tif =} [T, (3.3)
=|T;] AT =Ty 1 j=1

In the time window T;, we consider the full strategy set when we calculate the best
response strategy in step 11 of Algorithm 13 and it stays in 17, . Therefore, the

inequality (3.3) can be expressed as

|Tiga] |41 T
Z <ft,mt>—1;1€iﬁ Z (@) <[5 log(i). (3.4)
t:‘Til-i-l t:|T7;H-1

Sum up the inequality (3.4) for i = 1,...%k we have

k |T‘ T k ITiy1l
Z \ o Z froxe) — l}nelﬁl Z (f, )
t=1 T

i=1 i=1 t=|T;|+1
T ko |Tital T T
Z (ft, ) mlnz Z (f,xe) Z(ft, ) — 1}11611111 Z(_f, ). (3.5a)
t=1 =1 t=|T;|+1 t=1 t=1

Inequality (3.5a) is due to Y min < min ) . Using the Cauchy-Schwarz inequality we

have

k
n .
ZZ; 5 log(i) <

Along with Inequality (3.5a) we can derive the regret

T T
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O

We note here that in line 7 of Algorithm 13, each time OSO enters a new time window,

it sets equal weight for every pure strategy in the current effective strategy. Since we
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assume a fully adversarial environment, the historical data that the agent learnt in the
previous time window does not provide any advantages over the current time window,
thus in order to avoid any exploitation, the agent needs to reset the strategy as stated in
Algorithm 13. In situations where priority knowledge can be observed through historical
data, our OSO algorithm can exploit this knowledge by updating the starting strategy

in each time window. We leave this important extension to our future work.

Remark 3.7 (Worst-Case Regret Bound). Similar to all existing DO type of methods,
in the worst-case scenario, OSO has to find all pure strategies, i.e., k = |II|. Thus,
the regret in the worst case scenario will be: \/m/\/ﬁ . However, we believe
k < |II| holds in many practical cases such as against the strategic adversary. In later
sections, we provide both theoretical and empirical evidence that real-world games tend
to have k < |I1J.

In the next section, we discuss the relationship between the effective strategy set size k

and the full game size.

3.4.2 Size of Effective Strategy Set k

Heuristically, the practical success of OSO and other discussed methods (e.g., DO
(McMahan et al., 2003) / PSRO (Lanctot et al., 2017)) is based on the assumption
that the support size of the NE is small. Intuitively, since OSO is a no-regret algo-
rithm, should the adversary itself follow a no-regret algorithm, the adversary’s average
strategy would converge to the NE. Thus, the learner’s best-responses with respect to
the average loss will include all the pure strategies in the support of the learner’s NE.
Therefore, under the assumption of DO and PSRO that the support size of NE is small,
the effective strategy set size k is potentially a far smaller number than the game size

(i.e., n).

Note that the assumption of a NE having a small support size holds true in many
situations. In symmetric games with random entries (i.e., see Theorem 2.8 in Jonasson
et al. (2004)), it has been proved that the expected support size of a NE will be (% +
O(1))n where n is the game size; showing that the support size of a NE strategy is only
half of the game size. In asymmetric games with disproportionate action spaces (e.g.,

n > m), we provide the following lemma under which the support of a NE is small.

Lemma 3.8. In asymmetric games Apxm,n > m, if the NE (f*,y*) is unique, then

the support size of the NE will follow | supp(f*)| = | supp(y*)| < m.

Proof. Since the size of f* and y* are n and m respectively, the size of the support of

NE can not exceed the size of the game

|support(f*)| < n; [support(y™)| < m.
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In the case the game A has a unique Nash equilibrium, following Theorem 1 in Bohnen-
blust et al. (1950), we have

support(f*)| = [support(y”)| < min(n, m) = m.

Thus, we have proved the lemma. O

In the situation where an asymmetric game A, x,,, n > m does not has unique NE
but it is nondegenerate °, then following Proposition 3.3 in Roughgarden (2010), we can

similarly bound the support of NE by m.

In the case when a dominant strategy exists, we can theoretically bound k by the fol-

lowing lemma:;:

Definition 3.9 (Strictly Dominant Strategy). A strategy f is called a strictly dominant
strategy for the row player if:

7 Ay < fTAy VfellyecC.

Lemma 3.10. Suppose there exists a strictly dominant strategy for the player, then the
size of the effective strategy set will be bounded by 2.

Proof. First we show that a strictly dominant strategy in two-player zero-sum game
is a pure strategy. Let }’ be the strictly dominant strategy. By definition of strictly

dominant strategy we have
AT T
f Ay< f'Ay Vfell,yeC.

Let a' be a pure strategy such that

a' = argmina’ Ay?,

a€ll

1

where ¢ is a constant vector. If j‘ is a mixed strategy then we have f # a' and

AT

f Act > alTAcl,
contradicts with the definition of strictly dominant strategy. Thus, the strictly dominant
strategy in two-player zero-sum game is a pure strategy 6,

Now, after the first iteration, the OSO algorithm will add the best response to the
effective strategy set. Since there exists a strictly dominant strategy } and it is a pure

strategy, j" will be added to the effective strategy set. From the second iteration, since

®No mixed strategy of support size h has more than h pure best responses
SWith the same argument, a strictly dominant strategy in any normal-form game is a pure strategy.
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the strictly dominant strategy }’ is already in the effective strategy set, the best response
to any average loss is always in the effective strategy set. Thus, the effective strategy set
will not be expanded after iteration 2. In other words, the size of the effective strategy
set will be bounded by 2. O

Despite the practical success of our method and the DO/PSRO lines of work, there
is no theoretical guarantee about the relationship between the support size of a NE
and the performance of the algorithm. In this chapter, we provide a negative result by
constructing an example such that the size of the effective strategy set equals the size

of the full strategy set, even when the support of NE is small.

Lemma 3.11. Suppose the players start with the entry A1 and the game matriz A of

the two-players zero-sum game is designed such as

0.12
A =05+ TI Vi€ [n]; Asip1=0.9Vi€ [n— 1],
1
A;; =08Vj>i+2,i¢€ [n], Aij=A;; + %V] <i,i € [n],
n

where n is the size of the pure strategy set for both players. Then the game has a unique
Nash equilibrium with support size of 1 (i.e., the entry A, ,) and the effective strategy
set in both DO and OSO will reach the size of pure strategy set, that is, k = n.

We provide the full proof in Appendix 3.21. The idea is that the the matrix A is designed
such that the sub-game NE will change from A; ; to A; ;41 for i € [n], thus OSO will need
to consider the full pure strategy set before reaching the game NE at A, ,,. Following
the same argument, when the players start with the entry A;;, the effective strategy
set will be n — ¢ + 1 and thus when the players choose the starting entry as uniformly
random, the expected size of effective stratetgy set will be: E(k) = (n+1)/2. We would
like to highlight that this negative result not only applies to our method, but also to all
existing DO/PSRO algorithms and their variations.

However, as described in our experiments, we find that the extreme situation shown in
Lemma 3.11 rarely occurs in practice. Later in Figure 3.1, we provide empirical evidence
to support our claim that k < |II| and that there exists a linear relationship between k

and the Nash support size in many real-world applications.

3.4.3 OSO with Less-Frequent Best-Response

The first adaptation to the best-response process that we consider is to make calls
to the best-response oracle less frequently. Obtaining a best-response strategy can be
computationally expensive (Vinyals et al., 2019), and OSO considers adding a new best-
response strategy at every iteration. A practical solution is to consider adding a new

strategy when the regret in the current time window exceeds a predefined threshold
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Algorithm 14 OSO with Less-Frequent Best Response

1: Input: A set II pure strategy set of player

2: IIy := IIy: initial set of effective strategies

3: fort =1 to oo do

4: if II; =1II;_1 then

5 Following the MWU update in Equation (3.1)
6 else if II; # II;_; then

7: Start a new time window T;41

8

9

Reset the MWU update in Equation (3.1) with a new initial strategy f;
. end if
10:  Observe x; and update the average loss in the current time window T;
- _ 1
T = 7] Lprer, Tt
11:  Calculate the best response:
a = argmingen(f, z),
e ¢ . t ;
12:  if mmeH\T“HU’Zj:ITQ\ x;) —minger(f, > ;-7 ©5) = az_m‘ then

13: Update the strategy set: 1,1 =1l; Ua

14:  else

15: Ht+1 =1II;

16: end if

17: Output the strategy f; at round ¢ for the player
18: end for

a. To make OSO account for this, we denote |T;| := 22;11 |Th| as the starting point
;*sz‘l
the relative position of round ¢ in the time window 7;. We can make OSO add a new

of the time window T;, and write the threshold at T; as « where t — |T,\ denotes

strategy only when the following condition is satisfied:

t t
i , x;) — mi , xi)>al o 3.6
pin (£ 3 @) —min(f. 3 @) 2ol (36)

3=IT1 J=IT4|
Note that the larger the threshold «, the longer OSO takes to add a new strategy into
II;. However, choosing a large o will prevent the learner from acquiring the actual best-
response, thus increasing the total regret Rr by a. In order to maintain the no-regret

property, the a needs to satisfy

Z§—1 o,
lim ==L g, .
Jim T 0 (3.7)
One choice of « that satisfies Equation (3.7) is ozf;_':—n_‘ =/t —|T;|. We show that with

the chosen , the regret bound of Algorithm 14 will be O(+/klog(k)/T) (The full proof
is given in Appendix 3.22).
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3.4.4 Considering -Best Responses

The second adaptation brings OSO more closely in line with the work of PSRO by
considering a non-exact best-response oracle. So far, OSO agents compute the exact
best-response to the average loss function & (i.e., line 10 in Algorithm 13). Since cal-
culating the exact best-response is often infeasible in large games, an alternative way is
to consider an e-best response (e.g., through a RL subroutine similar to PSRO (Lanctot
et al., 2017)) to the average loss. By first analysing the convergence of DO, we can
derive the regret bound as well as convergence guarantees for an OSO learner in the

case of an e-best response oracle.

Theorem 3.12. Suppose an OSO agent can only access the e-best response in each
iteration when following Algorithm 13, if the adversary is strategic, then the average

strateqy of the agent will converge to an e-NE. Furthermore, the algorithm is e-regret:

T—o00

T
. B T T
lim 2L < ¢ Rp— ( Ay, — fTA )
im —- <€ BRr fneli)ﬁ; i Ay — f Ay
(We provide the full proof in Appendiz 3.24).

Theorem 3.12 justifies that in the case of approximate best-responses, OSO learners
can still approximately converge to a NE. This results allows for the application of
optimisation methods to approximate the best response, which paves the way to use
RL algorithm in solving complicated zero-sum games such as StarCraft (Vinyals et al.,
2019).

The effectiveness of OSO against a strategic adversary is contingent upon the ability
to observe a small effective strategy set. In the following sections, we will introduce
another observation that can be leveraged by the learner to exploit a strategic adversary,

specifically, the adversary’s gradual change in updates.

3.5 Accurate Follow the Regularized Leader

In order to have a no-(external) regret property, popular algorithms such FTRL and
OMD need to have small learning rate n (i.e., see (Shalev-Shwartz, 2012)): n = O(ﬁ)
From this observation, we can prove the following lemma, which plays an important role

in our analyses:

Lemma 3.13. Let f;, fir1 be two consecutive strategies of no-external regret algorithms
(i.e., FTRL, OMD). Then we have for any norm ||.||4:

1

| fir1 — fillg = O(ﬁ

).
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The full proof is given in Appendiz 3.27.

Now, let R be -strongly convex function with respect to ||.||, norm. W.l.o.g. we assume
that mingcr R(f) = 0.

Algorithm 15 Accurate Follow the Regularized Leader
Input: learning rate n > 0, exploiting rate a > 1, f1 = argmingc r R(f)

Output: next strategy update

. R
fiy1 = argmin Fi 1 () = (f, Z x5+ oxy) + ——
fer po iy

The Accurate Follow the Regularized Leader algorithm (AFTRL) contains two impor-
tant parameters: the exploiting rate o and the learning rate . While the learning rate
7 stabilizes the strategy update to avoid exploitation, the exploiting rate o measures the
relative weight between the historical data Zi:l xs and the prediction x;. Intuitively,
with an accurate prediction x:, a large a will boost the performance of AFTRL since
x¢ describes the next loss vector @1 better compared to the historical data ZZ:I T.
Varying « provides different algorithms in the literature. With a = 0, the algorithm
becomes the classical FTRL (Abernethy et al., 2008). With v = 1, AFTRL recovers the
optimistic FTRL method (OFTRL) of Rakhlin and Sridharan (2013a). We can have the
following regret bound of the AFTRL algorithm:

Theorem 3.14. Let F C [0, 1]™ be a convex compact set and let R be a B-strongly convex
function with respect to |.||, norm and mingcr R(f) = 0. Denote ||.|q the dual norm with
1/p+1/q=1. Then the AFTRL achieves the external regret of O(1) or forward regret

of O(\/ZtT:l(H:Bt — azt,1||q)2> against general adversary. More importantly, against a
strategic adversary (i.e., no-external regret algorithms such that FTRL, OMD), AFTRL

achieves O(1) external regret or O(1) forward regret.

Proof Sketch. We first prove that for any strategy f’ of the environment, AFTRL sat-

isfies:

T T T no T
Z fr. ) —a /,Z o Z gi, Tt) < *R /)+FZ(Hﬂ3t_wt71Hq)2'
t=1 t=1 t=1 t=1
(3.8)
Define hty; as follows: h;1 = argmingc » Hiy1 (f) = (f, 22:1 Ts+ axei1) + @.

Intuitively, the strategy hiy1 will perform much better than the normal FTRL since

the agent can observe one step ahead the strategy of the adversary. Note that we can
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decompose the total loss of the agent as follows

T
> (frm) =
t=1

The key step of the proof is that we can prove by induction:

B
=

T T
—hy, e —xi1) + Z<ft —hy, @) + Z hi,xy). (3.9)
t=1 t=1 t=1

T

T
(f' aZiﬁ} + QT_l Z(gt,wt> + nlaR(f’), Vf e F.
=1 =1 5.10)

T

T
Z<ft —hy,x 1) + Z<ht’ x) <

t=1 t=1

Q|+

Furthermore, using the property of S-strongly convex function, we can derive:

B
|21 = ellg 2 2Tl = Filly

!

T T
a
= Y (fi—hoazi—2) <Y |fi = hullplle — 2]y < % D 2z — 2l
t=1 = t=1
(3.11)
Using Inequality (3.10) and (3.11) in Equality (3.9) we derive the Inequality (3.8).

Let f* = argmin g/ #(f’, Zthl x¢) and R = maxgcr R(f). Then using Inequality (3.8)
with f/ = f* we have

T T a—1
Q _Afrm) = (£ )+ ———(

t=1 t=1 t=1

S

T T
1 l6
xy) E (9t, ) *a % E (|1 —wt\|q)2
t=1

t=1

Q\'—l

Now, against a general adversary, if ZtT:1< fr,xe) — (f*, Zthl @) < 0 then by definition,
AFTRL has O(1) external regret. In case where Z?d(ft, x) — (f*, Zle x:) > 0, using
Inequality (3.8) and setting na = \/BR/(EtT:l(Hact —x4-1[|4)?) we have

T T a T T
D (Fom) =D (g me) < ] RY (@ — @i-1]14)%/8 = O (& — i-1]l)?)-

t=1 t=1 t=1 t=1

For unknown bound ZtT=1(||33t —xt-1||4)? we can use the Doubling Trick as shown in

Appendix 3.26 to achieve a similar regret bound.

Against a no-external regret adversary, using Lemma 3.13, we then have:

T
> (o = @ieall)? = 300 T o).

S

t=1

Thus, Inequality (3.8) becomes:

T T T o
tz_; Jr. @) — a I ; tz_; gt, xt) < —R+ —O0(1) =0().

a
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Following a similar reasoning for general adversary, AFTRL achieves O(1) external regret
or O(1) forward regret against no-external regret adversary. The full proof is given in
Appendix 3.30. O

Remark 3.15 (AFTRL vs OFTRL). While both AFTRL and OFTRL share the same
idea of exploiting “predictable sequences”, they are significantly different. Firstly, the
level of dependency on predictable sequences in OFTRL is fixed to 1, whereas AFTRL
allows a flexible control over the predictable sequences (i.e., via parameter «). Thus, AF-
TRL can achieve much better performance in situation of accurate prediction compared
to OFTRL, which can be reassured by experiment results in Figure 3.3. Secondly, in the
worst case scenario, AFTRL can guarantee a stronger forward regret bound compared
to external regret bound of OFTRL in Rakhlin and Sridharan (2013a).

Our techniques can be extended to a different class of algorithm such as Mirror De-
scent (Nemirovskij and Yudin, 1983). We introduce Accurate Mirror Descent (AMD)
with a similar regret bound as AFTRL. Let R be a S-strongly convex function with
respect to a norm |.||,, and let Dg( ) denote the Bregman divergence with respect to
R. Let ||.|| be dual to ||.||,. Then the AMD algorithm can be described as follows.

Algorithm 16 Accurate Mirror Descent

Input: learning rate n > 0, exploiting rate o > 1, f1 = g1 = argmingc R(f)
Output: next strategy update

gii1 = argn;in Giy1(g9) = n{g, z:) + Dr(g, g:)
ge

fir1 = al“fgﬂjlrin Fepi(f) =n(f,aMi1) + Dr(f, gt+1)
S

The regularizer R(f) is a [-strongly convex function with respect of , norm, p > 1.

The following theorem provides the regret bound for AMD:

Theorem 3.16. Let F be a convex set in a Banach space B. Let R : B — R be a
B-strongly convex function on F with respect to some norm ||.||,. Denote ||.||q the dual
norm with 1/p+ 1/q = 1. For any strategy of the environment and any f' € F, AMD
yields

a—1

T R2,,
; frox) — — f ;) — (gt1, ) < 252”%: Ly 1||q e

where R2,,, = maxger R(f) — minger R(f). The full proof is given in Appendiz 3.51.
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3.6 Prod with Best Response

While AFTRL gives us a guarantee of no-forward regret, one can wonder whether the
agent can achieve a better performance (e.g., no-dynamic regret) given the extra knowl-
edge. In this section, we introduce Prod with Best Response algorithm (Prod-BR) such
that the agent can achieve no-dynamic regret against the no-external regret adversary
while maintaining a no-external regret performance in the worst case. Our variant
Prod-BR algorithm gets motivation from (A,B)-Prod algorithm in Sani et al. (2014), in
which we observe that the best response strategy from current feedback can exploit a
no-external regret adversary. The Prod-BR runs two separate algorithms (i.e., FTRL
and BR) inside the main algorithm. Intuitively, while FTRL maintains a performance
guarantee against the worst case scenario, BR algorithm exploits the extra structure
against no-external regret adversary and thus make Prod-BR algorithm efficient. Prod-
BR can balance between accurate and inaccurate extra knowledge so that the agent can
achieve O(v/T) dynamic regret against no-external regret adversary while maintaining

O(V/Tlog(T)) external regret in the worst case scenario.

Algorithm 17 Prod-Best Response algorithm

Input: learning rate n > 0, n; € (0, 1], initial weight wy r, w1 pr, regularizer function R(.)

. R .
frr1 = argmingcr By (f) = (f, 20 ®s) + %; BRyy1 = argminge 7 (f, @)
Output: next strategy update g;11 and next weight w; 1 gr:

Wy R W1,BR
gir1 = ——————fi1+ BRit1; wir1,r = Wi, g(1+m1(BRiy1— fr41, Tey1))
Wy r + W1,BR W¢ FTRL + W1,BR

We first show that in the case where the adversary follows a no-external regret algorithm
(i.e., FTRL, OMD) with optimal learning rate, then the best response with respect to

the previous feedback can guarantee the agent the following:

Lemma 3.17. Let x;, 111 be two consecutive strategies of a no-external regret algo-
rithm (i.e., FTRL, OMD). Then, we have

1
(b, x1+1) — (¢, x141) = O(—=), where b = argmin(f,x;) , ¢ = argmin(f, x¢11).
VT fer feF

The full proof is given in Appendix 3.52.

We then can prove the following theorem about the performance of Prod-BR algorithm:

Theorem 3.18. Let the agent follows Prod-BR Algorithm 17 with n = n/2T, n1 =
1/2.4/log(T)/T and w1 pr = 1—wi g = 1—m. Then it achieves O(\/T log(T)) external
regret against a general adversary while maintaining O(VT) dynamic regret against the

strategic adversary.
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Proof. Following the regret bound analysis of (A,B)-Prod in Corollary 1 in (Sani et al.,
2014) we have

!

T
> lgr @) < (fi.xi) +21/Tlog(T) and (3.12a)

t=1

w
Il
—

(g, @) < > (BRy, x4) + 2log(2). (3.12h)

B
M’ﬂ

t=1

i
N

Since the agent uses the optimal learning rate for FTRL inside Algorithm 17, following
the regret bound analysis of FTRL (i.e., see Shalev-Shwartz (2012)) we have

(f,z) <nV2T Vf e F.

N

T
Z(ft@t) -

t=1

i
W

Along with Inequality (3.12a) we have

T T

> g ) = > (f, ) < 2¢/Tlog(T) +nv2T = O(\/Tlog(T)) Vf € F,
t=1

t=1

or Prod-BR achieves O(1/T log(T)) external regret against general adversary. For the
second part of the proof, using Inequality (3.12b) along with Lemma 3.17 we have

E

T
(gt, @) — argmin(f, x) Z (BRy, @) — argmin(f, @) + 2log(2)
feF — feF

o~
Il

MﬂH

t:10 \} +2log(2) = O(VT),

or Prod-BR has O(v/T) dynamic regret against no-external regret adversary. O

Remark 3.19 (Prod-BR vs AFTRL). In the worst case scenario, AFTRL provides a bet-
ter performance guarantee over Prod-BR (O(v/T) vs O(v/Tlog(T))). However, against
the strategic adversary, Prod-BR provides a much stronger notion of performance guar-
antee (no-dynamic regret) compared to no-forward regret of AFTRL. Note that both
Prod-BR and AFTRL rely on the small distance between two consecutive strategies
of the adversary. While it holds true for many no-external regret algorithms as in
Lemma 3.13, there are no-external regret algorithms (i.e., AdaHedge (De Rooij et al.,
2014)) such as the distance between two consecutive strategies will have the form:
| fi1— fillg = O(1/V/t) where t denotes the current iteration. In this situation, following
the same argument, AFTRL achieves O(1) external regret or O(log(T")) forward regret
while Prod-BR maintains O(v/T) dynamic regret.
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3.7 Accurate Multiplicative Weights Update with Last Round

Convergence

Algorithm 18 Accurate Multiplicative Weights Update
Input: learning rate n > 0, exploiting rate o > 0, f1 = fo = [1/n,...,1/n]

Output: Next update

fi (i)en((a-i-l)eiTAyt—OteiTAyt—ﬂ

fili) = > fi(j)en(atlle; T Ayi—ae; T Aye1)’ (3.13)

e; denotes the unit-vector with weight of 1 at i-component

We now turn to the second group of our contributions in this chapter, namely: to
ensure last round convergence with this new algorithmic framework. We show that if
both players follow Accurate Multiplicative Weights Update (AMWU), a special case of
AFTRL with entropy regularizer, then the dynamic converges last round to the NE in

zero-sum game with unique NE. 7

Note here that the uniqueness assumption of NE is generic in the following sense:
since the set of zero-sum games with non-unique equilibrium has Lebesgue measure
zero (Van Damme, 1991), if the entries of A are independently sampled from some con-
tinuous distribution, then with probability one, the game has a unique NE. We leave

the relaxation of the uniqueness assumption for future work.

Our main last round convergence result is as follows:

Theorem 3.20 (Last Round Convergence of AMWU). Let (f*,y*) be a unique
Nash Equilibrium of the matriz game A. Then, with a = n*~' for b € (0,1] and
sufficiently small n, the dynamic of AMWU converges last round to the NE of the game:

limy oo (ft, ye) = (F*,97).

Proof of Sketch. We break the proof into three main parts. First, we prove that the K-L

divergence (Kullback and Leibler, 1951) between the t-th strategy (f;, y:) and (f*,y™*)

2+b

will decrease by a factor of 7% unless the strategy (fs,y:) is O(n?/3)-close :

RE((f*, y")|(fis1,v41)) < RE((F*, y)|(Fr,90)) — Q0" ).

"With some abuse of notation, in this section we use both f(i) and f; to denote the i-th element of
vector f.
8We later define it rigorously in Definition 3.33.
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The key step is the observation that the quantity f," ; Ay; — f, Ay,_1 can be bounded
by:

nfi 1Ay — nf) Ay = —n? Z £ ((f: — e) TA((a + Dys — aye_1))?

—1 Z (i) ((ye — e) AT ((aye-1 — (@ + D)ye))* + O(n**?).

From the above result, we then have that if the starting point is uniform (i.e., f; =
(1/n,...,1/n) and y1 = (1/m,...,1/m)), AMWU will reach O(n"?)-close in at most:
@) (%) time steps.

b/3_close point implies close to the NE with sufficiently small 1.

Secondly, we show that 7
The proof comes closely related to the proof of Theorem 3.2 in Daskalakis and Panageas
(2019). Thus, for any starting strategy with non-zero element and a sufficient small

learning rate n, AMWU can get arbitrarily close to the NE.

Finally, by proving that the spectral radius of the unique minimax equilibrium is less
than one, we show that the update dynamic of AMWU is a locally converging on the
NE point, meaning that there is last round convergence to the NE if the dynamic leads
to a point in the neighborhood of the NE. Now, applying the first and second points to
the dynamic of AMWU algorithm with non-zero element starting strategy, we have that
AMWU will get arbitrarily close to the NE ( f*, y*) with a sufficiently small learning rate
1. Then, using the locally converging property of AMWU, the last round convergence

result in Theorem 3.20 will follow directly.

All the missing proofs can be found in Appendix 3.10.2. O

3.8 Experiment

In this section, we test the performance of our algorithms OSO, AMWU and Prod-BR in
several settings. Firstly, we verify the linear dependency between the size of the effective
strategy set and the NE support size in random matrix games. Secondly, we test the
performance of OSO and relevant algorithms against the strategic adversary in meta
games (Czarnecki et al., 2020). Thirdly, we consider an oblivious no-external regret
adversary and measure the average loss performance of our algorithms against baselines
(i.e., MWU, OMWU) in both random and meta games. Fourthly, we test AMWU and
Prod-BR against a non-oblivious no-external regret adversary and measure the average
dynamic regret performance. Finally, we test AMWU in a self-play setting and measure

the last round convergence rate to the NE.

Size of k vs. Support Size of NE: We consider a set of zero-sum normal-form games

of different sizes, the entries of which are sampled from a uniform distribution U(0, 1).



76 Chapter 3 Achieving Better Regret Against Strategic Adversary

(2]
o

w
o

S
o

w
o

N
o

=
o

Size of effective strategy set (k)

—— Nash supp:10 —— Nash supp:30
Nash supp:20 —— Nash supp:50

0 2x10? 4x102 6x10? 8x10? 1x103
Size of full strategy set

FIGURE 3.1: Sizes of effective strategy set (i.e., k) in cases of an OSO agent playing
against an MWU opponent with different sizes of full strategy set and NE support.

We run OSO as the row player against a no-regret column player ? until convergence,
and plot the size of the OSO player’s effective strategy set against its full strategy size.
We run 20 seeds for each setting. As we can see from Figure 3.1, given a fixed support
size of the NE, which is achieved by fixing the number of columns while increasing the
number of rows in the game matrix, the size of the effective strategy set k grows as the
size of the full strategy set increases, but plateaus quickly. The larger the size of the NE
support (not the full strategy set!), the higher this plateau will reach. Clearly, we can
tell that the size of OSQO’s effective strategy set does not increase drastically with the
full strategy size, but rather depends on the support size of the NE. This result confirms
Theorem 3.6 in which we prove that OSO’s regret bound depends on k, which is related
to the size of the NE support but not the game size. Economically, this is a desired
property as OSO can potentially avoid unnecessary computation, in contrast to other

no-regret methods that require looping over the full strategy set at each iteration.

OSO against MWU: we also look at the setting of playing against an MWU adversary
in Figure 3.2. We can see that OSO outperforms MWU and DO baselines in average
performance in almost all 15 games, which confirms the effectiveness of our design com-
pared to the relevant algorithms. Notably, MWU achieves a constant payoff; we believe
this is because these games are symmetric and since both players follow MWU with the
same learning rate, the payoff will always be the value of the game (thus the ground

truth), which OSO will eventually converge to as well.

Performance against oblivious adversary: for a fair average loss performance com-
parison between AMWU, Prod-BR and the baselines, we consider oblivious MWU adver-
saries: the agent’s historical strategies do not affect the strategy of the MWU adversary.
In order to create this non-oblivious adversary, we assume the adversary follows MWU to
play against a different opponent rather than the agent and therefore the agent’s strate-
gies do not affect the adversary’s behaviour. '°. As we can see in Figure 3.3, AMWU and

Prod-BR outperform other baselines by a large margin. In particular, Prod-BR achieves

9We choose MWU for column player in our experiment, but we expect other no-regret algorithms
would give a similar result.
0The detail setting can be found in Appendix 3.11.1
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FIGURE 3.2: Performance comparisons against MWU adversary

the smallest average loss compared to AMWU and other baselines. Intuitively, since
the agent plays against an oblivious adversary, a better theoretical regret guarantee of
AMWU and Prod-BR can imply a better average loss performance as we have shown in
this experiment. Therefore, Prod-BR with the best regret bound measure (i.e., dynamic
regret) achieves the best performance, followed by AMWU with a forward regret guar-
antee. An interesting observation is that the performance of MWU is almost identical
to OMWU with the same learning rate in our setting, reassuring the point in which

OMWU does not exploit enough extra knowledge.

Performance against non-oblivious adversary: we now test our algorithms against
non-oblivious adversaries (i.e., the agent’s behaviour can change the adversary’s strat-
egy) and answer the question: can better theoretical regret bound of AMWU and Prod-
BR lead to better regret performance against no-external regret adversary in practice?
As we can see in Figure 3.4, AMWU and Prod-BR achieve much smaller average dy-
namic regret compared to the baselines. This further assures our theoretical results
as both AMWU and Prod-BR have better regret bound guarantee against no-external

regret adversary compared to the baselines, leading to better regret bound in practice.

Last round convergence: we compare the rate of convergence of AMWU against
OWMU and MWU. For a fair comparison, we use a common learning rate p = 0.01
for all 3 algorithms ''. As we can see in Figure 3.5, AMWU outperforms OMWU and

MWU by a large margin in convergence to the NE. Interestingly, in Connect Four and

The results for other values have similar broad view. See Appendix 3.11.2 for more details.
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FIGURE 3.4: Average Loss Against Non-Oblivious MWU adversary

Disc meta games, AMWU shows clear convergence pattern whereas OMWU and MWU
fluctuate under the same setting (Figure 3.5b).

AMWU vs OMWU: in order to highlight the difference between AMWU and OMWU,
we test OWMU; with the same relative weight between the predictable sequence x;_1
and the regularizer R(f) as AMWU (i.e., nomwu = namwu X capwu). As we can
clearly see in Figure 3.3, AMWU outperform OWMU]; in every game that we consider.
We can confirm that AMWU and OMWU are two very different algorithm due to its

level of exploiting extra knowledge.

3.9 Conclusion

We study online learning problems in which the learner has extra knowledge about the
adversary’s behaviour (i.e., strategic adversary). Under this setting, OSO can achieve
an external-regret bound of O(\/klog(k)T), where k is the size of the effective strategy
set. Furthermore, our algorithms AFTRL and Prod-BR can intensively exploit this
extra knowledge to achieve O(1) forward regret and O(v/T) dynamic regret, respectively.
In addition, both AFTRL and Prod-BR retain no-regret properties in the worst case
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FI1GURE 3.5: Last Round Convergence

scenario of inaccurate extra knowledge. Finally, we show that AMWU, a special case of
AFTRL, leads to last round convergence in two-player zero-sum games with a unique
NE.
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3.10 Appendix A: Detail Proofs

Lemma 3.21 (Proof of Lemma 3.11). Suppose the players start with the entry A1 and

the game matriz A of the two-players zero-sum game is designed such as

0.1i
A =05+ ——Vie[n]; Ajpr=09%€[n—1],
n

A ;=08Vj>i+2,i€[n],
0r.,. ..
Aij=Ai+ o Vi <i,i € [n],
where n is the size of the pure strategy set for both players. Then the game has a unique
Nash equilibrium with support size of 1 (i.e., the entry A, ,) and the effective strategy

set both DO and OSO method will reach the size of pure strategy set: k = n.

Proof. First, we show that the game A has a unique Nash equilibrium at entry A, .

Following the design of matrix A we have

a” = argmina' Ac”; ¢" = argmaxa” ' Ac
a€ll ceC

Thus by definition, (a”,c") is the NE of the game and A,, ,, is the minimax value v of
the game. Suppose there is another NE of the game (&, ¢) such that a@ # a™ 2. Then,
by definition of the NE we have

since the minimax value v is unique in two-player zero-sum game. However, by the
design of matrix A, a' Ac™ > v Va € II and the equal sign holds true only if @ = a™.
This leads to a contradiction. Thus, the game A has a unique pure NE with respect to

the entry A, .

Next, we show that Double Oracle method with the NE as best response target will

recover the whole pure strategy set in this game.

By definition, the game start with the entry A; ; and the initial effective strategy sets are
Iy = {a'} and Cy = {c'}. Since, A = argmine i, A;1and Ao = argmax e ] Ay,
the new sub-game 2 is created with the corresponding effective strategy set: II; =
{a'} and Oy = {c!, c?}. Note that the effective strategy set of the row player remains
unchanged in this iteration. The NE in the sub-game 2 is the with respect to entry A o,
thus in the next iteration, the best response targets for the column and row player are
with respect to a! and ¢?, respectively. Now, in iteration 3, since Agg = argmin;ciy, Ao

and A1 = argmaxic ] A j, the new sub-game 3 is created with the corresponding

12The same argument holds true in the case " # é.
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effective strategy set: Il = {a!,a?} and C; = {c!,c?}. Note that in this round,
the effective strategy set of the column player remains unchanged. Following the same
process, the effective strategy set of the row player will add the a’ pure strategy in
iteration 2¢ — 1 while the effective strategy set of the column player will add the pure
strategy ¢’ at iteration 2i — 2. Therefore, the DO method will add the whole pure

strategy set until converging to the NE in this example.

For the OSO method, we can follow the same process in the above DO case. That is,
for the adversary, we allow it to play the NE of the sub-game in the same order as
in DO. Since OSO is a no-regret algorithm and the average loss will remain the same
for each time window (since we fix the adversary in this case), the OSO algorithm will
converge to the best response with respect to the current average loss. Since we design
the game such that in each sub-game, the Nash Equilibrium will be a pure strategy, the
best response with respect to the NE of the adversary will also be the NE of the player
in the current sub-game. After the player (i.e., following OSO method) converges to
the NE of the sub-game, the adversary will move to play the NE of the next sub-game.
That way, the OSO algorithm will need to add the whole pure strategy set when playing

against this type of adversary.

In a more specific way, the adversary can play the following policy. In the first iteration,
the adversary plays c!. Since the best reponse with respect to ¢! is a', a® will be added

2. Then, a? is

to the effective strategy set. Then at iteration 2, the adversary plays c
the best response with respect to the current average loss (i.e., Ac! + Ac?). Thus, a?
is added to the effective strategy set. In the next iteration, by the design of the game

matrix A, we have the following relationship:

i+h
a't" = argmin aTA(Z ¢’) Vi, h > 0.
acll =i

Thus, by letting the adversary plays ¢! to ¢” sequentially, the effective strategy set of
the agent will need to recover the whole pure strategy set. Note that the policy used by
the adversary is also a no-regret algorithm since in the later rounds, the adversary can
just follows the pure strategy ¢” and achieving the value v of the game, thus deducting

any negative payoffs from the first n rounds. O

Theorem 3.22 (Regret Bound of OSO with Less-Frequent Best Response). Let @1, T2,
..., xT be a sequence of loss vectors played by an adversary. Then, OSO in Algorithm

1/ is a no-regret algorithm with:

1 /<& e V klog(k) Zf:la\im
T(;(ﬁ#&)-%g;(ﬁ%))ﬁ JaT + T ;

where k = |Il7| is the size of effective strategy set in the final time window.
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Proof. W.l.o.g, we assume the player uses the MWU as the no-regret algorithm and
starts with only one pure strategy in Ilp in Algorithm 13. Since in the final time
window, the effective strategy set has k elements, there are exactly k time windows.
Denote |T1], |T2|, ..., |Tk| be the lengths of time windows during each of which the subset
of strategies the no-regret algorithm considers does not change. In the case of finite set

of strategies, k will be finite and we have

In the time window with length |T;]|, following the regret bound of MWU we have

|Ti41] Ti+1] )| ) i—1
Y (fom)— min Y (fim) < “log(i), where |T;| = |T}].
i S I 2 —
t=|T;|+1 t=|T;|+1 Jj=1
(3.14)
Since in the time window T;, the size of the effective strategy set does not change, thus
we have B B
[T 41| T +1] )
min , Ty) — min s ) <l 3.15
peltin Z (f, @) win Z (F ) < oy, (3.15)
AT =Ty 41 t=|T3|+1

From Inequalities (3.14) and (3.15) we have

T 41 ITi41]

: |T:| . ;
Z (fe, ) — i Z (foae) <[5 log(d) + ajp,. (3.16)
Sum up the inequality (3.16) for i = 1,...k we have
k ;] T |71l
Z ( 9 IOg(Z)+aZT|> Zz<ft>mt>_zrfn€1ﬁl Z <f7mt>
i=1 t=1 i=1 t=|T;|+1
T ko |Tit1l T T
> (fom) —miny > (Fowe) =) (frw) —min) (f ) (3.17a)
t=1 Feli t=|T;|+1 t=1 Feli
k T T
Tklog(k) i .
2+;am > ;m,m — i i:1<f,a:t>. (3.17Db)

Inequality (3.17a) is due to > min < min ) . Inequality (3.17b) comes from Cauchy-
Schwarz inequality and Stirling’ approximation. Thus, we have the derived regret bound.
O

3.10.1 Proof of Theorem 3.12

Before provide the proof for the Theorem, we need the following lemmas:
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Lemma 3.23. DO will converge to e-NE if players can only access to an e-best response

mn each round.

Proof. We first prove in the case of single oracle algorithm. The double oracle proof will
be similar. Since the number of strategies is finite, by the same argument in the the
case of exact best response, the process will converge. Suppose that at time step ¢, the

process stops. Since we use e-best response, we have the following relationship:
fi' Ay, —min T Ay, <e
fell

If we set the weight of pure strategies does not appear in f; to be zero to make a f,

then it is obvious that
A =fTA

Thus, we have the following relationship:
2 . T
Ay, — Ay, < 1
i Ay min J Ay <e (3.18)
Further, since y; is Nash equilibrium of A;, we also have

max ft/TAy — ft/TAyt = max ftTAty - ftTAtyt =0 (3.19)

yeA, leA,
From inequalities (3.18) and (3.19), by definition we conclude that (f/,y;) is eNE of
the game A. O

Now, we can prove Theorem 3.12:

Theorem 3.24. Suppose OSO agent can only access the e-best response in each iteration
when following Algorithm 13, if the adversary follows a no-regret algorithm, then the
average strategy of the agent will converge to an e-NE. Furthermore, the algorithm is

e-regret:
T

. Rp T T
lim — <e¢; = ( Ay, —f A ) .
A =6 Fr= max s foAw =T Ay

Proof. Suppose that the player uses the Multiplicative Weights Update in Algorithm 13
with e-best response. Denote |T1|,|T5],...,|Tk| be the lengths of time windows during
each of which the subset of strategies the no-regret algorithm considers does not change.

Furthermore,



84 Chapter 3 Achieving Better Regret Against Strategic Adversary

In a time window T}, the regret with respect to the best-fixed strategy in the effective

strategy set is:

|Tix1] T (i+1)] |T‘
E (ft, ;) — min E (f,xy) < “ log (i), (3.20)
— EH\T-H»l — 2
t=|T¢H>1 N t=|T¢H>1

where |T;| = Z;;ﬁ |T}|. Since in the time window Tj, the e-best response strategy stays

in Iz, and therefore we have

[T (;41)] IT ;1)
min E (f, ) mln E (f,x:) < €|T3]
Felp |41 = fell
=Ty 1 t=|Ts|+1

Then, from the inequality (3.20) we have

IT (i1 IT (i1 )
Z (fi, ) mln Z (f, ) log(i) + €| T3], (3.21)
t=|T;|+1 t |T;]+1

Sum up the inequality (3.21) for ¢ = 1,...k we have

k
Stfom) Y mn Y (fad <y ‘T;"log<z'>+emr,

t=1 i=1 t:|TiH‘1 =1
T kTGl

— Z ft,xe) mlnz Z (f,x) <€T+Z” (3.22a)
t=1 =1 ¢t=|T;|+1
T

== Z ft,xe) mlnz Iz <eT+Z\/
t=1
T T T

= , — mi ) < €T —+/klog(k). 3.22b
;<ft o) I}ggé(f zi) < €T + 1/ 5 Vklog(k) (3.22b)

Inequality (3.22a) is due to > min < min ) . Inequality (3.22b) comes from Cauchy-

Schwarz inequality and Stirling’ approximation. Using inequality (3.22b), we have

T

S (frw) - kl;gT(k) e (3.23)
t=1

'ﬂ\'—‘

min(f,z) >

fell

That is, the OSO algorithm is e-regret in the case of e-best response. Since the adversary
follows a no-regret algorithm, we have

T

T
T
mgxtggm,@ . ;gm < ﬁm

T
log(L)
> (fim o7

t=1

(3.24)

- max

’ﬂ\*—‘
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Using the inequalities in (3.23) and (3.24) we have

f 1 d klog(k
(f,z) > }Il€11f11<f,as> > 7 t§:1<ft’ ) (2)g( )
= log(L klog(k
> mgx(f,;@ _ \/ Og( ) _\/ (;g( )
Similarly, we also have
f,x r 1 ZT log(L)
<f,$> §m§X<f,w> < 7T <ft,$t>+ 2

t=1
: _ klog(k) \/log(L)
<
_Ifnel%[l<f,:13>+6+\/ 5T + oT

Take the limit T — oo, we then have

max(f,x) — e < (f,2) < mingen(f, z) + ¢

Thus (f, &) is the e-Nash equilibrium of the game. O

Lemma 3.25 (Lemma 3.5). Let g; be defined as above, then the following relationship
holds for any f € F:

T T
th,ﬂvt <f»zﬂft>+7
t=1 t=1

Proof of Lemma 3.5. We prove this by induction. For ¢ = 1:

R(f)

R(g1) < (f,m1>+7\7fef.

Ui

<gla $1> < <gla $l> +

Suppose the statement is true for 7' such that

T

th7$t fZiBt er]-"
=1

Adding (gr+1,®7r41) on both sides we have

T+1 R($)
Z(gt,wt (f, Zwt + D +{gr+1,®r41) Vf € F

t=1 t=1

R(gr+1
QT+1,Z$t Blgrs) + (941, TT41)

T+1
§<f,Z:ct)+R§7ﬂer}".

t=1

Thus the statement is true for T+ 1.
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From the above Inequality, if an algorithm is a no-forward regret, i.e.:

-
Z ((fesze) — (gt, 21)) = o(T),
t=1

then we also have:

3 S R(f)
min2(<fta$t (f, ) Z (o @e) = (gr, @) + ——
e t=1 N
R
=o(T) + R o(T)
n
Thus, the algorithm is also a no-external regret algorithm. ]

Lemma 3.26 (Doubling Trick). The idea of doubling trick is to divide the time interval
into different phases and restart the algorithm (i.e., AFTRL) in each phase. We will
prove that by considering different phases in the process, the AFTRL will still maintain

the regret bound of O <\/Z?1(Hmt - a:tle‘)Q) .

Using Lemma 3.5, the regret bound in Equation 3.8 can be derived as:

T

T T
a *
> (o) = (£ 3 ) < RO+ 3 (e~ @) VE € F.
t=1 na t=1

t=1

Now, we break the time interval T into different phases, in which phase i has a constant

learning rate n; = 102~". Define the starting point of phase i + 1 such as

(e

Si+1 = min{7 : /3 Z lze — xioa|)? > —R(f)}.

«
t—s; i

and s1 = 1. Let N be the last phase of the game and let sy+1 =T + 1. We then have

T 51+1 1
Z frox) — (f7 Zwt <ZfR (e — @ ll)?
t=1 t=s;
2N+2
<2 R(f"),
;771 Mo ()

where the inequalities come from the definition of s;. Note that we have

SN

1 1 1 «
— = < — T 2 /-
M0 77]\[712]\7—1 — 2N—1\ Z (Hmt Ty 1||q) BR(.f*)

t=sN-1

1 T
N1 ;Hwt—munm %.

IN
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Thus we have

T
2N+2

thawt (f*, Zwt <
=1

R(f7)

T
1
§2N+2W Z(Hmt—wt 1lq)?
=1

f*)

T
=0 [ D (lme — 21l
t=1

T

=8| > (o — ai1ly)?

t=1

T

Thus, we derive the result.

Lemma 3.27 (Lemma 3.13). Let fi, fi+1 be two consecutive strategies of nmo-regret
algorithms (i.e., FTRL, OMD). Then we have for any norm ||.||4:

1

| ferv1 — fillg = O(ﬁ)~

In order to prove Lemma 3.13, we first need to have the following lemmas about the

distance between two consecutive strategies of FTRL and OMD:

Lemma 3.28. Let f;, fir1 be two consecutive strategies of FTRL algorithm. Then we

have

2n
| fee1 — Fellp < nﬁ, where ||.||, denotes I, norm.

Proof. Following the property of S-strongly convex function we have
p 2
Fy(fiv1) — Fi(fi) > 7Hft+1 — fill,

ft+1,Z€Bs M (fra1, @) — ft,Z«’Bs -

2
> 2n\\ft+1 Till,

= Fa(firr) — (frrr, ) — ft,zws - Hft+1 Felly.

By definition, we have Fy1(fi+1) < Fy41(f:). Thus, substitute it in the above inequality

we have

Foa(fe) = (Fear ) — ft,zws - ) zﬂ“ft—&-l il

— fill?

t
= (fo.) @)+ R(nft) — (fer1, ) — ft,ziﬂs

s=1 a 277

= (fi - ft+1awt>>7||ft+1 filly = |1fisr — ft”p”thq—?H.ft—H fll?

2nn
= — > | fit1 — fillp,

g
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since x; € [0,1]" then [|a||, < n/9 = n'~1/P < n. Thus, we derive the result.

O]

A similar property can be found in other no-regret algorithm, such as Online Mirror

Descent:

Lemma 3.29. Let g¢, ger1 be two consecutive strategies of OMD algorithm. Then we

have

| fie1 — fellp < %

Proof. Following the property of S-strongly convex function we have

p
Giy1(9t) — Gey1(ger1) > Sl1ger1 — gt”f,
B
= Gt — gt+1, %) + Dr(Gt,9¢) — Dr(Gt+1,9¢) > = |lger1 — gtH%

B
< 1(gt — gi+1, %) > Dr(Ge41.9¢) + §”gt+1 - gt\lf,
S B
-2
= nllg: — ger1llplleellq = Bllges1 — gtngo

B
= (gt — gt+1,Tt) g1 — 9t||f) + §||gt+1 - gt”f,

n
= Bn > ||ge+1 — gtllp,

since Dg(gt,g1) = 0 and x; € [0,1]™. O
Now we can prove Lemma 3.13:

Proof of Lemma 3.13. From Lemma 3.28 and Lemma 3.29 along with the property of

no-regret algorithm such as n = O(\%T), we have

1

||ft+1 - ft”p = O(ﬁ

).
Now for g > p, it is easy to show that:

[ Ferr = Fellg < [ Fosr = Fellp

e fo = fill, = O(;ﬁ‘

For g < p, using the Holder’s Inequality, we then have:

1

I fie1 — Fellg < nYVP| fin — fillp, = ”Uq*l/po(ﬁ

L
)

)

= || ferr = Fillg = O(
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We complete the proof. O

Theorem 3.30 (Theorem 3.14). Let F C [0,1]" be a conver compact set and let R be
a B-strongly convex function with respect to ||.||, norm and mingcr R(f) = 0. Denote
|.llq the dual norm with 1/p+1/q = 1. Then the AFTRL achieves the external regret of

O(1) or forward regret of O(\/E{Zl(ﬂmt - :L't_1||q)2) against general adversary. More
importantly, against a strategic adversary (i.e., no-external regret algorithms such that
FTRL, OMD), AFTRL achieves O(1) external regret or O(1) forward regret.

Proof of Theorem 3.14. Let us first define h;41 as follow

t
ht+1 - arfgn]l__in Ht+1(-f) = <f7 Zws + oza:t+1> + M
e —

Observe that for any sequence of f; € F,

T

Z ft7 IEt
t=1

We now prove by induction that

~

M'ﬂ

T
b —xa)+ > (- b))+ (b)),
t=1

t:1 t=1

T T 1 T a_1Z 1
Z(.ft —hy, +Z hi, @) < & ;Z$t> + Tz<gt7wt> + ERU% Vf'eF.
t=1 t=1 t=1 t=1
(3.25)
Fort =1, xg = 0. Since hy = argminfe;<f,aw1) + @, we have Vf’ € F:
R(h ! 1 R(f'
(o) + 2 oy BED L ey < Mgty + B (3.06)
no no Q na
since « > 1 and R(f') > 0Vf' € F. We also have
R(h R
(hy,aay) + B < () oy 4 F90)
n n
R .
= (g1, x1) + (51) + (v — 1){g1, 1) (By definition of g1)
R(h
S <h17$1> + (7’] 1) -+ (Oé - 1)<glaw1>
R(h R(h
— <h1,oz:1:1>+ (771) S <h1,931>+ (77 1) +(Oé—1)<gl,131>
= (h1,z1) < (g1, %1).
Along with Inequality (3.26) we have
1 a—1 1 R(f' a—1
(hy,21) = —(hy,x1) + ——(hy,z1) < —(f,z1) + RS) + (g1, 1).
@ o o na o

Thus, the first step in the induction for ¢ = 1 is correct.
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For the purpose of induction, suppose that the above inequality holds for 7 = T — 1.
Using f' = fr and add (fr — hy,z7_1) + (hr,x7_1) on both sides we have

Fjﬂ
N

—hy, 1) +
=1 ¢

<ht>$t>
1

71 T-1
1 a—1 1
< a<fT, Z xy) + 0 Z<gt,xt> + ZR(.fT) +{(fr — hr,z7_1) + (hr,27T)
=1 =1
1., w— 1 -
= fTaZwt+ail3T 1>+77R(fT x;) + (hr, Tr — TT-1)
t=1 :1
. 71 01T
< ~({hr, )@ +amro1) + R(hT» — D _{gn) + (hrwr — )
=1 =1
. 71 ) 017!
= —((hr, Z x; +azr) + —R(hr)) + (91, 1)
@ =1 K =1
1 -1 017!
< —((gr, Y @+ axr) + R(gT» + (g1, m1)

t=1 =1

1 ! 1 Lol T
== "R
a(<gTaZ$t+$T>+n (g7)) +— th,wt
t=1 t=1
T-1 05—1 T
< Z({f' R
>~ f’tzlwt—i_xT + o tzlgt7xt

The proof is derived from the optimality of f;,g: and h;. This concludes the inductive

argument.

Now, we only need to bound the sum:

M=
=

— hy, x; — iBt—l)-
t=1

Using the property of a strongly convex function we have

Fyh) - Fi(f) > £7|ht R

Hy(f,) - Hi(hy) > fnuht R
— () — Fi(fi) + Hy(fi) — Hy(hy) > iuht C R
= alhy— fr,z 1 —x) > §||ht - ftH;Qo
— e — Fullollis — @il > fauht AT

B
— HiDt—l - thq > niotht - fth'
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Thus, we have

—hy,xp — i) <

Fjﬂ
N

[ £t — Pl |plles — 2-1]lq
t=1

#
Il
—

T
na
<5 > (lwer — il
t=1
Along with the Inequality 3.25 we have
T T T
S (fi—huxia) + > (h@) + Y (fo— by, @ — @)
t=1 t=1 t=1
1 1 1 na T
<< (f', Zwt +2= Z<Qt7wt> + %R(f/) tg D (w1 —millg)?, V' € F
t=1 t=1
T 1 T 1 L T
— Z(ftaxt ) < o (f', Ziﬂt + 72(9&931&) + 77* ?Z |21 — ®4llg)%, VI € F.
t=1 t=1 t=1

Let f* = argminfef<f’,2;f:1 x;) and R = maxgcr R(f). Then from the above in-

equality we have

T T T T
|

é(Z (fr, ) — (7, th = O (Foome) =D (gra) < ia %Z 1 — aillg)?

t=1 t=1 t=1

Now, against a general adversary, if ZtT:1< f,xe) — (f*, ZtT:l @) < 0 then by definition,
AFTRL has O(1) external regret. In case where S 7_ (fi, @) — (f*, 1, @;) > 0, using
Inequality (3.8) and setting o = \/BR/ (S, (|2 — @-1,)?) we have

T T T
;(ft,mt ; gtamt < 71 R; ||56't — Xy 1|| 2/5 O ; |’3’3t—$t71”q)2)-

For unknown bound Zthl(Ha:t — x;_1]|4)?, we can use the Doubling Trick as shown in

Appendix 3.26 to achieve a similar regret bound.

Against a no-external regret adversary, using Lemma 3.13, we then have:

T T

S (e — ziallg)? = > (O T o(1).

t=1 t=1

Thus, Inequality (3.8) becomes:

S

T
Z (froze) — — f Zwt 1 x) < —R—l— O(l):O(l).
t=1 t=1
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Following a similar reasoning for general adversary, AFTRL achieves O(1) external regret

or O(1) forward regret against no-external regret adversary. O

Theorem 3.31 (Theorem 3.16). Let F be a convex set in a Banach space B. Let
R : B — R be a B-strongly convex function on F with respect to some norm ||.||,. For

any strategy of the environment and any f' € F, the Accurate Mirror Descent yields

T
-1 max
tZ1 fro@e) — — f o) — (gt1, @) < Qﬁ ZHwt Ty 1”2
where R2,,, = maxger R(f) — minger R(f).
Proof of Theorem 3.16. We define hy41 as follow:
hiy1 = argmin Hyyq(h) = n(h, ax;) + Dr(h, gt).
heF
For any f' € F,
1 a—1
(froe) — E<f,»$t> - (Gt+1, 1)
= (ft —hir1, e —xp1) + (fr — hir1, @) (3.27)

1
+ (hir1 — Giy1, o) + E(gt+1 — ).
Using the property of dual norm, we derive

(ft —herr, e —xe1) < || fi — hegallpllTe—1 — x4lq
g 5 | M ) (3.28)
< g llfe = Pegallp + %Hwt—l — x5

We note that for any g € F and f = argming. »(f, x) + Dr(f, ¢), we have the following
inequalities (see e.g. Beck and Teboulle (2003))

<f - gv$> < DR(.g?C) - DR(Q?f) - D'R(.f7c>

This yields

(o — By, @e1) < ;a(DR(hm,gt) ~ Dr(huss. f2) — Dr(fing).

1
(Ptr1 — g1, 24) < %(DR(ngygt) — Dr(gt+1, htv1) — Dr(Piy1,9)),

—_

(gey1 — ) < —(Dr(F',9t) — Dr(f', 9t41) — Dr(Gt11,9¢))-

3
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Summing up the above inequalities we have

1
(ft — hirr, 1) + (i1 — geyr, ) + E<9t+1 —f x)
1

UE(DR(f ,9t) — DR(f',9t+1) — DR (hey, i) — Dr(ft,9¢) — Dr(gev1, his1)) -
(3.29)
Using the property of strongly convex function, we have
p
Dr(hit1, fi) = *Hht+1 ftH}%% Dr(ft,9¢) > 511 St _gtH}%- (3.30)

Putting Inequalities (3.28),(3.29) and (3.30) in Equality (3.27) we derive that

a—1

(o) = (' m0) -

e
(Gt+1, 1) < %th—l - $t||3

1
4 (DR(f ) = Dr(F ) — 51— il

Summing over t = 1,...,T yields, for any f’ € F,

d a—1

Z Jrox) — — .f o) — (gt+1, @)

t=1
T 2

< 553l aly + Rz _ e Z £~ gl
T 2

< 55 2 lme = weal + e
t=1

where R2,,. = maxfcr R(f) — minger R(f).

Using the following inequality with any given f’ € F and g;y1 = argminge zn(g, z;) +
Dr(g,9:) (e.g., see Beck and Teboulle (2003))

n{(gi+1 — f'yx) < Dr(f',9:) — Dr(f', g1+1) — Dr(gt+1,9t)

we can derive that, for any f' € F,

T T 2

T
Rm(ll} B
Z<gt+17mt> < Z<f/7$t> + T Z g1 — gell>.
=1

i=1 =1

Thus, the regret with respect to ZZTZI (g1+1, ) (i-e., forward regret for AMD) is stronger
than the (external) regret with respect to Zg;ﬁf’, x), Vf € F. O

Lemma 3.32 (Lemma 3.17). Let x;, @111 be two consecutive strategies of a no-regret
algorithm (i.e., FTRL, OMD). Then, we have

1
(b, xt11) — (¢, x141) = O(—=), where b = argmin(f, x;) , ¢ = argmin(f, x¢11).
VT fer feF
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Proof of Lemma 5.17. Since b = argmingcz(f,®;), we then have: (b,x;) < (¢, ).

Thus, we can derive that:

(b, x111) — (€, ®e41) = (b, Tp11) — (b, @) + (b, @) — (€, Tp41)

< (b, @11 — o) + (¢, @) — (€, @141) = (b, Tt1 — @) + (C, Tt — Tpy1).

Using Lemma 3.13 such that ||xi1 — @1 = O(%) and b, c € [0,1]" we then have:

(b,xi11) — (€, 1) = (b, i1 — T4) + (€, T — Ty41)

1 1
<1 — @1 + |2 — ®41]1 < 20(—=) = O(—=).

vT° VT

The proof is complete. O

3.10.2 Proofs of Last Round Convergence of AMWU

In our proof, we use the notation of -closeness:

Definition 3.33 (8-closeness Mehta et al. (2017)). Assume S > 0. A point (f,y) €
A, x Ay, is B-close if for each i € [n], it holds f; < B or |fT Ay — (Ay);| < B and for
each j € [m], it holds y; < B or |fT Ay — (AT x);| < 8.

We can now provide the full proof of last round convergence for AMWU.

3.10.2.1 Decreasing K-L distance

In this subsection, part of our analysis bases on the linear variant of AMWU with the

following update rule:

ft 1(2) _ ft(z)(l + 77((04 + 1)eiTAyt - aeiTAyt—l))
" > (A +n((a+1)e; T Ay, — ae; T Ay;—1))

Since the variant’ update rule does not contain the exponential part, it reduces the
complexity in the analysis. We first quantify the distance between two consecutive
updates of AMWU by the following lemma:

Lemma 3.34. Let f € A, be the vector of the max player, w,z € A,, such that
|lw—z|[1 = O(n), na = O(1) and suppose f', f" are the next iterates of AMWU and its

linear variant with current vector f and vectors w, z of the min player. It holds that

£ = f"ll1 is O(?) and || = Fllv, [If" = Fll1 are O(n).

Analogously, it holds for vector y € A, of the min player and its next iterates.
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Proof of Lemma 3.34. Let n be sufficiently small (smaller than maximum in absolute
value entry of A). From the assumption that |w — z||1 = O(n)and O(na) = O(1) we
have

(a+1)(Aw); — a(Az); = (Aw); + O(1).

Thus, we can derive the following equalities:

fi = £l = £

enllarh(Aw)i—a(A2)) 14 p((a+1)(Aw); — a(Az);)
>, fienerDiw),—a(Az),) = 57 f5(1+ n((a+ 1)(Aw); — a(Az))))

1+n((a+1)(Aw); — a(Az);) £ O0(n?) B 1+ n((a+1)(Aw); — a(Az);)
> Fil+n((a+ 1)(Aw); — a(Az);) £0(m?) 3, fi(1+n((a+1)(Aw); — a(Az);))

= £,0(n°).

~

and hence ||’ — f"||1 is O(n?). Moreover we have that

1+n((e+1)(Aw); — a(Az):)

Fim = f - S T (e + D(Aw), - a(Az)))

_ | S fi1 G (A, — a(42),) — (14 nf(a+ D(Aw): - a(42)0)
- >, 5,0+ (o + D) (Aw); — a(42);))

_ | in((a 4 D (Aw); — a(42);) —n((a+ 1)(Aw)i — a(42)

- > 50+ n((a+ 1)(Aw), — a(Az),))

L[S e+ D(Aw); - a(42)) — (0 + 1)(Aw); —a(42),))

=7 S 50+ (o + D)(Aw); — a(Az),))

= fiO(n).

We can derive the third part of the lemma by using the triangle inequality with the two

above proofs. ]

We needs the following lemmas in order to prove Lemma 3.37:

Lemma 3.35. Let f € A, be the vector of the max player, w,z € A,, such that
|lw— z|l1 = O(n), na = O(1) and suppose f', f" are the next iterates of AMWU and
its linear variant with current vector f and vectors w, z of the min player. It holds that

(for n sufficiently small)

n(f = T A((a+ Dw - az)
= 77(f” - f)TA((a + ) —az) - O0(p)
= ? Z Fil(F — e) T A(a + Dw — az))® = O(n*)

= ? Z F((f —e) A(a+ Dw — az))* = O(7°).
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Proof. By following Lemma 3.34, we only need to prove the second equality. Set B =
(1,1, " +nA). We have that f/' = f; ffé?;r-ls-)qu) )az)z) following the definition of linear
AMWU. We can derive that

(f""B((a+1Dw — az).(f ' B((a + 1w — az)
= ZBijfi”((O‘ +Dw —az);.(f " B((a+ 1w — az)

=SBl 1 T - e @ D~ e Bl(a+ D)

:ZBijfi (a+1)w) —az)i((a+ 1w —azj—Zfl (a4 Dw — az);)?
= (fTB((a+ w — az))* + Z filfTB((a+ 1w — az) — (B((a 4+ 1)w — az));)>.

Thus we have

(f""B((a+1Dw — az).(f ' B((a + 1w — az)
= (f"B((a+ 1w —az))*+ Z Fi(fTB((a+ 1w — az) — (B((a+ Dw — az));)>.

(3.31)
Since our assumption that ||w — z|; = O(n) and na = O(1), we then have:
|A(( + D)w — az)|| = ||aA(w — z) + Aw|| = O(an) + O(1) = O(1).
Thus we also have:
FIB((a+ 1w —az) =1+ 0(n).
Devide both sides of Equation (3.31) by f7 B((a + 1)w — az) we have
(F""B((a + 1)w — az)
=(fTB((a+1)w—az))+(1— Z Fil(fTB((a+ 1w — az) — (B((a 4+ Dw — az));)?

=nfTA((a+Dw — az) + 2 Z Fi((f —e)TA((a+ Dw — az))?

Thus, the second equality is proven. Other equalities come directly as the result of
Lemma 3.34. O

Furthermore, from the above lemma, if we impose the condition:

na=n’,
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where b is in (0, 1].

from the above lemma we have

n(f — )T A((a+ Dw

n(f = )T Aw +na(f' -

—az)=

£ A(w -

= n(f’ — £)T Aw +7"0(n 2)

n(f — ) Aw =

_ 221:

1_

z)

QZfZ

—e) A((a + Dw

- az))’

Similarly, we have the following lemma for the min player:

Lemma 3.36. Let y € A, w,z € A, and suppose y' is the next iterate of AMWU

—e) A((a+ 1w

—n°0(n?).

—az))?

Note that this condition does not contradict to naw = O(1). Then

—n"0(n?)

with current vector y and inputs w, z. Furthermore, assume that ||w — z|1 = O(n) and
na =n’ for 0 < b < 1. It holds that (for n sufficiently small):

ny —y)TAT(-
7Y Yy —e) AT ((az — (a + Dw))® - n°O(n?).

=(1-0(n))

In order to prove Theorem 3.39, we need the following lemmas:

w)

i

Lemma 3.37. Let (f;,y:) be the t-th iteration of AMWU dynamic. For each time step

t > 2 it holds that:

77ftT 1Ayt

—~ nftTAyt )

= Qth

22%

Proof of Lemma 3.37.

- UftTAyt 1

2th
22%
= 2th
Zyt
= —( Qth
QZyt

an 1Ayt

ft_ez

ft_ez

A((a+ 1)y

A((a+ Dy — ay—1))*+

1 — Yy 9))*+

(ye —e) TAT ((ayi—2 — (a0 + D)ye—1))* + 1°0(n?)

.ft_ez
yt_el

ft_ez

A((a+ Dy — ayi—1))* —

)TAT ((aye—1 — (a + D)yr))? —

A((a+ 1)y — ay—1))*+

(gt —ei) AT ((age1 — (a+ Dye)? +n°0(n?)

2,2b

(1 =0Mm)n™ "+

(1=0()

(gt — )T AT ((age1 — (a+ Dye)? + "0 ()

772,,72b

+1°0(n

%)
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O]

Lemma 3.38. Let (f;,y:) denote the t-th iterate of AMWU dynamics. It holds fort > 2
that
FTA((a+ D)y — o) > 1T Ay™ and

((a+1)fi—afi1) Ay* < f*T Ay*

Proof of Lemma 3.38. Tt is sufficient to show that ((a+ 1)y — ayi—1) € A, and ((« +
1)f: —afi—1) € A,. From Lemma 3.34 we have fi(i) = (1 — O(n))fi—1(i). Thus, in
order to show that ((a+ 1)f+(i) — afi—1(2)) > 0 we need to show that:

(%

(1-0()) > .
(n

1
);

<~ 1> (a+1)0

which is true since an =7, b € [0,1] and 7 is small enough. O

Theorem 3.39. Let (f*,y*) be the unique optimal minimaz equilibrium and n suff-

ciently small. Assume that an = n® where b € [0,1]. Then

E(fy)(Fey0))

is decreasing with time t by n**° unless (fi,y:) is O(n®/?) — close.

Proof of Theorem 3.39. We compute the difference in relative entropy distance between

two connected strategies:
E((f y)(fer, yt+1)) - RE((f*,y*N(ft,yt))

(Zf ) log (@) Ay —adye—1)(0)) +Zy (i) log(e"~ (a+1)ATft+aATft_1)(i))>

i

+ log (Z ft(i)en((aH)AytaAytl)(i)) + log (Z yt(i)e”((O‘H)ATeraATftl)(i))

i

= —nx*TA((oz + Dy — ays—1) — ny*TAT(—(a + ) fi +afi—1)+

log <Z ft(i)eﬂ((aH)Ayz—aAyt1)(%’)) + log <Z yt(i)en(—(a-ﬂ-l)AszJraATft1)(i)> .

i

From Lemma 3.38 we have

—nf* T A((a+ Dy — oy—1) —ny" AT (—(a+ 1) fi + afic) < 0.
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Thus we have

RE((f*, ¥y )(fr+1, Y1) — RE((f*, ¥y (ft, ye))

< log Z fi(i)entlot ”Ayt‘a“‘yﬂ)“)) +log (Z yt(z’)e”(—<a+1>ATft+aATft1)@‘))

(Z fi(4) e”( (a+1)((Aye) (i)~ ftTAyt)_a((Ayt1)(i)_ftTAytl))>

+ log (a+1)((ATft)(i)_ftTAytH“((ATf“l)(i)_f:1Ayt))> +an(fil Ay — £ Ay 1)

th )ent(ei— fi) T A((e+ D)y —ay:— 1))) + log <Z yt(i)en(((a+1)ft+aft_1)TA(eiyt))>

i

ft 1Ayt ft Ay, 1)

Using the Taylor approximation (7 is suffciently small) to the function e® (i.e., e* =

1+ 2+ 32?) and log(1 4 z) < = for > 0, we then have:
2
log <Z ft(i)en((eift)TA((aJrl)ytayt—l)))
< log th Y1 +n((ei — f) T A((a+ Dys — ays1)))+

Z ft(i)((§ +O0" ) ((ei — fi) TA((a + Dy — aye-1))?)

= log <1 + Z ft(i)((% +O0")n*((ei — fo) T A((a + 1)y, — ayt1))2>

< 3" RO + OGN (es = )T Alla+ Dy — i)

Along with Lemma 3.37, we then have:

RE((f* y*)H(ft+1,yt+1)) = RE((f*, y")I(fe. ye))
< Z N0 fi(@)((ei = f) T A((a + Dye — aye—1))+

Z(i OGPy (i) ((w: — )T AT ((ayis — (a+ D))
b

; Qth ((fi —e)TA((a+ D)y — ayr1))’—

b
% (1- Z (i) (ye — )T AT (0yer = (@ + Dw)* + P O0r)
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< —(f — 0"’ Z Fe@)(fe — e) T A((a + D)ye — aye1))*~
(5~ On I @) = e A (aw-s = -+ 30+ O

Since 77—; > 1. Now, it is clear that as long as (f;,y:) and thus (fi—1,y:—1) is not

O(n*3)-close, from the above inequalities we get:

E((£* y)M(Ferr, yes1)) — RE(F5 yO)(Feo ) < —Q0"F2),

b+2 and the claim follows.

O]

or the relative entropy distance decreases at least a factor of 7

3.10.2.2 7n/3-closeness implies closeness to optimum

We first need the following lemma:

Lemma 3.40. Let i € Supp(f*) and j € Supp(y*). It holds that xp(i) > %nb/g and
yr(i) > %nb/:s as long as

1 1
b/3 < min — i min

= s€Supp(f*) (nm)l/f*(s)’ s€Supp(y*) (nm)l/y*(s) ’

Proof. By definition of T, the K-L divergence is decreasing for 2 < ¢ < T — 1, thus

E((fy)(fr-1,97-1)) < RE((f, y7)|[(f1,91))-

This implies that:

"y r .
F(i)log ( le Zf )log (5 —(5))

< Z i@ log )+ Zy ) log ( 1(@)) = log(nm)

- fT(i)>WZ77

Since |fr(i) — fr—1(7)| is O(n), the result follows. O

Using the above lemma, we can follow the same argument as in Theorem 3.2 of Daskalakis

and Panageas (2019) to prove the following theorem:

Theorem 3.41. Assume (f*,y*) is unique optimal solution of the problem. Let T be
the first time KL divergence does not decrease by Q(n*2). It follows that as n — 0, the

n/3-close point (fr,yr) has distance from (f*,y*) that goes to zero:

lim ”(.f*vy*) - (fT7yT)H1 =0.
n—0
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Proof. From Lemma 3.40 and the definition of T' we have |(Ayr); — fr ' Ayr|is O(n'/3)
for 4 in support of f* and |(f} A); — f1 Ayr| is O(n'/3) for j in support of y*. We
consider (wr, z7) the project of (fr,yr) by removing all the coordinates with mass less
b/3

than %77 and rescales it. We have the following relationship:

Ly I(fr,yr) — (wr, zr)| = 0. (3.32)

Since for all the cordinates in w and z, it holds that |(Az7); —wr ' Azp| and |(w] A); —
w;zzlzﬂ are O(n?/3), thus (w, z) is O(n®/?)-approximate solution of the game A. Using

the following lemma:

Lemma 3.42 (Claim 3.5 in Daskalakis and Panageas (2019)). Let (x*,y*) be the unique
optimal solution of the game. For every € > 0, there exists an 7y so that for every ~y-

approzimate solution (x,y) we get that |x; — x| < € for all i € [n]. Analogously holds

for player y.

Using the above lemma with ¢ = %/3 and sufficiently small 7, we have |w;| < 1*/3 for
every i not in the support of &*. Since the subgame A contains all the pure strategy
in the NE support of game A, subgame A will also have a unique NE with the same

weight as in the game A. Thus we have
lim [|(wr, 27) = (f*,97)|| = 0. (3.33)
n—0

Combining Equation (3.32) and (3.33) gives us the proof. O

3.10.2.3 Proof of local convergence
We use the following well-known fact in dynamical systems to prove the local conver-
gence:

Proposition 3.43 (see Galor (2007)). If the Jacobian of the continuously differential
update rule w at a fived point z has spectral radius less than one, then there exists a

neighborhood U around z such that for oll x € U, the dynamic converges to z.

Given this, our local convergence theorem states:

Theorem 3.44. Let(f*,y*) be the unique minimazx equilibrium of the game A. There
exists a neighborhood of (f*,y*) such that the E-OMWU dynamics converge.
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Proof of Theorem 3.4/4. The update rule of AMWU can be described as the following

dynamical system:

g(f7yazaw) = (gl(f7y7z7w)vQQ(.fvy:z7w)vg?)(.fayvzaw)g4(f7y7z7w))
en((a«#l)eiTAyfaeiTAw)

gl,i(.fa Y, z, ’UJ) = (gl(fvy, sz))i = fzz fien((a*Fl)eiTAy*aeiTAw) Vi € [TL]

et AceTAY sy
Z —n((a+1)e; T Ax—ce; T Az) Vi€ [m]
iy’ie i i

g2,i(f7y>z7w) = (92(f7y7z7w))i =Y

g3(fayaz;w) = an.f
94(f,y,z,w) = IdpxmY-

It is easy to show that (f*,y*, f*,y*) is the stationary point. Following Proposition
3.43 it is sufficient to prove that that the eigenvalue of the Jacobian matrix of g at
(f*,y*, f*,y*) is less than 1.

We now calculate the Jacobian matrix of g at the point (f*,y*, f*,y*) and show that
the spectral radius less than one. We study the Jacobian computed at the stationary
point (f*,y*, f*,y").

*

Let v be the value of the game and f* y* is the unique minimax equilibrium (i.e

f*T Ay* = v). For i ¢ Supp(f*)(e.g. f7=0), we have

g1 en(Ay™)i en(Ay™)(0)
8fz B Zt f:e"](Ay*)t B env
eN(AY])

and other partial derivatives equal to zero. Therefore, “7— < 1 is an eigenvalue of

the Jacobian computed at the optimal solution(e.g. Due to the uniqueness, Ay} < v).
AT

992, __ . .
oy, = i < 1 is an eigenvalue of the

Similarly, we have for j ¢ Supp(y*),
Jacobian matrix. By removing the row and columns corresponding to above eigenvalue,
we create a matrix J containing only the elements in the support of f* and y*. From
above, it is clear that the spectral radius of the Jacobian matrix less than 1 iff the spectral
of the new matrix J less than 1. Denote D,, D, be the diagonal matrix containing
non-zero element of f* and y* respectively. Let B be the submatrix of of payoff A

corresponding to non-zero element of f*, y*. We then have the matrix J as follow:

I, xky — Dalpl] n(a+1)Dy (B — vlg 1) Ok1xk1 —naDg (B — vlg 17)
A— (a+ nDy(wlg, 1, —BT) Iy xky — Dyleg 1y, —naDy(vig, 1l —BT) Ok x kg
Tiey xkyq Oky x ko Okq xky Ok1xky
Okoxky Tig x kg Oko xkq Oky x ko

It is clear that (1k,,0ky, Ok,, Oky)s (O, , Lky, Ok, , Ok, ) are left eigenvectors with eigenvalues
zero and thus any right eigenvector (f,y, z, w) with nonzero eigenvalue has the property

that fT1k1 =0 and yle2 = 0. Thus, every nonzero eigenvalue of the matrix above is
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an eigenvalue of the following matrix:

I, «iy n(a+1)D;B  Opixpn  —naD.B
T N —(a + 1)?7DyBT Ik2><k2 T]OéDyBT Okgxkg
new —
Ty, sk, Ok ks Oy ks Ok1x ks
Okgxkl Ik2><k‘2 Ok‘2><k‘1 OkQXkQ

Using the determinant of block matrix we have the characteristic polynomial of the

matrix:

J. _ (_1)k det A1 - )‘)Ik’l x k1 n(AMa+1)—a)D,B
" —n(Aa+1) —a)D,BT AL = My ey

This equivalent to

(@ -t (205

where ¢()) is the characteristic polynomial of

J 0= Olﬁ ><k’1 anB
e _nDyBT OkQ ><k2

Following Lemma B.6 in Daskalakis and Panageas (2019), we then have Jg,,q;; has eigen-
values of the form +inT with 7 € R. Denote ¢ := n7 and thus ¢ and o« can be suffi-
ciently small in absolute value. We derive that any nonzero eigenvalue A of the matrix

J will satisfy:
A(A—1)
(a+DA—a
= N - A1 +io(a+1)) +ica=0

l4io(a+ 1)+ /1 -0 (a+1)2—i20(a—1)
- : :

=10

A

Suppose that /1 — o2(a +1)2 —i20(a — 1) = @ + iy, then we can derive that in order

to maximize the magnitude of A when ¢ is relatively small, we have

. \/1 —o2(a+1)24+ /(1 —0%(a+1)2)2 + 40%(a — 1)2 —o(a—1)
2 T '

Thus, the square of magnitude of A will be:

(1+2)2+ (o(a+1) +y)?
4
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We note that for sufficiently small o:

2

1 o?(a+1)2+(1+o0%(a+1)?) — 202
2

\/1 2(a+1)24+ /(1 +0%(a + 1)2)2 — 1602

T

1—02

Furthermore, we have

1= )2+ /(1 +02(a +1)2)? — 1602
N 2

1- +1)2+ (1+0%2(a+1)?) — 82«

2
=+/1—402a.
Since V1 — 402a < £ < 1 we have
—ola—1 —ola—1
o(a )<y:M<—U(a—1).

V1—402a ~ T -

We will prove that:

—o(a—1)
clat )+ =y 20
(0-1)

— (a®+2a+1)(1 —40%) > (a—1),
which is true since o and o« can set sufficiently small. Thus we have
0<o(a+1)+y <20
We then have:
(14 2)2+ (o(a+1) +y)? - (1+ V1 —4020)% + (20)2

4 4
< 24+ 2V1 — 402a — 40%a + 402 <1
—_ 4 — )

Since a > 1 and the equality happens only when ¢ = 0. For ¢ = 0, it means that
Jnew has an eigenvalue which is equal to one. Suppose (&, Y, 2, w) is the corresponding
eigenvector. We then have I£—I12 = 0 and Iy— Iw = 0, thus we derive that: & = 2 and
Yy = w. Furthermore, we also have: D,B& = 0 and DyBT;i/ = 0, thus we have B& =0
and B'¢ = 0. From previous argument, we also have: ﬁClel =0and @leQ = 0. Thus,

the strategy (x*,y*) +t(&,y) also an optimal strategy for small enough ¢ to make every
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element non-negative. Since the assumption of uniqueness, we then have & = 0,4 = 0,
contradiction. Thus, every eigenvalue of matrix J has magnitude of less than 1. The

proof is complete. ]

Derivatives calculation

Set Sm — ZZ fien((a+1)eiTAyfaeiTAw) and Sy — ZZ yiefn((aJrl)eiTAa:faeiTAz). The
derivative at (f*,y*, f*,y*) is as follow:

Ogri en((atl)e; T Ay—ae; T Aw) / 62n<<a+1>eﬁAy—aeﬁAw)W .
aofi Sz ' Sa” ’
7]((oz+1)e]-TAy—o¢ejTAw)

ox; Sz?

T —Qe T w

aglﬂ' — f-e"((04+1)eiTAy—aeiTAw) 77(04 + 1)‘41»JSm — 77(0‘ + 1) Zt Atjwten((a+1)6t Ay v Aw)
i

dy; S2

Vi € [n],j € [m],j # 1,

agl,i _ f_en((a-kl)eiTAy—aeiTAw) —€
=Ji

991, ..
— =0 V1,5 € [n],
oz, j€n]
T T
Oq1.i T Ay—ce, T —anA;jSe +nay, Agaen(oTe Ay—ac Aw) .
a.zll’ﬂ _ fien((a+1)el Ay—ae; ' Aw) A n Zz t]S; Vi e [n]zj c [m]
J x
892,1 _ efn((aﬁ»l)eiTAmfaeiTAz) B .872n((a+1)eiTAwfcxe7;TAz) vi e [m}
8?}1‘ - Sy Yi Sy2 ’

((a+1l)e; T Az—ae; | Az)

a i — « e; Ax—ae; | Az) — " . . . .
L _ e nllother Anmaei Az 2 Vi€ [n],j € [m],j # i,

Oy, ' Sy®
—_ «@ E’T E*QE'T z
8924' = y-e_"?((a+1)equAz—ae7:TAz) 777(a+ 1)Ai,ij +77(a+ 1) Zt Atjyte n((atle; 4 i Az)
8mj S"?J
T T

i - - e A .S — A, e-((atDe; T Az—ae; T Az)
00 _ gt Ancel T an 10 Sy — 10 3y Auyie vi € [m],j € [n),

i y
092, o

— =0 Vi,j € ,
D, i,j € [m]
0g3.; . .

— =1 Vi € [n], 0 otherwise,
of. [n]
09a,i . .
94i 1 vie [m], 0 otherwise,
8yi

3.11 Appendix B: Additional Experimental Results

3.11.1 Oblivious adversary

We specify our experiment setting as follow. In a chosen random matrix game, we first
let the agent follows a fixed MWU against the adversary follows MWU with a chosen
learning rate in the set: [0.5,0.45,0.4,...,0.05] 3. Then, we record the strategies of
the adversary in each round and consider it as the oblivious adversary. To highlight
the difference between AMWU and OMWU, we also test the performance of OWMU
with learning rate n = 1. For the random games, we test it on 5 random seeds for each

matrix size. For the meta games, we run our algorithms against 5 different oblivious

13Fach learning rate will create different oblivious adversary.

Vi€ [n],j =1,

Vi € [m],j € [n],
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adversary (i.e., MWU with the learning rate in [0.5,0.4,0.3,0.2,0.1]) and report the

average performance as well as the standard deviation.

Average performance against oblivious adversary: we report performance of
AMWU and other baselines against different oblivious adversaries, i.e., the MWU ad-
versary with different learning rate [0.5,0.45,0.4....,0.05]. As we can see in Figure
3.9 and Figure 3.10, AMWU outperfoms other baselines by a large margin across all
the adversary setting in random matrix games. A similar trend can be observed in the

Connect Four and Disc experiments in Figure 3.8.

3.11.2 Last round convergence of AMWU

For a fair comparison, we set up a common learning rate for our algorithm AMWU
and the baselines MWU and OMWU. In the experiments of average performance, we
first set the common learning rate 7 = 0.01 and the exploiting rate o = 100. In order
to highlight the difference between AMWU and OMWU, we also test the performance
of OMWU with learning rate n = 1. That is, the OWMU with the same relative
weight between the predictable sequence x;—; and the regularizer R(f) as AMWU (i.e.,
NOMWU = NAMWU X@AMwU )- In the experiments of last round convergence, we vary the
common learning rate 7 (i.e., n = [0.01,0.025, 0.05]) to see whether the convergence trend
we see is robust against the learning rate. In here we focus on the random matrix games
(20 x 20 and 50 x 50 dimensions) due to its nice property of unique Nash Equilibrium,
which AMWU and OMWU require to convergence. Since there is no guarantee of
convergence of OMWU with a large learning rate (e.g., n = 1), we do not consider

OMWU; as a baseline in this experiment.

Last round convergence in self-play: we report the performance of AMWU and
other baselines in self-play setting. As we can see in Figure 3.11, Figure 3.12 and
Figure 3.6, AMWU outperforms OWMU and MWU by a large margin across all the 3
different learning rate setting. The MWU shows divergence in last round convergence
in as expected in Bailey and Piliouras (2018). A similar trend can be observed in the

Connect Four and Disc experiments in Figure 3.7.
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Chapter 4

Online Markov Decision
Processes Against Strategic

Adversary

In this chapter, we address the challenge of online learning in the presence of a strate-
gic adversary under the Online Markov Decision Processes (OMDPs) framework. Our
study begins by demonstrating that the existing algorithm, MDP-Expert (Even-Dar
et al., 2009), which works well with oblivious adversaries, can still apply to our strategic
adversary setting and achieve a policy regret bound of O(y/T log(L) + 72,/T log([A])),
where L is the size of the adversary’s pure strategy set and |A| denotes the size of the
agent’s action space. To address real-world games where the support size of a Nash
equilibrium (NE) is small, we propose a novel algorithm, MDP-Online Oracle Ezxpert
(MDP-OORE), that achieves a policy regret bound of O(y/Tlog(L) + 72+/Tklog(k)),
where k depends only on the support size of the NE. MDP-OOE leverages the key ben-
efit of Double Oracle in game theory and can effectively solve games with prohibitively
large action space. Lastly, to gain a better understanding of the learning dynamics of
no-regret methods, we introduce Last Round Convergence in OMDPs algorithm (LRC-
OMDP) that achieves last round convergence to a NE against the strategic adversary. To

our best knowledge, this is the first work leading to the last iteration result in OMDPs.
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4.1 Introduction

Reinforcement Learning (RL) (Sutton and Barto, 2018) provides a general solution
framework for optimal decision making under uncertainty, where the agent aims to
minimise its cumulative loss while interacting with the environment. While RL algo-
rithms have shown empirical and theoretical successes in stationary environments, it is
an open challenge to deal with non-stationary environments in which the loss function
and/or the transition dynamics change over time (Laurent et al., 2011). In tackling
non-stationary environments, we are interested in designing learning algorithms that
can achieve a no-regret guarantee (Even-Dar et al., 2009; Dick et al., 2014), where the
regret is defined as the difference between the accumulated total loss and the total loss

of the best fixed stationary policy in hindsight.

There are online learning algorithms that can achieve no-external regret property with
changing loss function (but not changing transition dynamics), either in the full infor-
mation (Even-Dar et al., 2009; Dick et al., 2014) or the bandit (Neu et al., 2010; Neu and
Olkhovskaya, 2021) settings. However, most existing solutions are established based on
the key assumption that the adversary is oblivious, meaning the changes in loss functions
do not depend on the historical trajectories of the agent. This crucial assumption limits
the applicability of no-regret algorithms to many RL fields, particularly multi-agent re-
inforcement learning (MARL) (Yang and Wang, 2020). In a multi-agent system, since
all agents are learning simultaneously, one agent’s adaption on its strategy will make the
environment non-oblivious from other agents’ perspective. Therefore, to find the opti-
mal strategy for each player, one must consider the strategic reactions of others rather
than regard them as purely oblivious. As such, studying no-regret algorithms against a
non-oblivious adversary is a pivotal step in adapting existing online learning techniques
into MARL settings.

Another challenge in online learning is the non-convergence dynamics in a system. When
agents apply no-regret algorithms such as Multiplicative Weights Update (MWU) (Fre-
und and Schapire, 1999) or Follow the Regularized Leader (FTRL) (Shalev-Shwartz,
2012) to play against each other, the system demonstrates behaviours that are Poincaré
recurrent (Mertikopoulos et al., 2018), meaning the last round convergence can never be
achieved (Bailey and Piliouras, 2018). Recent works (Dinh et al., 2021; Mertikopoulos
et al., 2019) have focused on different learning dynamics in normal-form games that
can lead to last round convergence to a Nash equilibrium (NE) while maintaining the
no-regret property. Yet, when it comes to OMDPs, it still remains an open challenge
on how the no-regret property and the last round convergence can be both achieved,
especially against the strategic adversary. The focus of OMDPs is often on regret bound
analysis against oblivious adversary (Even-Dar et al., 2009; Neu et al., 2010; Dick et al.,
2014), in which last round convergence property is impossible to achieve due to the

adversary’s fixed behaviour. When a non-oblivious adversary is considered, the focus is
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on finding stationary points of the system (Leslie et al., 2020; Guan et al., 2016) rather

than analysing the dynamic leading to the last round convergence to a NE.

Markov decision processes (MDPs) provide a popular tool to formulate stochastic op-
timization problems (Sutton and Barto, 2018), yet it is often that only a relaxation of
real models can satisfy the Markovian assumption. In situations where the reward func-
tion can change over time and thus the Markovian assumption is not satisfied, OMDPs
offer a general solution by applying existing experts’ algorithms to more adversarial
MDPs (Even-Dar et al., 2009). OMDPs algorithms provide the agent with a perfor-
mance guarantee under the assumption that the adversary is oblivious (Neu et al., 2013;
Dick et al., 2014), thus limiting its application in settings where the adversary is also a

learning agent.

In this chapter, we relax the assumption of the oblivious adversary in OMDPs and study
a new setting where the loss function is chosen by a strategic agent that follows a no-
external regret algorithm. This setting can be used in applications within economics
to model systems and firms (Filar and Vrieze, 1997), for example, an oligopoly with a
dominant player, or ongoing interactions between industry players and authority (e.g.,
a government that acts as an order-setting body). Another motivating example is the
stochastic inventory control problem (Puterman, 1990). In each period, based on the
current inventory, the store manager needs to decide the number of items to order from
the supplier. The manager faces the dilemma: having too many items will increase the
inventory cost while running out of items will lead to revenue loss. Since both the item
price and the inventory cost can change over time, the problem can be considered as an
OMDP. Furthermore, the supplier can decide the item price based on the total demand
of the item as well as its capacity to maximise its profit, thus making it a non-oblivious

strategic adversary.

Under this setting, we study how the agent can achieve different goals such as no-policy

regret and last round convergence.
Our contributions in this chapter are at three folds:
e We prove that the well-known MDP-Expert (MDP-E) algorithm (Even-Dar et al.,

2009) can apply to achieve a policy regret bound of O(y/T log(L)+72/T log(|A|)),

and the average strategies of the agents will converge to a NE of the game.

e For many real-world applications where the support size of NE is small (McMahan
et al., 2003; Dinh et al., 2022), we introduce an efficient no-regret algorithm, MDP-
Online Oracle Expert (MDP-OOE), which achieves the policy regret bound of
O(72\/Tklog(k)++/T log(L)) against the non-oblivious strategic adversary, where
k depends on the support size of the NE. MDP-OOE inherits the key benefits of
both Double Oracle (McMahan et al., 2003) and MDP-E (Even-Dar et al., 2009);

it can solve games with large action space while maintaining the no-regret property.
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e To achieve last round convergence guarantee for no-external regret algorithms,
we introduce the algorithm of Last Round Convergence in OMDPs (LRC-OMDP)
such that in cases where the adversary follows a no-external regret algorithm, the
dynamics will lead to the last round convergence to a NE. To the best of our

knowledge, this is the first last-iteration convergence result in OMDPs.

4.2 Related Work

The setting of OMDPs with the strategic adversary, though novel, shares certain aspects
in common with existing literature in online learning and stochastic game domains. Here

we review each of these research branches.

Many researchers have considered OMDPs with an oblivious environment, where the
loss function can be set arbitrarily. The performance of the algorithm is measured by
external regret: the difference between the total loss and the best stationary policy in
hindsight. In this setting with stationary transition dynamics, MDP-E (Even-Dar et al.,
2009) proved that if the agent bounds the “local” regret in each state, then the “global”
regret will be bounded. Neu et al. (2010, 2013) considered the same problem with the
bandit reward feedback and provided no-external regret algorithms in this setting. Dick
et al. (2014) studied a new approach for OMDPs where the problem can be transformed
into an online linear optimization form, from which no-external regret algorithms can
be derived. Cheung et al. (2019) proposed a no-external regret algorithm in the case of
non-stationary transition distribution, given that the variation of the loss and transition

distributions do not exceed certain variation budgets.

In a non-oblivious environment, Yu et al. (2009) provided an example demonstrating that
no algorithms can guarantee sublinear external regret against a non-oblivious adversary.
Thus, in OMDPs with non-oblivious opponents (e.g., agents using adaptive algorithms),
the focus is often on finding stationary points of the system rather than finding a no-
external regret algorithm (Leslie et al., 2020). In this chapter, we study cases where
the adversary follows an adaptive no-regret algorithm, and tackle the hardness result of

non-oblivious environments in OMDPs.

The problem of the non-oblivious adversary has also been studied in the multi-armed
bandit setting, a special case of OMDPs. In this setting, Arora et al. (2012a) considered
m-memory bounded adversary and provided an algorithm with a policy regret bound
that depends linearly on m, where the policy regret includes the adversary’s adaptive
behaviour (i.e., see Equation (4.1)). Compared to their work, our study considers strate-
gic adversary which turns out to be co-memory bounded adversary. Thus the algorithm
suggested in Arora et al. (2012a) can not be applied. Recently, Dinh et al. (2021) stud-
ied the same strategic adversary in full information normal-form setting and provided

an algorithm that leads to last round convergence. However, both of the above works
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only studied the simplified version of OMDPs, thus they do not capture the complexity
of the problem. We argue that since strategic adversary setting has many applications
due to the popularity of no-regret algorithms (Cesa-Bianchi and Lugosi, 2006; Zinkevich
et al., 2007; Daskalakis et al., 2018), it is important to study no-regret methods in more
practical settings such as OMDPs.

Stochastic games (SGs) (Shapley, 1953; Deng et al., 2021) offer a multi-player game
framework where agents jointly decide the loss and the state transition. Compared to
OMDPs, the main difference is that SGs allow each player to have a representation of
states, actions and rewards, thus players can learn the representations over time and find
the NE of the stochastic games (Wei et al., 2017; Tian et al., 2021). The performance
in SGs is often measured by the difference between the average loss and the value of the
game (i.e., the value when both players play a NE), which is a weaker notion of regret
compared to the best fixed policy in hindsight in OMDPs. Intuitively, the player can
learn the structure of the game (i.e., transition model, reward function) over time, thus
on average, the player can calculate and compete with the value of the game. In non-
episodic settings, the Upper Confidence Stochastic Game algorithm (UCSG) (Wei et al.,
2017) guarantees the regret of Regy = O(D?|S|°| A|+D|S|\/|A|T) with high probability,
given that the opponent’s action is observable. However, to compete with the best
stationary policy, knowing the game structure does not guarantee a good performance
(i.e., the performance will heavily depend on the strategic behaviour of opponents). Tian
et al. (2021) proved that in the SG setting, achieving no regret with respect to the best
stationary policy in hindsight is statistically hard. Our settings can be considered as a
sub-class of SGs where only the agent controls the transition model (i.e., single controller

SGs), based on this, we try to overcome the above challenge.

We summarise the difference between our setting and OMDPs and SGs in Figure 4.1.
Compared to OMDPs, we relax the assumption about the oblivious environment and
study a non-oblivious counterpart with a strategic adversary. Compared to SGs, we
relax the assumption of knowing opponent’s action in a non-episodic setting and our
results only require observation of the loss functions. Furthermore, the performance

measurement is with respect to the best stationary policy in hindsight, which is proven

FIGURE 4.1: The scope of our contribution in this chapter.

Non-oblivious adversary within a | Oblivious adversary  in
two-player game framework Markov Decision Processes
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sight O(r*y/Thlog(k) + VTlog(L) | geo 072\ /TTog(AT))

Regret w.r.t. | SGs:(UCSG) (Wei et al., 2017)
value of the | Regp = O(D3|S|P|Al + OMDPs

game DIS|\V/|A|T)
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to be statistically hard in SGs (Tian et al., 2021). Intuitively, since we consider the
problem of single controller SGs, it can overcome the hardness result. Guan et al.
(2016) studied a similar setting to our work, where only one player affects the transition
kernel of the game. By viewing the game as an online linear optimisation, it can derive
the minimax equilibrium of the game. There are two main challenges of the algorithm.
Firstly, it requires both players to pre-calculate the minimax equilibrium of the game
and fixes to this strategy during the repeated game. Thus, in the situation where the
adversary is an independent agent (i.e., it follows a different learning dynamic), the
proposed algorithm can not be applied. Secondly, and most importantly, the no regret
analysis is not provided for the algorithm in Guan et al. (2016), thus the algorithm can
not be applied in an adversary environment. We fully address both challenges in this

work.

4.3 Problem Formulations & Preliminaries

We consider OMDPs where at each round ¢ € N, an adversary can choose the loss
function l; based on the agent’s policy history {mi,m2,...,m—1}. Formally, we have
OMDPs with finite state space S; finite action set for the agent at each state A; and
a fixed transition model P. The agent’s starting state, x1, is distributed according to
some distribution pg over S. At time ¢, given state x; € S, the agent chooses an action
a; € A, then the agent moves to a new random state x;4; which is determined by the
fixed transition model P(zy41|x¢,ar). Simultaneously, the agent receives an immediate
loss l;(z, at), in which the loss function I, : S x A — R is bounded in [0, 1]‘A|X|S| and is
chosen by the adversary from a simplex Ay, := {I € RIAXISI|I = 25:1 zil;, ZiL:1 T; =
1, x; > 0 Vi} where {ly,lo,...,l1} are the loss vectors of the adversary. We assume
a zero-sum game setting where the adversary receives the loss of —l;(z¢, a;) at round ¢
and consider popular full information feedback (Even-Dar et al., 2009; Dick et al., 2014),

meaning the agent can observe the loss function l; after each round t.

Against a strategic adversary, the formal definition of no-external regret becomes inad-
equate since the adversary is allowed to adapt to the agent’s action. In this chapter, we
adopt the same approach in Arora et al. (2012a) and consider policy regret. Formally,
the goal of the agent is to have minimum policy regret with respect to the best fixed

policy in hindsight:

T T
Ry(m) =Bxa | Y 17 (Xe, A) | —Exa [Z (X7 AD) (4.1)
t=1 t=1
where I]* denotes the loss function at time ¢ while the agent follows 71, ..., 7 and ] is

the adaptive loss function against the fixed policy m of the agent. We say that the agent

achieves sublinear policy regret (i.e., no-policy regret property) with respect to the best
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fixed strategy in hindsight if Rp(w) satisfies:

: R (m)
1 = 0.
11m max T

T—oo T

In a general non-oblivious adversary, we prove by a counter-example that it is impossible
to achieve an algorithm with a sublinear policy regret '. Suppose the agent faces an
adversary such that it gives a very low loss for the agent if the action in the first round
of the agent is a specific action (i.e., by fixing the loss function to 0), otherwise the
adversary will give a high loss (i.e., by fixing the loss function to 1). Against this type
of adversary, without knowing the specific action, the agent’s policy regret in Equation
(4.1) will be O(T). Thus, in the general non-oblivious adversary case, we will have a
hardness result in policy regret. To resolve the hardness result, we study the strategic
adversary in OMDPs.

Assumption 2 (Strategic Adversary). The adversary flows a no-external regret algorithm

such as for any sequence of 7y:

T

=0, where Ry (1) =Ex. 4 [Zl(Xm Ay)
t=1

T

S0 (X A

t=1

lim max

Rr(1)
—E
T—oo 1 T XA

The rationale of Assumption 2 comes from the vanilla property of no-external algorithms:
without prior information, the adversary will not do worse than the best-fixed strategy
in hindsight (Dinh et al., 2021). Thus, without the priority knowledge about the agent,
the adversary will have the incentive to follow a no-external regret algorithm. In the
same way as the full information feedback assumption for the agent, we assume that

after each round ¢, the adversary observes the agent’ stationary policy distribution d,.

For every policy 7, we define P(7) the state transition matrix induced by 7 such that
P(m)ss = D uca 7r(a|s)P;S/. We assume through the chapter that we have the mixing
time assumption, which is a common assumption in OMDPs (Even-Dar et al., 2009;
Dick et al., 2014; Neu et al., 2013):

Assumption 3 (Mixing time). There exists a constant 7 > 0 such that for all distributions

d and d’ over the state space and for any policy T,

|aP) —~ d P, < fla—d],

where ||x||; denotes the I3 norm of a vector .

Denote v] (z,a) the probability of (state, action) pair (z,a) at time step t by following
policy 7 with initial state x;. Following Assumption 3, for any initial states, v] will

converge to a stationary distribution d, as t goes to infinity. Denote dr the stationary

In the multi-armed bandit setting, it is also impossible to achieve sublinear policy regret against all
adaptive adversaries (see Theorem 1 in Arora et al. (2012a)).
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distribution set from all agent’s deterministic policies. With a slight abuse of notation,
when an agent follows an algorithm A with policies 7,72, ... at each time step, we
denote vy(z,a) = P[X; =z, Ay = a], d; = d,,. Thus, the regret in Equation (4.1) can

be expressed as

Ry ()

=E éwf,vt)] ~E [Z (7, of >] .

Assumption 3 allows us to define the average loss of policy 7 in an online MDP with
loss I as my(m) = (I, dr) and the accumulated loss Q (s, a) is defined as

o0

Z (s¢ya) —m(m ))’slzs,alza,ﬂ].

Qri(

As the dynamic between the agent and adversary is zero-sum, we can apply the minimax
theorem (Neumann, 1928):

min max(l,d;) = max min (l,d;) =v. (4.2)

dr€Agy lEAT lEAL dr€Agy,
The saddle point (I,d,) that satisfies Equation (4.2) is the NE of the game (Nash Jr,
1950) and v is the called the value of the game. Our work is based on no-external regret

algorithms in the normal-form game such as Multiplicative Weights Update (Freund and
Schapire, 1999), which is described as

Definition 4.1 (Multiplicative Weights Update). Let k1, ko, ... be a sequence of feed-
back received by the agent. The agent is said to follow the MWU if strategy 7,41 is

updated as follows

o1 (i) = 74 exXp(—puike(a)) ien
t+1( ) t( )2?21 ﬁt(l) exp(—,utk:t(ai))’v S [ ]7 (43)

where pu; > 0 is a parameter, n is the number of pure strategies (i.e., experts) and
7 =[1/n,...,1/n].

We also consider e-Nash equilibrium of the game:

Definition 4.2 (e-Nash equilibrium). Assume € > 0. We call a point (I,d;) € A X Ag,
e-NE if:
max(l,d;) —e < (l,d;) < min (I,d;) +e¢

lEAL dﬂ'EAdH

Under the setting of OMDPs against the strategic adversary who aims to minimise the
external regret (i.e., Assumption 2), we study several properties that the agent can

achieve such as no-policy regret and last round convergence.
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4.4 MDP-Expert against Strategic Adversary

Algorithm 19 MDP-Expert (MDP-E)
: Input: Expert algorithm By (i.e., MWU) for each state

1
2: for t =1 to oo do

3:  Use algorithm B, with expert set A and the feedback Qr, i,(s,.) for each state s
4 Output 711 and observe ly11

5

: end for

When the agent plays against a non-oblivious opponent, one challenge is that the best
fixed policy 7 is not based on the current loss sequence [l1,ls,...] of the agent but a
different loss sequence [IT,1 ...] induced by the policy w. Thus, to measure the regret
in the case of a non-oblivious opponent, we need information on how the opponent
will play against a fixed policy m. Under Assumption 2, we prove that the existing
MDP-E method (Even-Dar et al., 2009), which is designed for the oblivious adversary,
will have no- policy regret property against the non-oblivious strategic adversary in our
setting. Intuitively, MDP-E maintains a no-external regret algorithm (i.e., MWU) in
each state to bound the local regret, thus the global regret can be bounded accordingly.
The pseudocode of MDP-E is given in Algorithm 19. The following lemma links the
relationship between the external-regret of the adversary and the regret with respect to

the policy stationary distribution:

Lemma 4.3. Under MDP-FE played by the agent, the external-regret of the adversary in

Assumption 2 can be expressed as:

T

> UXy, A

t=1

T

Z (X¢, Ay)

=1

Rr(l) =Exa

T

T
=Y (ldr) =Y (b, dr,) + O(7*V/Tlog(|A])).
t=1

t=1

Proof. 1t is sufficient to show that for any sequence of I,

T T
Ex,a [Z L( X, Ar) Z i, dr,) = T'log(|A])),
t=1 t=1
where l; denotes the loss vector of the adversary when the agent follows 7y, w2, ... (i.e.,

the same as I]*). Using the consequence of Lemma 5.2 in Even-Dar et al. (2009) 2, for

2For the completeness of the work, we provide the lemma in Appendix A.
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any sequence of l; we have

T T
Ex 4 th(Xtht) - (l,dx,)
t=1 t=1
T T T
=D (v —dr) <D [lve—dr)| <Y lor = dry
t=1 t=1 t=1

272 [ 28U | petir < 42 T Tog(TA]) + 2(1 4 7) = O(+* /T log([A])).

t

E

ﬁ
Il
A

The proof is complete. O

Based on Lemma 4.3, we can tell that the sublinear regret will hold if and only if the
adversary maintains a sublinear regret with respect to the agent’s policy stationary dis-
tribution. As we assume that after each time ¢, the adversary can observe the stationary
distribution dr,, then by applying standard no-external regret algorithm for online lin-
ear optimization against the feedback d., (i.e., MWU), the adversary can guarantee a

good performance for himself. Thus, the Assumption 2 for the adversary is justifiable.

In the rest of the chapter, without loss of generality, we will study the case where the
external-regret of the adversary with respect to the agent’s policy stationary distribution
has the following bound (i.e., the adversary follows optimal no-external regret algorithms

such as MWU, FTRL with respect to policy stationary distribution of the agent ):

4 d /T log(L)
lnelg)z <Z<l7d7rt> _Z<ltadﬂ't>> = T

t=1 t=1

The next lemma provides a lower bound for the performance of a fixed policy of the

agent against a strategic adversary.

Lemma 4.4. Suppose the agent follows a fixed stationary strategy m, then the adversary

will converge to the best response to the fized stationary strategy and

T

S dg) > o - (| L8
b T - 2 .

t=1

Proof. From Lemma 4.3, if the adversary follows a no-regret algorithm to achieve good
performance in Assumption 2, then the adversary must follow a no-external regret algo-
rithm with respect to the policy’s stationary distribution. Without loss of generality, we
can assume that the adversary follows the Multiplicative Weight Update with respect
to the policy’s stationary distribution d,. Then following the property of Multiplicative

3If the adversary does not follow the optimal bound (i.e., irrational), then regret bound of the agent
will change accordingly.



Chapter 4 Online Markov Decision Processes Against Strategic Adversary 121

Weight Update in online linear problem, we have

T

log(L)
lﬂ'

max(l, dx) ; trd 9T

From the famous minimax theorem (Neumann, 1928) we also have:

max(l,d;) > min max(l,d,;) = v.
lel dredp lel

Thus we have

T

Tlog(L Tlog(L
N (7. dy) > Tmax(l, dy) — Thog(L) o, _ [ T1os(E)
— leL 2 2

From Lemma 4.4, we can prove the following theorem:

Theorem 4.5. Suppose the agent follows MDP-E Algorithm 19 against a strategic ad-

versary, then the regret with respect to the stationary distribution will be bounded by

T T
S dy) - S (I dy) < \/@HT Tlog([4]
t=1 t=1

Proof. From Lemma 4.4, it is sufficient to show that

T
> (7. ds) <Tv+37 TIOgQUA).
t=1

Since the agent uses a no-regret algorithm with respect to the stationary distribution
(i.e., MDP-E), following the same argument in Theorem 5.3 in Even-Dar et al. (2009)

we have

T
Z lm < Tm1n<l d, > TlL(’AD,
p drx 2

where I = T t L 17t From the minimax equilibrium, we also have
min(l, d,) < max min (,d;) = v
dr (1 dr) < N dﬁedn< - dr)

Thus, the proof is complete. O

Now, we can make the link between the stationary regret and the regret of the agent in
Equation (4.1).
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Theorem 4.6. Suppose the agent follows MDP-E Algorithm 19 against a strategic ad-
versary, then the agent’s regret in Equation (4.1) will be bounded by

Rr(m) = O(\/Tlog(L) + /T log(]A])).

Proof. Using the consequence of Lemma 5.2 in Even-Dar et al. (2009), for any sequence

of I; we have

M=

<lta'Ut - dm>

T
< Z\(lt,vt —dr,)|

T
[log(|Al) —t/r
v — dr, 1 <> 277 — 2 t/

t t=1

<Ar*y\/Tlog(|A]) +2(1+7) = (’)(72 T log(|A])).

IA
T I

/\

Thus we have

|1y, v; — dy,)| < 2(1+7) +472/Tlog(|A|).

s

Furthermore, if the agent uses a fixed policy 7w then by Lemma 4.4, we have

T

1> (i, dr — o) < 27+ 2.

t=1
Since the agent uses MDP-E, a no-external regret algorithm, following the same argu-

ment in Theorem 4.1 in Even-Dar et al. (2009) we have

T'log(|A[)
2

Mﬂ

(e, d,,) < Tmin(l,d;) +
t=1 dr
Tlog(|Al)

<T 3
<Tv+3r 5

Along with Lemma 4.4, we have

(I, d

Mﬂ
Mﬂ

<lt 7d >
t=1

S(m+% Tﬁ&m)_@w_ ﬂng

Tlog(A]) | [Tlog(L)
:%¢ 2 +¢ 2

~
Il
| =
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Using the above two inequalities, we can bound the regret of the agent with respect to

the regret of the policy’s stationary distribution:

T T
Rr(r) =Epq [Z 17 (o, a»] —Eaa | Y _IF (2], a%’)]
t=1

T
(It v E (7, o)
t=1

I
Mﬂ

t=1
T T

<D (A dr) + 1A ) =D (I dx) = {7, vf — dn)])
t=1 t=1
T T

SZlm th, Y+ 2(147) +472/Tlog(|A|) + 2+ 27
t=1 t=1

T1 T'log(|Al)
\/ og \/ og (L) +4(1 4 1) + 47%\/Tlog(|A])
Tlog( )+ Tlog(lA ))-
The proof is complete. O

We note that Theorem 4.6 will hold true for a larger set of adversary outside Assumption
2 (e.g., FP (Brown, 1951)) satisfying the following property: for every fixed policy of the
agent, the adversary’s policy converges to the best response with respect to this fixed
policy. With this property, we can bound the performance of the agent’s fixed policy
in Lemma 4.4 and thus derive the regret bound of the algorithm. Note that the regret
bound in Theorem 4.6 will depend on the rate of convergence to best response against

the agent’s fixed policy.

As we have shown in previous theorems, the dynamic of playing a no-regret algorithm in
OMDPs against a strategic adversary can be interpreted as a two-player zero-sum game
setting with the corresponding stationary distribution. From the classical saddle point
theorem (Freund and Schapire, 1999), if both players follow a no-regret algorithm then

the average strategies will converge to the saddle point (i.e., a NE).

Theorem 4.7. Suppose the agent follows MDP-E against the strategic adversary, then
the average strategies of both the agent and the adversary will converge to the e;-Nash

equilibrium of the game with:

log(L) log(|Al)
5T + 37 o
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Proof. Since the agent and the adversary use no-regret algorithms with respect to the
policy’s stationary distribution, we can use the property of regret bound in a normal-

form game to apply. Thus we have

T
log(L)
l’”
max(l, g =V or
1 o ; log(|Al)
T;(lft,dm)—n(gn<l,dﬂ>§37 T

where d; = T t 1dr, and l= T t L U7, From this, we can prove that

T
- o1 log(|A[)
> m
(1, dx) 2 mind, ; (& oT
’ [log(L) [log(|A])
>
max(ldr) = \[ =55 3T\ o
and,
1 d log(L)
< N

log(|A]) log(L)
Hé<ld> \/2T +\/QT'

Thus, with ¢ = log(TL) + 374/ %, we derive

A

1) — e < (I,d,) < min(l .
nlneaix(l,dﬂ) e < (l,d;) < néin(l,dn) + &

By definition, (I, dy) is ¢;-Nash equilibrium. O

With the sublinear convergence rate to an NE, the dynamic between MDP-E and no-
regret adversary (i.e., MWU) provides an efficient method to solve the single-controller

SGs.

4.5 MDP-Online Oracle Expert Algorithm

As shown in the previous section, we can bound the regret in Equation (4.1) by bounding
the regret with respect to the stationary distribution. In MDP-E, the regret bound (i.e.,
O(y/Tlog(L) +72y/Tlog(]A]))) depends on the size of pure strategy set (i.e., |A]) thus

it becomes less efficient when the agent has a prohibitively large pure strategy set.

Interestingly, a recent paper by Dinh et al. (2022) suggested that on normal-form games,

it is possible to achieve a better regret bound where it only depends on the support size
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of NE rather than |A|. Unfortunately, extending this finding for OMDPs is highly non-
trivial. The method in Dinh et al. (2022) is designed for normal-form games only; in
the worst scenario, its regret bound will depend on the size of pure strategy set, which

is huge under our settings (i.e., |A|%!).

In this section, we provide a no-policy regret algorithm: MDP-Online Oracle Expert
(MDP-OOE). It achieves the regret bound that only depends on the size of NE support
rather than the size of the game. We start by presenting the small NE support size

assumption.

Assumption 4 (Small Support Size of NE). Let (dg+,l*) be a Nash equilibrium of the
game of size | A|°l x L. We assume the support size of (d+,1*) is smaller than the game

size: max (| supp(dx+)|, | supp(l*)|) < min(|A[I°], L).

Note that the assumption of small support size of NE holds in many real-world games (Czar-
necki et al., 2020; Dinh et al., 2022; Perez-Nieves et al., 2021; Liu et al., 2021; Yang et al.,
2021). In addition, we prove that such an assumption also holds in cases where the loss
vectors [ly,...,11] are sampled from a continuous distribution and the size of the loss
vector set L is small compared to the agent’s pure strategy set, that is, ]AUS | > L, thus

further justifying the generality of this assumption.

Lemma 4.8. Suppose that all loss functions are sampled from a continuous distribution
and the size of the loss function set is small compared to the agent’s pure strategy set
(i.e., |A|IS1 > L). Let (dg=,1*) be a Nash equilibrium of the game of size |A|lS! x L.
Then we have

max (| supp(dx-)], | supp(l”)]) < L.

Proof. Within the set of all zero-sum games, the set of zero-sum games with non-unique
equilibrium has Lebesgue measure zero (Bailey and Piliouras, 2018). Thus, if the loss
function’s entries are sampled from a continuous distribution, then with probability one,
the game has a unique NE. Following the Theorem 1 in Bohnenblust et al. (1950) for

game with unique NE, we have

| supp(dx+)| = |supp(l*)|.

We also note that the support size of the NE can not exceed the size of the game:
| supp(dz+)| < !A“S'; | supp(I*)| < L.

Thus we have

max (| supp(dqx+)|, | supp(l*)|) = |supp(l*)| < L.
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Since the pure strategy set of the adversary L is much smaller compared to the pure

strategy set of the agent |A|Sl, the support size of NE will highly likely be smaller
compared to the size of agent’s strategy set. Thus the agent can exploit this extra

information to achieve better performance.

We now present the MDP-Online Oracle Expert (MDP-OOE) algorithm as follows.
MDP-OOE maintains a set of effective strategy Ay in each state. In each iteration, the
best response with respect to the average loss function will be calculated. If all the
actions in the best response are included in the current effective strategy set Aj for each
state, then the algorithm continues with the current set A7 in each state. Otherwise,
the algorithm updates the set of effective strategy in steps 8 and 9 of Algorithm 20.
We define the period of consecutive iterations as one time window T; in which the set
of effective strategy Aj stays fixed, i.e., T; := {t ‘ |A§| = i}. Intuitively, since both
the agent and the adversary use a no-regret algorithm to play, the average strategy of
both players will converge to the NE of the game. Under the small NE support size
assumption, the size of the agent’s effective strategy set is also small compared to the
whole pure strategy set (i.e., |A[lS]). MDP-OOE ignores the pure strategies with poor
average performance and only considers ones with high average performance. The regret

bound with respect to the agent’s stationary distribution is given as follows:

Algorithm 20 MDP-Online Oracle Expert

1: Initialise: Sets A}, ... Ag of effective strategy set in each state
2: for t =1 to oo do

3: = BR(Z)

4 1f (s, .) e Aj | for all s then

5: A = A7 for all s

6 Using the expert algorithm B, with effective strategy set A7 and the feedback
Qm,lt( )

7. else if there exists m(s,.) ¢ Aj_, then

8 A7 = A7 Um(s,.) ifm(s,.) ¢ A7 4
A = A7 (Ua if m(s,.) € Aj | where a is randomly selected from the set
AJAT

10: Reset the expert algorithm B, with effective strategy set A; and the feedback
Qﬂ't,lt (57 )

11:  end if

12: ="zl

13: end for

Theorem 4.9. Suppose the learning agent uses MDP-OOE Algorithm 20, then the regret

with respect to the stationary distribution will be bounded by:

T

> I dry) — l’”,d,r>g37< 2Tk log(k) +
t=1

where k is the number of time windows.
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Proof. We first have:

Esnd, [@r1:(5,T)] = Esvdy amr @i 1, (5, )]
= Esndyannlli(s,a) = m, (1) + Egop, ,[Qr,1,(8, )]
= Esvdnanrli(s, @)] = m, (70) + B, [Qr, 1, (5, 7))
=, () — M, (7e) + Esed, [Qr, 1, (5, 7))

Thus we have

<l17frt7 dr) — ljfrtv dr,) Z dr( Qﬂ’t,lt S, ) — Qre e (s,m0)). (4.4)

ses
Let Ty, T, ..., T}, be the time window that the BR(I) does not change. Then in that time
window, the best response to the current I is inside the current pure strategies set in

each state. In each time window, following Equation (4.4) we have

TrL'+1 Tz+1
Z €, dr) — (17", d Zd Z (Qro 1. (s, ) = Qrp 1, (5,71)) -
=17 s€S =Tyl

Since during each time window, the pure strategy set A7 does not change, thus we have

z+1 Ti+l

min E (I7*,dr) = min g (7, dx).
well TEAL =
t=|T| il ¢=|T)

Thus, in each state s of a time window, the agent only needs to minimize the loss with

respect to the action in A7~ . Put it differently, the expert algorithm in each state does

||
not need to consider all pure action in each state, but just the current effective strategy
set. For a time window Tj, if the agent uses a no-regret algorithm with the current
effective action set and the learning rate p; = 1/8log(i)/t, then the regret in each state

will be bounded by (Cesa-Bianchi and Lugosi, 2006):

r ((Vermiosan + 5 ) < o7 ((VamTIonm + 5 ).

8
Thus, the regret in this time interval will also be bounded by:
Tit1

S dy) - (1 dy) < 37 ( 21T o8 (1) + log(“) | (4.5)

— 8
t=|T|
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Sum up from i = 1 to k in Inequality (4.5) we have

M=

<l?t7 dﬂt) - <l?t7 d7r>

~~
Il

|
M” -

i

i+1
Z <l17€rt>d7ft> - <lgtadﬂ'>
=|T|

37 <\/2|Ti log(i) + logg(z))
1
<37 <\/2Tk log(k) + klog;(k)) .

=1

~+

M=

.
Il

The proof is complete. O

In Algorithm 20, each time the agent updates the effective strategy set A7 at state s,
exactly one new pure strategy is added into the effective strategy set for each state, thus
the number k will be at most |A|. Therefore, we have the regret w.r.t the stationary
distribution in the worst case will be:

37 ( 2T |Allog(|A]) + W) :

However, as shown in (Dinh et al., 2022, Figure 1), the number of iteration in DO
method (respectively the number of time window in our setting) is linearly dependent
in the support size of the NE, thus with Assumption 4, Algorithm 20 will be highly

efficient.

Remark 4.10. The regret bound in Theorem 4.9 will still hold in the case we consider
the total average lost instead of average lost in each time window when calculating the

best response in Algorithm 20.

Proof. We prove by induction that

Ty T;
I;leill_llz<l?tvd7rt>_<l?tvd7r> SZ Z <l?t7dﬂt>_<l?tﬂdﬂj> ’
t=1 j

j=1 tZTj,1+1

where dr, denotes the best response in the interval [1,T].
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For k =1, the claim is obvious. Suppose the claim is true k. We then have:

Thi1 Tht1
grnellgll — <l77trt7d7rt> - <l?t,dﬂ> = tz_; <l?t7d7rt> - <l7§rt7dﬂ'k+1>
T4 Trt1
= <l17trtad7rt> - (l?t,de} + Z <l?tvd7rt> - <l17frt7d7fk+1>
t=1 t:Tk-i-l
T Tk+1
< gggﬂlzzdm — (1 d+ > (A7 dr) — (7 dry,)
t=1 t=Tp+1
E [ Tj i Tit1
<Y DD Aftde) — T de) |+ D (W dry) — (7 dr,,)  (46a)
j=1 _t:Tj_l-f—l | t:Tk—‘rl
k+1 [ Tj i
= Z <l?t7dﬂ't> - <l?tad7rj> )
j:l _tZTj,1+1 ]

where the inequality (4.6a) dues to the induction assumption. Thus, for all & we have

T T,
17}1611111 <l?t7d7rt> - <l17€Tt7d7r> < Z Z <l?t7d7rt> - <l?t7d7rj>
t=1 j=1 tZTj,1+l

In other words, the Algorithm 20 will have a similar regret bound when using the best

response with respect to the total average strategy of the adversary. O

Given the regret with respect to policy’s stationary distribution in Theorem 4.9, we can

now derive the regret bound of Algorithm 20 with respect to the true performance:

Theorem 4.11. Suppose the agent uses MDP-OOE Algorithm 20 against a strategic
adversary in our OMDPs setting, then the regret in Equation (4.1) can be bounded by:

Ryp(m) = O(72\/Tklog(k) + /T log(L)).

The full proof is given in Appendix 4.9. Notably, MDP-OOE will not only reduce the
regret bound in the case the number of strategy set k is small, it also reduces the
computational hardness of computing expert algorithm when the number of experts is

prohibitively large.

MDP-Online Oracle Algorithm with e-best response. In Algorithm 20, in each
iteration the agent needs to calculate the exact best response to the average loss function
1. Since calculating the exact best response is computationally hard and maybe infeasible
in many situations (Vinyals et al., 2019), an alternative way is to consider e-best response.

That is, in each iteration in Algorithm 20, the agent can only access to a e-best response
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to the average loss function, where € is a predefined parameter. In this situation, we

provide the regret analysis for Algorithm 20 as follow.

Theorem 4.12. Suppose the agent only accesses to e-best response in each iteration
when following Algorithm 20. If the adversary follows a no-external regret algorithm then
the average strategy of the agent and the adversary will converge to e-Nash equilibrium.

Furthermore, the algorithm has e-regret.

The full proof is given in Appendix 4.9. Theorem 4.12 implies that by following MDP-
OOE, the agent can optimise the accuracy level (in terms of €) based on the data that

it receives to obtain the convergence rate and regret bound accordingly.

4.6 Last Round Convergence to NE in OMDPs

In this section, we investigate OMDPs where the agent not only aims to minimize the
regret but also stabilize the strategies. This is motivated by the fact that changing
strategies through repeated games may be undesirable (e.g., see Dinh et al. (2021);
Daskalakis and Panageas (2019)). In online learning literature, minimizing regret and
achieving the system’s stability are often two conflicting goals. That is, if all player in a
system follows a no-regret algorithm (e.g., MWU, FTRL) to minimise the regret, then
the dynamic of the system will become chaotic and the strategies of players will not
converge in the last round (Dinh et al., 2021; Mertikopoulos et al., 2018).

To achieve the goal, we start by studying the scenarios where the agent knows its NE
of the game 7*. We then propose an algorithm: Last Round Convergence in OMDPs
(LRC-OMDP) that leads to last round convergence to NE of the game in our setting.
This is the first algorithm to our knowledge that achieves last round convergence in
OMDPs where only the learning agent knows the NE of the game. Notably, this goal
is non-trivial to achieve. For example, if the agent keeps following the same strategy
(i.e., the NE), then while the system might be stabilised (i.e., the adversary converges to
the best response), yet this is still not a no-regret algorithm. Moreover, we notice that
understanding the learning dynamics even when the NE is known is still challenging in
the multi-agent learning domain. The AWESOME (Conitzer and Sandholm, 2007) and
CMLeS (Chakraborty and Stone, 2014) algorithms make significant efforts to achieve
convergence to NE under the assumption that each agent has access to a precomputed
NE strategy. Compared to these algorithms, LRC-OMDP enjoys the key benefit that
it does not require the adversary to know its NE. Importantly, the adversary in our
setting can be any type of strategic agent who observes the history and applies a no-
regret algorithm to play, rather than being a restricted opponent such as a stationary

opponent in AWESOME or a memory-bounded opponent in CMLeS.
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Algorithm 21 Last Round Convergence in OMDPs

1: Input: Current iteration ¢

2: Output: Strategy m; for the agent
3: fort=1,2,...,T do

4: if t =2k — 1,k € N then

5 T ="
6 else if t =2k, k € N then
7 71(s) = argmingc 4 Q= y1,(s,a) Vs € S
v—m,_, (Tt)
8 ap = —— g dr, = (1 —ap)dre + uds,
9 Output 7 via dy,
10:  end if
11: end for

The LRC-OMDP algorithm can be described as follow. At each odd round, the agent
follows the NE strategy «* so that in the next round, the strategy of the adversary will
not deviate from the current strategy. Then, at the following even round, the agent
chooses a strategy such that d, is a direction towards the NE strategy of the adversary.
Depending on the distance between the current strategy of the adversary and its NE
(which is measured by v —m, , (7)), the agent will choose a step size a; such that the
strategy of the adversary will approach the NE. Note here that (5 is a constant parameter
and depends on the specific no-regret algorithm adversary follows, there is a different
optimal value for 3. In the case where the adversary follows the MWU algorithm, we

can set 8 = 1.
We first introduce the condition in which the system achieves stability through the
following lemma;:

Lemma 4.13. Let ™ be the NFE strategy of the agent. Then, l is the Nash Equilibrium
of the adversary if the two following conditions hold:

Qr (s, ) = argglqin Qr1(s,m) Vs €S and n(m*) = v.
s

Proof. Using the definition of accumulated loss function @) we have

Esed, [Qr1(5, )] = Esed, aen[Qre1(5, a)]

= Esed, aex(l(s,a) = m(7") + Egp,, [Qre a(s', 77)]]
= Escdracrll(s;a) —m(7")] + Esea, [Qrr (s, 7))
=m(m) —m(7*) + Esed, [Qr-1(s,7°)]-

Thus we have
m(m) —m(n™*) = Esea, [Qre (s, T) — Q= 1(s,7").] (4.7)

Since we assume that

Qr+ (s, ") = argmin Qg+ ;(s,m) Vs € S,
well
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we have
Qre1(s,7) > Qpey(s,7") Vs € S, eIl

It implies that
Esed, [Qr1(5,7) — Qe y(s,77)] >0 Vr € 11,

Therefore we have
m(m) > m(x*) Vr eIl

Along with the assumption 7;(7*) = v, we have the following relationship:

argmin () = my (") = v. (4.8)
mell

Now we prove that for the loss function ! that satisfies Equation (4.8), then I is NE
for the adversary. Let (7*,1*) be one of the NE of the game. Since the game we are

considering is zero-sum game, (7%, 1*) satisfies the famous minimax theorem:

i ly,d,) = in(ly,d;) = v where (I,d,) = .
minmax(ly, dr) = maxmin(l, dr) = v where (I, dr) = ()

From Equation (4.8) we have

v=min(l,dr) < (l,d~). (4.9)
mell

Further, since I* is the NE of the game, then we have

v=(I",dr) = max(ly,dr+) > (I, dr~). (4.10)
liel

From Inequalities (4.9) and (4.10) we have

v={(l,ds) = 171¥1€i%11<l,d7r> = ﬁlgf<l1’d“*>‘
Thus, by definition (I, 7*) is the Nash equilibrium of the game. In other words, the loss

function [ satisfies the above assumption is the NE of the adversary. O

The above lemma implies that if there is no improvement in the Q-value function for
every state and the value of the current loss function equals to the value of the game, then
there is last round convergence to the NE. In situations where there is an improvement

in one state, the following lemma bounds the value of a new strategy:

Lemma 4.14. Assume that Vm € I1, dr(s) > 0. Then if there exists s € S such that

Qﬂ'*,lt (57 7T*) > a’rgmin QW*,lt (37 7T)7
mell
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then for my1(s) = argmingc 4 Qr=1,(s,a) Vs € S:
M (Te1) < v

Proof. From the minimax theorem, we have
i, (7*) < mp=(7*) =v VI € L.
From the proof of Lemma 4.13 we have

M () = e (77) = Bsed, [Qne1,(5,7) = Qe g, (s, 77)] Y € 1L

Since the construction of the new strategy w11 we have

Esedthrl [Qﬂ'*,lt (37 7rt+1) - Qﬂ'*,lt (Sa 7[-*)] < 07

thus we have
M, (7T) < M, (W*) <0.

The proof is complete. O

Based on the above lemmas, we can bound the relative entropy distance between the

current strategy of the adversary and a Nash equilibrium:

Lemma 4.15. Assume that the adversary follows the MWU algorithm with non-increasing
step size py such that imp_o Zthl wy = oo and there exists t' € N with py < % Then

we have

* 1 N
RE(I*”le,ﬂ — RE(l ”l2k+1) > i,ugkagk(v — 771%71(71'2]9)) Vke N: 2k > t/.

Proof. Using the definition of relative entropy we have

RE (I*|[lox—1) — RE (I*[[I2x+1)
= (RE(l*||lzk+1)—RE(l*||l2k)) (RE(l" ||lzk E(l*([lox-1)

_ (;l*(i) log ( e () ) Z’* l2k ) "
(il*(i) o (l% > izn;l*(i) 8 l% 1(4) )>
(o) (o)
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Following the update rule of the Multiplicative Weights Update algorithm we have

RE(U*[|l2k+1) — RE(T"||l2k-1)
= (—par(l", dry,) +10g(Zag)) + (—par—1(", dry,,) + log(Zax—1))

< (-mkv + log <Z lzk(i)€“2"'<ei’d”2’“>>> + (—por—1v + log(Zax—1)) (4.11a)

=1

n
( u2kv+10g <Z l2k 1 ) M2k — 1<elzdﬂ'2k 1>€;Uf2k:<ezvdﬂ'2k>> — log(ZQk1)>

=1
+ (—pokr—1v +log(Zak—1)) ,

where Inequality (4.11a) is due to the fact that (I*,d,) > v Vr. Thus,

RE(1*[[l2k+1) — RE(I"[|l2k—1)

< MZkv"i_lOg (Zl2k 1 ) M2k — 1<ez d?rgk 1>6,U«2k<ezvd7r2k>>> — U2k—1V

=1

< <_/~L2k7J + log (Z lgk_l(i)e'u%1U6‘u2k<ei’dﬂ'2k>>> — U2k—1V (412&)

i=1

= —pi2xv + log (Z l2k—1(i)€“2k<e“dﬂ2k>> ;

i=1
where Inequality (4.12a) is the result of the inequality:
(I,dr+) <wv VL
Now, using the update rule of Algorithm 21

dry, = (1 — agg)dyr + a2k iy, s

we have

RE(I*|[lag11) — RE(1"[[I2x—1)

< —giv + log (Z lzk_l(/L’)e.qu((l—Oézk)(ei,dw*)+a2k<ei7d7}2k>)>
=1

n
— U2k QKU + log (Z l2k_1(i)eﬂ2ka2k<6i7dﬁ2k>) .

=1
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Denote f(lag—1) = (lok—1, d#,, ), we then have
RE(U*|[l2g41) — RE(L"||l2—1)

n
< — U2k 0ok + log (Z l2k1(i)€ﬂ2ka2k<8i,dﬁ-2k>>

=1
= pgrak(l —v) + log (Z lzk1(i)e_”z"a%(l_@i’dﬁ?’“))> (4.14a)
=1
< popagr(l —v) + log (Z lop—1(3)(1 — (1 — e H2k22k) (1 — (ey, dﬁ%)))) (4.14Db)
=1
= popagr(l —v) +log (1 — (1 — e7#220) (1 — (Lo 1, diyy,)))
S MgkOéQk(l — U) — (1 — €—M2k042k)(1 — <l2]€,1, dﬁ2k>) (4140)

= pokaor(l —v) — (1 — e #*2) (1 — f(log-1)),

Equation (4.14a) is created by adding and subtracting psgaoy on the first and second

terms.
Inequalities (4.14b,4.14¢) are due to

fr<1—-(1-pF)x VB >0le[0,1] and log(l —z) < —x Vz < 1.
We can develop Inequality (4.14c¢) further as

RE(I*[[lag11) — RE(1"[[I2x—1)

< piogao(l — v) — (1 — e #2692 ) (1 — f(lo_1))

< pggoop(l —v) — (1 — | 1 — pogooy, + 1(,“/21604214:)2 (1= f(log—1)) (4.15a)
2

= poraok(f(lok—1) —v) + 1(M%Oé%)z(l — f(lar—-1))

2
< pggok(f(log—1) —v) + ;MQkOéQkM2kv_f(BM(1 — f(lak—1)) (4.15Db)
< pokak(f(lak—1) —v) + %Mzkazk (v — flak—1)) (4.15¢)
= — gpak0ni(v — (b 1)) <0,

Here, Inequality (4.15a) is due to e < 14z + 322 VI € [—00,0], Inequality (4.15b)

comes from the definition of ay:

_v- flar—1)

ap = 3 , B>1—f(1), f(lap—1) < 1.

Finally, Inequality (4.15¢) comes from the choice of k at the beginning of the proof, i.e.,
pok < 1. O
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we finally reach the last round convergence of LRC-MDP in Algorithm 21.

Theorem 4.16. Assume that the adversary follows the MWU algorithm with non-
increasing step size py such that limp_, Zthl uy = oo and there exists t' € N with
< % If the agent follows Algorithm 21 then there exists a Nash equilibrium U* for

the adversary such that limy_ooly = U* almost everywhere and lim_om = 7.

Proof. We focus on the regret analysis with respect to the stationary distribution d,.
Let I* be a minimax equilibrium strategy of the adversary (I* may not be unique).
Following the above Lemma, for all k € N such that 2k > ¢/, we have

* * 1
RE(U*||l2k4+1) — RE(U|[lar—1) < —§M2k042k('0 — f(lag—1)), (4.16)

where we denote f(lagp—1) = (log—1,ds,,). Thus, the sequence of relative entropy
RE(l*||lgx—1) is non-increasing for all £ > 52/ As the sequence is bounded below by
0, it has a limit for any minimax equilibrium strategy I*. Since ¢’ is a finite number and

> oioq e = 00, we have > 72, up = oo. Thus,

T

lim Lok = 00.
T—o0

=r
We will prove that Ve > 0, 3h € N such that when the agent follows Algorithm 21 and
the adversary follows MWU algorithm, the adversary will play strategy I at round h

and v — f(lp) < e. In particular, we prove this by contradiction. That is, suppose that
Je > 0 such that Vh € N, v — f(l) > e. Then Vk € N,

v— flop_1))? €
e (v — f(log_1)) = (f(ﬁ%l)) > 5
Let k vary from [%-‘ to T in Equation (4.16). By summing over k, we obtain:

T
" 1
RE(|[lor11) < RE(U[lEy) — 5 > poroor(v — flar-1))

T
. le
< RE("[[tr) - 5 > ok

Since limp_so ZZ_ q por = oo and RE(I*|l741) > 0, it contradicts our assumption

about Vh € N, v — f(l) > e.

M

Now, we take a sequence of €, > 0 such that limj_,. €z = 0. Then for each k, there

exists l;, € A, such that v — ¢, < f(l;,) < v. As A, is a compact set and I;, is
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bounded then following the Bolzano-Weierstrass theorem, there is a convergence sub-
sequence lz, . The limit of that sequence, 1", is a minimax equilibrium strategy of the
row player (since f(I") = f(limpools,) = limgoo f(l,) = v). Combining with the
fact that RE(I"||lox_1) is non-increasing for k > Pj‘ and RE(I"||I") = 0, we have

2
limy,_y00 RE(I"||lox_1) = 0. We also note that

RE(I"||lox) — RE(T"||log—1) = —pox 1 (", dry,_,) + log (lekl(i)euzkuei,dm)
=1

< —pok—1v + log (Z l2k—1(i)eu2klv> =0,

=1

following the fact that (I*,d,) > v for all 7 € Il and (I, d+) < v for all I. Thus, we have
limy,_s00 RE(I"||la) = 0 as well. Subsequently, lim;_,o, RE(I"||l;) = 0, which concludes
the proof. O

The Algorithm 21 also applies in situations where the adversary follows different learning
dynamics such as Follow the Regularized Leader or linear MWU (Dinh et al., 2021). In
these situations, Algorithm 21 requires adapting the constant parameter S so that the
convergence result still holds. Since both the agent and the adversary converge to a NE,
the NE is also the best fixed strategy in hindsight. Consequently, LRC-OMDP is also a

no-regret algorithm where the regret bound depends on the convergence rate to the NE.

4.7 Experiment

In this section, we aim to demonstrate the effectiveness of our practical use algorithm
MDP-OOE compared to the well-known MDP-E algorithm (Even-Dar et al., 2009).

We consider random games in which the entries of the transition matrix are first sampled
from a uniform distribution U(0, 1), then follow the normalization. Similarly, the entries
of the loss vectors from the adversary l; are also sampled from a uniform distribution
U(0,1). Following Lemma 4.8, by fixing a small number of loss vectors L, we can bound
the size of the Nash support of our games. Thus, we fix the number of loss vectors
L = 3 and consider different games with the number of actions in each state in the set
[3,100,500]. We then run MDP-E and MDP-OOE against the same opponent following
a no-regret MWU algorithm and measure the average payoff of the two algorithms *.
For each setting, we run 5 seeds where each seed considers an MWU adversary with a

different starting strategy.

4W.l.o.g, we consider the payoff (i.e., -the loss) for the agent in our experiments so that the agent
ailms to maximize the payoff.
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FIGURE 4.2: Performance comparisons in average payoff in random games

As we can see in Figure 4.2, MDP-OOE outperforms MDP-E in all games we consider.
The difference in performance between the MDP-OOE and MDP-E becomes more sig-
nificant when a larger action set is considered (See Figure 4.4 in the Appendix 4.10).
Intuitively, since the performance of MDP-OOE only depends on the support size of the
NE, a large size of the action set will not affect its performance. In contrast, a large
action set will significantly affect the performance of MDP-E as it considers the whole
action set in the strategy update. We observe a similar performance in other settings
with a different number of loss vectors as shown in Figure 4.3 in the Appendix 4.10. The
advantage of MDP-OOE in term of average payoff over MDP-E match our expectation
as the support size of the NEs in these games are much smaller than the action set by
design. Interestingly, even when the action set is small (i.e., |A| = 3), MDP-OOE still

outperforms MDP-E in our experiments.

Note here that since we consider two-player zero-sum games and both the agent and the
opponent follow no-regret algorithms, the average payoff of MDP-OOE and MDP-E will

eventually converge to the value of the game, as shown in Figure 4.2.

4.8 Conclusion

In this chapter, we study a novel setting in Online Markov Decision Processes where the
loss function is chosen by a non-oblivious strategic adversary who follows a no-external
regret algorithm. In this new setting, we then revisit the MDP-E algorithm and provide
a sublinear regret bound O(1/T log(L)+72/T log(|A[)). We suggest a new algorithm of
MDP-OOE that achieves the policy regret of O(y/T log(L) + 7%+/Tklog(k)) where the
regret does not depend on the size of the strategy set |A| but the effective strategy set

k. Finally, in tackling the non-convergence property of no-regret algorithms, we provide
the LRC-OMDP algorithm for the agent that leads to the first-known result of the last

round convergence to a NE against the strategic adversary in OMDPs.
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4.9 Appendix A: Detail Proofs

We provide the following lemmas and proposition:

Lemma 4.17 (Lemma 3.3 in Even-Dar et al. (2009)). For all loss function 1 in [0, 1]
and policies m, Qi »(s,a) < 37.

Lemma 4.18 (Lemma 1 from Neu et al. (2013)). Consider uniformly ergodic OMDPs
with mizing time T with losses l; € [0,1]4. Then, for any T > 1 and policy © with
stationary distribution d,, it holds that

T
Z| lt,d —’Ut |<2T+2
t=1

This lemma guarantees that the performance of a policy’s stationary distribution is

similar to the actual performance of the policy in the case of a fixed policy.

In the other case of non-fixed policy, the following lemma bound the performance of the

policy’s stationary distribution of algorithm A with the actual performance:

Lemma 4.19 (Lemma 5.2 in Even-Dar et al. (2009)). Let 7, ma,... be the policies
played by MDP-E algorithm A and let c~l,47t, Elm € (o, 1]|S| be the stationary state distri-
bution. Then,

L —
lday — dr|l <277 <>g(t||)+26_t/T_

From the above lemma, since the policy’s stationary distribution is a combination of
stationary state distribution and the policy’s action in each state, it is easy to show
that:

5 ~ log(]A
o — din 1 < s — e, 1 < 27 2EUAD gemrim

Proposition 4.20. For the MWU algorithm (Freund and Schapire, 1999) with appro-

priate pg, we have

T T
-k th(m)] —-E [th(w)] <M Tlozg(n),
t=1 t=1

where ||l,(.)|| < M. Furthermore, the strategy m; does not change quickly: || — 1] <

log(n)
S

Proof. For a fixed T, if the loss function satisfies I;(.)|| < 1 then by setting p; = 81%("),

following Theorem 2.2 in Cesa-Bianchi and Lugosi (2006) we have

T T
_E th(m)] _E [th(w)] <1 Tl‘;g(”) (4.17)
t=1 t=1
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Thus, in the case where I;(.)|| < M, by scaling up both sides by M in Equation (4.17)
we have the first result of the Proposition 4.20. For the second part, follow the updating
rule of MWU we have

41(4) — me (i) = (i) (Zn expg_utlt(w)) @) 1)

i=1 7Tt(z)_ eXp(_Ntlt
~ (i) (% - 1) (4.184)
Li(me) — Ui(a?)

= (i) S = Ol),

where we use the approximation e ~ 1 + z for small z in Equation (4.18a). Thus,
the difference in two consecutive strategies m; will be proportional to the learning rate
1, which is set to be (’)( @) A similar result can be found in Proposition 1 in
Even-Dar et al. (2009). O

Theorem (Theorem 4.11). Suppose the agent uses MDP-OOE Algorithm 20 against a
strategic adversary in our OMDPs setting, then the regret in Equation (4.1) can be
bounded by:

Rp(n) = O(r2\/Tklog(k) + /T log(L)).

Proof. First, we bound the difference between the true loss and the loss with respect
to the policy’s stationary distribution. Following the Algorithm 20, at the start of
each time interval T; (i.e., the time interval in which the effective strategy set does not
change), the learning rate needs to restart to O(y/log(i)/t;), where i denotes the number
of pure strategies in the effective strategy set in the time interval T; and ¢; is the relative
position of the current round in that interval. Thus, following Lemma 5.2 in Even-Dar
et al. (2009), in each time interval T;, the difference between the true loss and the loss

with respect to the policy’s stationary distribution will be:

t; t;

Z ’<ltavt_d7ft>’ < Z Hvt_dﬂtul

t=t;—1+1 t=t;—1+1

<ZQ 2 / +2 —t/T
< 472\/T;log(i) +2(1 + 7)

From this we have

T k
Z| lt,'vt ’:Z Z |<lt7vt_d7rt>|
t=1 2

<Z(4T VTilog (i) + 2( 1+T)
< 47%\/Tklog(k) + 2k(1 + 7).



Chapter 4 Online Markov Decision Processes Against Strategic Adversary 141

Following Lemma 1 from (Neu et al., 2013), we also have:
T
> i dr — o) <27 +2.
t=1

Thus the regret in Equation (4.1) can be bounded by:

T T T T
RT(T‘-) < (Z(dﬂ't’lt> + Z |<lt’vt - dﬂ't>|> - (Z lthv Z| lt7 )

t=1 t=1

T T T T
= (Z(dﬂ'mlt> - Z<l?’dﬂ’>> + Z |<lt7vt - d7Tt> + Z |<ltadﬂ' - ’UZT>|

t=1 t=1

<37 ( 2Tk log(k) + klog(k)) 4+ T\I/Oig(L) +472\/Thlog(k) + 2k(1 + 7) + 27 + 2

8
= O(r2\/Tklog(k) + /Tlog(L)).

The proof is complete. O

Theorem (Theorem 4.12). Suppose the agent only accesses e-best response in each itera-
tion when following Algorithm 20. If the adversary follows a no-external regret algorithm
then the average strategy of the agent and the adversary will converge to e-Nash equi-

librium. Furthermore, the algorithm has e-regret.

Proof. Suppose that the player uses the Multiplicative Weights Update in Algorithm 20
with e-best response. Let 11,75, ..., T be the time window that the players do not add

up a new strategy. Since we have a finite set of strategies A then k is finite. Furthermore,

k
ZTk =T
=1

In a time window T, the regret with respect to the best strategy in the set of strategy

at time T; is:

Ti+1 Ti+l lo (Z)
d (7 dr)— min Y (It dy) <37 < 2T; log (i) + g) , (4.19)
=T TEAT 11 t=|Ty]| 8

where T; = 23;11 T;. Since in the time window T;, the e-best response strategy stays in

II7, 4, and therefore we have

Tit1 Tit1

_min > de) — min (T, dy) < €T
Tt 1y t=|T;|
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Then, from the Equation (4.19) we have

Tit1 Tit1 log(i)
ET: (7", dx,) — min t_ZIT: |<lf*,dﬂ> <3r < 2T; log (i) + 8> + €T;. (4.20)

Sum up the Equation (4.20) for i = 1,...k we have

S

Tit1

" " 1g(i)> A
(A min (7, dy) < 3T 2T; log(i) + + €T;
; Zﬂe tzfl;| Z < S0
. RN log (i)
= Z(l?t mlnz Z (It dr) < T + 237' ( 2T; log(i) + 5 >
t=1 =1 t=|T;|
(4.21a)
T (. d (7 dr) < €T+ 37 (V2T log @)
= tz:; mlnz ihd € Jrz T< og(i) + S >
I k log (k)
= (A mlnz (7', dr) < €T + 37 < 2Tk log(k) + ) . (4.21b)

t=1

Inequality (4.21a) is due to > min < min ). Inequality (4.21b) comes from Cauchy-
Schwarz inequality and Stirling’ approximation. Using Inequality (4.21b), we have

T
1 2klog(k)  klog(k)
> =S dyy) - e 4.22

Since the adversary follows a no-regret algorithm, we have

T T
_ m 1
max tﬂ(l,dm) ; A7 dn) <05 L log(@
= = (4.23)
d - 1 <& log(L)
l,d:) < = 17, d, .
= lrélg)z t:1< ? > — thl< t t>+ 2T

Using the Inequalities (4.22) and (4.23) we have

T
o _ 1 2k log(k)  klog(k
(1, dy) > min{l,dr) > - > <l§t,dm>—3r< ‘;g( ) 4 ngr( )> —c

T
0 log(L) ( 2klcj)§;(k) . kl;gT(k)> .
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Similarly, we also have:

- d 1 & log(L)
e < l, T S T ﬂ—ta Tt
) < ) < 3+
s 2klog(k)  klog(k)
<
< glellrila’ dr)+ 37 < T + ST
Take the limit T° — oo, we then have:
T
max l,d;) —e<(l,d;) <min({l,d,) + ¢
leAT, - mell
Thus (I, d,) is the e-Nash equilibrium of the game. O

4.10 Appendix B: Additional Experimental Results

We provide further experiment results to demonstrate the performance of MDP-OOE
and MDP-E.

In Figure 4.3, by considering the different number of loss vectors (L = 7), we test whether
the performance difference between MDP-OOE and MDP-E is consistent with regard to
the number of loss vectors. As we can see in Figure 4.3, MDP-OOE also outperforms
MDP-E with the number of loss functions L = 7. The result further validates the
advantage of MDP-OOE over MDP-E in the setting of a small support size of the NE.

In Figure 4.4, we consider a larger set of agent’s actions in each state (A = 500). As we
can see in Figure 4.4, the difference in performance between MDP-OOE and MDP-E
becomes more significant when a larger action set is considered in both cases when L = 3

and L = 7, as expected by our theoretical results.

£ 0.70 —— MDP-E & 0.8
> —— MDP-00E Q
£0.65 =
% % 0.7
9 0.60 8
3 :
0.6

3055 g

(18]
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= 0.50 - 05 —— MDP-OOE

0 10000 20000 30000 0 10000 20000 30000
iterations iterations
(A) 7 actions in each state (B) 100 actions in each state

FIGURE 4.3: Performance comparisons in average payoff in random games with L =7
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Chapter 5

Conclusion and Future Work

The contributions of this thesis are in three different yet connected settings: two-player
zero-sum games, online linear optimization, and online Markov decision processes. In
each setting, we propose and develop new algorithms with theoretical guarantees against
the strategic adversary. These theoretical properties are also backed up by empirical

performances.

5.1 Two-player Zero-sum games

In the two-player zero-sum games setting, we create an algorithm called LRCA that
achieves last round convergence to a minimax equilibrium and no-dynamic regret against
the strategic adversary. Our research demonstrates that LRCA is effective against a wide
range of commonly used no-regret algorithms that the adversary may employ such as
the multiplicative weights update algorithm and the general follow-the-regularized-leader
algorithm. Additionally, we find that LRCA is efficient against any no-regret algorithms
that satisfy the “stability” property.

The outcomes presented in this study on two-player zero-sum games setting provide
numerous encouraging avenues for future study. Firstly, one drawback of the LRCA
algorithm is that it requires NE information in its update to achieve the convergence
guarantee. Even though we relax this requirement to allow e-NE and suggest a way
to achieve this information against the strategic adversary, the NE requirement in the
strategy update limits the application of LRCA in some situations. Thus, in the fu-
ture, we hope to develop a new algorithm with similar dynamic regret and last round

convergence like LRCA while the update strategy does not require the knowledge of NE.

Secondly, it is also desirable to extend our findings in zero-sum games to general-sum
games. Even though many applications can be cast as completely competitive games

(i.e., zero-sum games), there are a large set of problems in which they can only be

145
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formulated as a general-sum game. Therefore, the new understanding of the last round
convergence result in general-sum games will broaden the current literature, while the
focus is currently on the average coarse correlated equilibrium convergence (Cesa-Bianchi
and Lugosi, 2006). Note that the analysis of last round convergence in zero-sum games
relies heavily on John von Neumann’s minimax theorem, which does not hold in the
general-sum games setting. Thus, new analyses and techniques need to be developed to

tackle this challenging problem.

Thirdly, given the last round convergence result in the two-player setting, one should
wonder if the same can hold true for multiple-player games. Put differently, given a game
such as every other player is strategic adversaries (following a no-regret algorithm), does
there exist an algorithm for the agent to exploit the extra knowledge in the game? How
many agents need to collaborate in the game to achieve the last round convergence to the
NE of all players? Answering these questions will stretch the edge of the understanding

in learning against the strategic adversary.

5.2 Online Linear Optimization

In the online linear optimization setting, first, we develop a novel algorithm called OSO,
which achieves the no-regret property and can exploit strategic adversaries during game
play by conducting no-regret analysis within the DO framework. Secondly, we introduce
AFTRL, a method that can exploit the strategic adversary to achieve O(1) external
regret or O(1) forward regret while still maintaining the state-of-the-art regret bound
of O(\/ Zthl l|lz: — :L't_1||(21> in the worst-case scenario. Thirdly, we explore the idea of
the (A,B)-Prod algorithm and suggest a new algorithm called Prod-BR, which achieves

a stronger performance guarantee in our setting. Specifically, Prod-BR achieves O(\/T )
dynamic regret against no-external regret adversary while maintaining O(+/7 log(T))
external regret in the worst-case scenario. Fourthly, in a special case of AFTRL with
entropy regularizer, AMWU, we prove that this new algorithm will lead to last round
convergence in two-player zero-sum games, making it an efficient game-solver in many

practical applications.

To enhance the contributions of our work in this setting, we aim to pursue two promising
avenues for improvement in future studies. Firstly, while AMWU has shown great success
in experiments, its theoretical convergence rate is not known yet. Thus, in the future,
we want to extend the analysis of AMWU to provide a concrete convergence rate for
AMWU. We conjecture that AMWU will have a linear last round convergence rate,
which explains its superior performance compared to MWU and OMWU.

Secondly, the success of OSO relies on the assumption that the size of the effective
strategy set k is small. While in practice, we empirically show that there exists a linear

relationship between k and the support size of NE, thus explaining the success of OSO
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in many practical applications. However, in theory, we provide a counter example vali-
dating that in general, k may not depend on the support size of the NE. Understanding
the relationship between k and the support of NE, at least in some classes of games, is a
fundamental step to advance the development of the DO/PSRO line of work, in which
they have shown tremendous success in applications but still lacking concrete theoretical

back-up.

5.3 Online Markov Decision Processes

In the setting of Online Markov Decision Processes, we demonstrate the effectiveness
of the MDP-E algorithm against strategic adversaries, achieving a policy regret bound
of O(y/Tlog(L) + 72/Tlog(]A])). Furthermore, we show that the average strategies of
agents will converge to a NE of the game. In situations where the NE support size is
small, we introduce a new no-regret algorithm, called MDP-OOE, that maintains the no-
regret property and has a policy regret bound of O(72\/Tklog(k) + /T log(L)) against
the strategic adversary. MDP-OOE combines the benefits of both the Double Oracle
and MDP-E algorithms, enabling it to play games with large action spaces. Finally, we

propose the LRC-OMDP algorithm to achieve last round convergence guarantees against
no-external regret algorithms. Specifically, when the adversary follows a no-external
regret algorithm, LRC-OMDP guarantees last round convergence to a NE, making it
the first such result for OMDPs.

The findings presented in this study on OMDPs offer several promising directions for
future research. Firstly, while MDP-OOE demonstrates superior performance compared
to MDP-E in both theoretical and experimental settings, its requirement to compute best
response oracles in each iteration results in increasing time complexity. Despite Theorem
4.12 offering an alternative to utilizing e-best response, there remains an opportunity
to enhance the efficiency of the MDP-OOE algorithm in relation to the best response
oracle. Additionally, a key open question that MDP-OOE shares with the OSO/DO
method pertains to the precise relationship between the size of the effective strategy set
and the support size of NE. Thus, further investigation into this relationship is pivotal
for advancing the development of both OSO and MDP-OOE algorithms.

Secondly, the LRC-OMDP algorithm offers the first instance of last round convergence
to a NE against a strategic adversary in OMDPs. However, this achievement hinges
on the assumption of prior knowledge of the agent’s NE, a common assumption in lit-
erature (Conitzer and Sandholm, 2007; Chakraborty and Stone, 2014). Relaxing this
assumption could extend the practical applications of the LRC-OMDP algorithm. Addi-
tionally, this thesis does not provide a derivation of the convergence rate of LRC-OMDP.
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Further research, both theoretical and empirical, is therefore necessary to gain a com-
prehensive understanding of the efficiency of LRC-OMDP in practical games, which will

facilitate further improvement of the algorithm.

Finally, our paper introduces a novel approach to address the hardness of playing against
a non-oblivious adversary. While we emphasize that the strategic adversary covers a wide
range of important practical situations and thus deserves further attention from the re-
search community, we acknowledge the existence of other important types of adversaries
in the literature, such as the m-memory bounded adversary (Arora et al., 2012a). Go-
ing forward, our ambitious goal is to develop a unified algorithm that achieves both

no-dynamic regret and last round convergence against a broad class of adversaries.
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