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ABSTRACT

Reinforcement Learning (RL) has achieved tremendous empirical successes in real-world
decision-making problems. Along with its great empirical achievements, recently, the question of
how to design efficient RL algorithms with provable theoretical guarantees has attracted increasing
attention. To answer the above question, this thesis proposes and analyzes novel RL algorithms for
single-agent Markov Decision Processes (MDPs) and Markov games, where the Markov game is
the multi-agent extension of single-agent MDPs. This thesis covers two paradigms in RL: reward-
based online RL and reward-free RL. The reward-based online RL is a standard online learning
framework for RL. In this framework, the agents keep interacting with the unknown environment
and receiving rewards. Meanwhile, the agents continuously update the policies with the current
information obtained from the environment to achieve their goals of learning. The reward-free RL
is a different framework where the agents first aim to thoroughly explore the unknown environment
without accessing any pre-specified rewards and then, given an arbitrary extrinsic reward function,
the agents compute the target policy via a planning algorithm with data collected in the exploration
phase.

Concretely, this thesis focuses on providing a theoretical analysis of three fundamental and
challenging problems in RL: (1) online learning for constrained MDPs, (2) policy optimization for
Markov games, (3) reward-free RL with nonlinear function approximation. The first two problems
are studied in the scope of the reward-based online RL and the third one is an important problem
under the reward-free RL setting. In these three directions, the main contributions of this thesis
are summarized as follows. The first contribution is that this thesis proposes a provably efficient
upper confidence primal-dual algorithm for the single-agent MDP online learning problem with
time-varying constraints, where the transition model is unknown and the reward function is ad-
versarial. This thesis further proves the upper bounds of the regret and the constraint violation
for learning the constrained MDPs. As the second contribution, this thesis proposes new opti-
mistic policy optimization algorithms for two-player zero-sum Markov games with structured but
unknown transitions and theoretically analyzes both players’ regret bounds, which generalizes the
recent studies on policy optimization for single-agent MDPs in a stationary environment. The third
contribution is that this thesis tackles the reward-free RL problem for both single-agent MDPs and

two-player zero-sum Markov games under the context of function approximation, leveraging pow-
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erful nonlinear approximators: kernel and neural function approximators. Specifically, this thesis
proposes to explore the unknown environment via an optimistic variant of the value-iteration al-
gorithm incorporating kernel and neural function approximations and designs effective planning
algorithms, which are theoretically justified to be able to generate the target policies when given

an arbitrary extrinsic reward function.
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CHAPTER 1

Introduction

In view of the tremendous successes of RL algorithms on real-world decision-making problems,
the theoretical understanding of RL algorithms has been gaining increasing attention from re-
searchers. Thus, how to design sample- (and computationally) efficient RL algorithms with prov-
able theoretical guarantees becomes a core question in the recent studies of RL theory. In particular,
a higher sample efficiency indicates fewer interactions with the environments for sampling data to
achieve the desired learning accuracy. This thesis focuses on proposing and analyzing provably
efficient algorithms for both single-agent and multi-agent RL problems. The analysis of single-
agent RL algorithms is based on the single-agent MDP model, where an agent can interact with
the environment following a certain policy and the environment returns the next state and the re-
ward to the agent following a transition model and a reward function. Furthermore, this thesis
goes beyond the single-agent scenario and further investigates the multi-agent RL setting. Specifi-
cally, this thesis studies the two-player zero-sum Markov game model, where the transition model
and the reward function have a dependence on both players’ actions and their state. Under such a
setting, one player aims to learn a policy to maximize the expected cumulative rewards while the
other player, in contrast, intends to minimize them. Therefore, the two-player zero-sum Markov
game is a non-trivial extension of single-agent MDPs to a multi-agent scenario in a competitive
and non-stationary environment, where the non-stationarity results from the potentially adversarial
actions or policies of the two players.

For both single-agent MDPs and Markov games, this thesis studies two paradigms of RL:
reward-based online RL and reward-free RL. In the reward-based online RL, the agents keep in-
teracting with the environment to collect the data including the state-action trajectories and the
rewards, and meanwhile, the agents continuously update their policies with the online data. To
efficiently learn the target policies, it is necessary to design an online algorithm that can effectively
exploit the collected information from the environment and at the same time, encourage the ex-
ploration of the states and actions of high uncertainty. In the framework of reward-based online
RL, this thesis makes attempt to solve two fundamental problems: online learning for constrained

MDPs and policy optimization for Markov games.



This thesis further investigates the reward-free RL [Jin et al., 2020a], a novel RL paradigm
motivated by the following scenario. In real-world RL applications, the reward function is often
designed by the learner based on the domain knowledge. The learner might have a set of reward
functions to choose from or use an adaptive algorithm for reward design [Laud, 2004, Grzes, 2017].
In such a scenario, it is often desirable to collect an offline dataset that has a wider coverage of
the trajectories associated with a set of reward functions and target policies. With such a benign
offline dataset, for an arbitrary reward function, the agents have sufficient information to estimate
the corresponding target policies. Thus, the reward-free RL is composed of two learning phases:
exploration phase and planning phase. In the exploration phase, the agents aim to thoroughly ex-
plore the environment without accessing any pre-specified reward function in a principled manner.
In the planning phase, when given an arbitrary extrinsic reward function, the planning algorithm
generates the target policies by effectively making use of the collected offline data. Moreover, this
thesis tackles the reward-free RL problem under the context of function approximation, leverag-
ing powerful nonlinear function approximators. Then, within the framework of reward-free RL,
this thesis studies the problem of the reward-free RL with nonlinear function approximations for
single-agent MDPs and two-player zero-sum Markov games.

The following section elaborates the aforementioned three main problems and the associated

contributions of this thesis.

1.1 Main Problems and Contributions

Online Learning for Constrained MDPs. Online learning for MDPs has been broadly studied in
previous works which pay more attention to the unconstrained MDP model. This thesis considers
online learning for single-agent MDPs with multiple constraints. Constrained MDPs play an im-
portant role in control and planning, which aim at maximizing a reward or minimizing a penalty
metric over the set of all available policies subject to constraints. The constraints can enforce the
fairness or safety of the policies so that over time the behaviors of the learned policy are under con-
trol. Previous works (e.g., Wei et al. [2018], Zheng and Ratliff [2020]) solve this problem under
the restrictive assumption that the transition model of the MDP is known a priori. This thesis con-
siders a more realistic and challenging setting that the transition model is unknown to the agent,
the loss function can vary arbitrarily across the episodes, and the constraints are stochastically
time-varying.

In this thesis, a new upper confidence primal-dual algorithm is proposed for learning con-
strained MDPs. With the trajectories of states and actions that the agent collects by interacting
with the environment, the proposed algorithm estimates the unknown transition model with main-

taining a confidence set inspired by the idea of Upper Confidence Bound (UCB), which is also
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shown effective to achieve tight regret bounds for learning unconstrained MDPs. Then, it incor-
porates the confidence set into the online primal-dual type method for learning the policies. The
proposed algorithm is proved to achieve O (\/? )! upper bounds for the regret and the constraint
violation simultaneously, which demonstrates the power of “optimism in the face of uncertainty”
[Auer et al., 2002, Bubeck and Cesa-Bianchi, 2012]. Here K is the number of episodes. Moreover,
the regret bound nearly matches the lower bound of the regret for learning MDPs. The analysis
incorporates a new high-probability drift analysis of Lagrange multiplier processes into the regret
and constraint violation proofs for the proposed upper confidence algorithm. The study of online
learning for constrained MDPs in this thesis is based on joint work with Xiaohan Wei, Zhuoran
Yang, Jieping Ye, and Zhaoran Wang [Qiu et al., 2020].

Policy Optimization for Zero-Sum Markov Games. While single-agent Policy Optimization
(PO) in a fixed environment has attracted a lot of research attention recently in the reinforcement
learning community, much less is known theoretically when there are multiple agents playing in a
potentially competitive environment. To study such a problem, this thesis considers learning the
two-player zero-sum Markov games. In most of the recent works, the proposed algorithms for
learning zero-sum Markov games are typically value-based methods (e.g, Bai and Jin [2020]) that
can achieve tight 6(\/? ) regrets and they assume there is a central agent available for solving
certain subproblems each step, which introduces extra computational costs. Here, K denotes the
number of episodes. As opposed to the value-based methods, the PO algorithms aim to directly
update the policies of agents via only executing a mirror descent or ascent step separately on each
agent with high computational efficiency. Although there has been great progress on understanding
single-agent PO algorithms, directly extending single-agent PO methods to the multi-agent setting
encounters the main challenge of non-stationary environments.

This thesis takes steps forward by proposing and analyzing new provable optimistic PO algo-
rithms for two-player zero-sum Markov games with structured but unknown transitions. In partic-
ular, two classes of transition structures are considered here: factored independent transition and
single-controller transition. The proposed algorithms feature a combination of UCB-type opti-
mism and policy optimization updating rules adapted to the structured transitions in a multi-agent
non-stationary environment. To handle the non-stationarity resulting from the opponent’s varying
state, both players under the factored independent transition setting and Player 2 under the single-
controller setting demand to estimate the opponent’s state reaching probability. For both transition
structures, this thesis provides (5(\/? ) regret bounds after K episodes. The regret of each player
is measured against a potentially adversarial opponent who can choose a single best policy in hind-

sight if observing the full policy sequence. The 6(\/? ) regret bounds in this thesis also match the

'n this thesis, we use O to hide the logarithmic dependence.



regrets of the value-based methods when translating their results in terms of the regret definition
in this thesis. If both players adopt the proposed algorithms, the overall optimality gap is upper
bounded by O (vKC). Moreover, this thesis proposes novel value difference decomposition by tak-
ing the transition structures and the state reaching probability estimation error into consideration.
The study of the second problem, i.e., policy optimization for zero-sum Markov games, is based
on the joint work with Xiaohan Wei, Jieping Ye, Zhaoran Wang, and Zhuoran Yang [Qiu et al.,
2021a].

Reward-Free RL with Kernel and Neural Function Approximations. The framework of the
reward-free RL consists of an exploration phase and a planning phase, which needs to efficiently
explore the underlying environment without accessing any pre-specified reward function and to
effectively generate the target policies with the collected dataset when given an arbitrary reward
function. On the other hand, when the state and action spaces are large, it is a common practice to
combine the RL algorithms with the idea of function approximation, especially the powerful non-
linear function approximators such as neural networks. Thus, this thesis considers the reward-free
RL with two classic nonlinear function approximators, i.e., kernel and neural function approxima-
tors. This further motivates us to design provably exploration and planning algorithms that can
incorporate kernel and neural function approximations into the framework of the reward-free RL.

Recently, many works focus on designing provably sample-efficient reward-free RL algorithms,
including the tabular case [Jin et al., 2020a, Kaufmann et al., 2020, Ménard et al., 2020, Zhang
et al., 2020] and the linear function approximation case [Zanette et al., 2020b, Wang et al., 2020a]
for the single-agent MDP, which can achieve (5(1 /&%) sample complexities for obtaining an &-
suboptimal policy. However, reward-free RL combined with nonlinear function approximators
remains not fully explored. On the other hand, reward-free RL algorithms for the multi-player
Markov games [Bai and Jin, 2020, Liu et al., 2020] in the tabular case have been studied recently,
which is shown to achieve an (5(1 /€%) sample complexity for obtaining an e-approximate Nash
equilibrium. Though, there is still a lack of works theoretically studying multi-agent scenarios
with function approximation.

This thesis first proposes sample- and computationally efficient reward-free RL algorithms with
kernel and neural function approximations for single-agent MDPs. The proposed exploration al-
gorithm is an optimistic variant of the least-square value iteration algorithm incorporating kernel
and neural function approximators inspired by the idea of UCB. Further with the planning phase,
which is a single-episode optimistic value iteration algorithm, the proposed method achieves an
(5(1 /€?) sample complexity to generate an e-suboptimal policy for an arbitrary extrinsic reward
function. Moreover, this thesis extends the proposed method from the single-agent setting to the
two-player zero-sum Markov game setting, which can achieve an (5(1 /€%) sample complexity to

generate an c-approximate Nash equilibrium. Particularly, in the planning phase for the Markov



game setting, the proposed algorithm only involves finding the Nash equilibrium of matrix games
formed by Q-function that can be solved efficiently, which is of independent interest. The sample
complexities of our methods match the O(1/22) results in existing works for tabular or linear func-
tion approximation settings. To the best of our knowledge, we establish the first provably efficient
reward-free RL algorithms with kernel and neural function approximators for both single-agent
and multi-agent settings. The study of this problem, i.e., reward-free RL with kernel and neural
function approximations, is based on the joint work with Jieping Ye, Zhaoran Wang, and Zhuoran
Yang [Qiu et al., 2021b].

1.2 Thesis Organization

The rest of this thesis is organized as follows. Chapter 2 provides the fundamental backgrounds of
the single-agent MDP and the two-player zero-sum Markov game, which are two basic models that
the three main problems in this thesis are based on. Chapter 3 presents the first contribution of this
thesis, including the proposed learning algorithm and the theoretical analysis of the regret and the
constraint violation with detailed proofs for the online constrained MDP learning problem. The
second problem and the related contribution are presented in Chapter 4, which proposes the policy
optimization algorithms for the zero-sum Markov games with structured transitions and provides
detailed regret analysis for the proposed algorithms. Chapter 5 investigates the third problem, i.e.,
reward-free RL with kernel and neural function approximations for MDP and Markov games, and
presents the proposed algorithms along with proving their sample complexities. The last chapter,
Chapter 6, concludes this thesis by summarizing the main problems and contributions and then

suggests several potential future research directions.



CHAPTER 2
Background

In this thesis, our works study single-agent MDPs and two-player zero-sum Markov games in an
episodic (finite-horizon) setting. In this chapter, we introduce the episodic MDPs and episodic

two-player zero-sum Markov Games in the following two sections.

Notation. Throughout this thesis, we let || - ||1, || - |2, and || - ||« be ¢1, ¢2, and {,-norm for a vector.
Let || - || be the spectral norm for a matrix. We define ||x||4 = v/x ' Ax for a vector x and a matrix
Aifx" Ax > 0. We let || f|lo = sup,cy | f(z)] for any function f defined on the set X. We define
[n] :={1,2,...,n}. For any vectors X, y, the inner product of x and y is denoted by (x, y), which
is also written as x"'y. Given a > 0, we define the operation min{z, a}* := min{max{z,0},a}

for any .

2.1 Single-Agent Markov Decision Process

An episodic single-agent MDP is defined by the tuple (S, .4, H,P,r), where S denotes the state
space, A is the action space of the agent, H is the length of each episode, P = {P,} | is the
transition model with [P, (s’|s, a) denoting the transition probability at the h-th step from the state
s € Stothe state s' € S when the agent takes actiona € A, andr = {r, }L withr, : Sx A — R
denoting the reward function at the h-step. Following a certain policy, an agent interacts with the
environment. The policy of an agent is a collection of probability distributions 7 = {m;, }}I_, where

7 (als) is the probability of taking action a € A at the state s € S at the h-th step.

Value Function. For a specific policy {7, }_, and reward function {r; }/_,, under the transition
model {P,} |, we define the associated value function V;"(s,7) : S — R at the h-th step as

follows

H

Z T (8w, an)

h'=h

Vii(s,r) :=E , VseS.

sp=s,m,P




The corresponding action-value function (Q-function) Q)7 : S x A — R is then defined as follows

H

Z Th (Shrs )

h'=h

Qn(s,a,r) =K

sh:s,ah:am,IP’] , V(s,a) € S x A.

Then, we have the Bellman equation as follows

Vhﬂ—(87fr) = <QZ(87 '>T)77Th('|8)>.47 Vs € Sa (21)
QZ(Sa a, T) = Th(sa a) + <]P)h('|37 (1), Vhw-i—l('v 7”))5, V(S, a) €S X A> (2.2)

where we let (-, -)s, (-, )4 denote the inner product over the spaces S, .A. The above Bellman
equation holds for all € [H] with setting V7 (s) = 0,Vs € S.

Optimal Policy and c-Suboptimal Policy. Without loss of generality, in this thesis, we assume
the agent starts from a fixed state s; at h = 1. We also make the same assumption for the Markov
game setting in the next section. In an MDP learning problem, an agent aims to learn a policy to
maximize the value function V" (s, 7). Then, we denote 7 as the optimal policy w.r.t. r such that

7 maximizes V{"(sq,r), i.e.,

7y = argmax V{"(s1,7).
Then, we define Qj(s,a,r) = QZ:(s,a,r) as well as V¥ (s,7) := Vh”:(s,r). We say 7 is an

e-suboptimal policy if it satisfies
Vit(s1,7) — Vi (s1,7) < €.

To simplify the notations, for the rest of this thesis, we rewrite (Py(:|s,a), Vii1(s,7))s =
Py Vii1(s, a,r) for any transition probability P, and value function V (-, 7). In addition, V" (s, )
and Q7 (s, a,r) will be simplified as V;"(s) and Q7 (s,a) when their dependence on the reward

function are clear from the context in a chapter.

2.2 Two-Player Zero-Sum Markov Game

The two-player zero-sum Markov game is an extension of the single-agent MDP to a multi-agent
competitive scenario. Specifically, an episodic two-player zero-sum Markov game is characterized
by the tuple (S, A, B, H,IP,r), where S denotes the state space, A and B are the action spaces
for the two players, H is the length of each episode, P = {PP,}/L | is the transition model with

Py (s'|s,a,b) denoting the transition probability at the h-th step from the state s to the state s’

7



when Player 1 takes action a € A and Player 2 takes action b € B, and r = {r,}/_, with
ry, © 8§ X A x B +— R denoting the reward function at the h-step. The policy of Player 1 is a
collection of probability distributions 7 = {7, }/_, with 7(-|s) being the probability of taking
action a € A at the state s € S at the h-th step. Analogously, the policy of Player 2 is a collection
of probability distributions v = {v, }H | with v(b|s) being the probability of taking action b € B at
the state s € S at the h-th step. As we can see from the above definitions, the reward function and
the transition model for the two-player zero-sum Markov Game depends on both players’ actions

(a, b) and their state s, which introduce challenges of non-stationarity.

Value Function. For a specific policy 7 and v and reward function {r;, }/_,, under the transition
model {P;,}/_,, we define the value function V""" (s,7) : S — R at the h-th step as follows

H

Z Th/<8h/, ap, bh’)

h'=h

ViV (s,r) :=E

Sp = S,W,V,P] , VseS.
We further define the Q-function Q" : S x A x B +— R for all ¥(s,a,b) € S x A x B as follows

(s, a,b,r) :=E

H
Z T (Shry apry bpe) | (Spy an, bp) = (s,a,b),m, v, ]P’] :
h'=h

Thus, we have the Bellman equation for all & € [H] as follows

Vhﬂ’y(s, T’) = Ea,\,ﬂh(.|s)7b~yh(.|s) [QZ’V(S, a, b, 7")], Vs € S, 2.3)
n(s,a,b,r) =1h(s,a,0) + PRV, (s,a,b,7), V(s,a,b) € S x A x B, (2.4)

where, for simplicity, we also let P,V,}"{ (s, a,b,7) = (Px(-[s, a,b), ;51 (7)) 6

Nash Equilibrium and s-Approximate Nash Equilibrium. In the zero-sum Markov Game learn-
ing problem, Player 1 aims to learn a policy to maximize the value function and Player 2 tries to
learn a policy to minimize the value function. Thus, each individual player faces a competitive en-
vironment which is affected by the opponent’s potentially adversarial actions and policies. Under
this setting, we define the Nash equilibrium (NE) (7', ") as a solution to the following minimax

problem

max min V" (s1),

T 14

such that we have

VI (s1,7) = maxmin V™ (s1) = min max V7™ (s.).
v

T v s



We let VhT(s, r) = Vh”T’”T(s,r) and Q;rl(s, a,b,r) = QZT’”T(S, a,b,r) denote the value function
and Q-function under the NE (7, v') at h-th step. We further define the best response br(r) for
Player 1 with the policy 7 and the best response br(v) for Player 2 with the policy v as

br(m) := argmin V""" (s1,7), br(v) := argmax V""" (s, r).
Then, one can see that v = br(7) and 7 = br(v) for the NE (7, ). Moreover, We say (7, V) is an

e-approximate NE if it satisfies
‘/vlbr(ﬁ),ﬁ(sl’ T) i ‘G%,br(%) (51, T‘) S €

where the weak duality V;""7(s1,r) > Vil(s1,r) > V" (s1,r) always holds. Similarly,
VT (s,r) and Q7 (s, a,b,r) will be simplified as V;"(s) and Q7 (s, a,b) when their dependence on

the reward function are clear from the context in a chapter.

Remark 2.1. For MDPs, if a policy 7, is deterministic, i.e., for a state s € S, there always exists
an action a € A such that 7, (a|s) = 1, then for ease of analysis, we slightly abuse the notion by
letting 7, : S — A such that 7,(s) is the deterministic action which an agent will take at the state
s at the step h. A similar notation is also defined for the Markov game setting. For the two player
Markov game, if the policy 7, for Player 1 and the policy v}, for Player 2 are deterministic, then
we slightly abuse their notions by letting 77, : S — A and v, : S — B such that 7,(s) and v (s)
are the deterministic action which the players will take at the state s at the step h.



CHAPTER 3

Constrained MDP with Adversarial Loss

3.1 Introduction

Constrained Markov Decision Processes (CMDPs) play an important role in control and planning.
It aims at maximizing a reward or minimizing a penalty metric over the set of all available policies
subject to constraints on other relevant metrics. The constraints aim at enforcing the fairness or
safety of the policies so that over time the behaviors of the chosen policy are under control. For
example, in an edge cloud serving network [Urgaonkar et al., 2015, Wang et al., 2015], one would
like to minimize the average cost of serving the moving targets subject to a constraint on the
average serving delay. In an autonomous vehicle control problem [Le et al., 2019], one might
be interested in minimizing the driving time subject to certain fuel efficiency or driving safety
constraints.

Classical treatment of CMDPs dates back to Fox [1966], Altman [1999] reformulating the prob-
lem into a linear program via stationary state-action occupancy measures. However, to formulate
such a linear program, one requires the full knowledge of the transition model, reward, and con-
straint functions, and also assumes them to be fixed. Leveraging the episodic structure of a class of
MDPs, Neely [2012] develops online renewal optimization which potentially allows the loss and
constraint functions to be stochastically varying and unknown, while still relying on the transition
model to solve the subproblem within the episode. More recently, policy-search type algorithms
have received much attention, attaining state-of-art performance in various tasks. While most of the
algorithms focus on unconstrained RL problems, there are efforts to develop policy-based methods
in CMDPs where constraints are known with limited theoretical guarantees. The work Chow et al.
[2017] develops a primal-dual type algorithm which is shown to converge to some constraint satis-
fying policy. The work Achiam et al. [2017] develops a trust-region type algorithm, which requires
solving an optimization problem with both trust-region and safety constraints during each update.
Generalizing ideas from the fitted-Q iteration, Le et al. [2019] develops a batch offline primal-dual

algorithm which guarantees only the time average primal-dual gap converges.
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The goal of this chapter is to efficiently solve constrained episodic MDPs with more general-
ity where not only transition models are unknown, but also the loss and constraint functions can
change online. In particular, the losses can be arbitrarily time-varying and adversarial. Let K be
the number of episodes and 7" the number of steps'. When assuming the transition model is known,
Even-Dar et al. [2009] achieves O (0*V/T) regret with o being the mixing time of MDPs, and the
work Yu et al. [2009] achieves (5(T2/ 3) regret. These two papers consider a continuous setting
(non-episodic setting) that is different to the episodic setting that we consider in this chapter. The
work Zimin and Neu [2013] further studies the episodic MDP and achieves (’N)(\/E ) regret. For the
constrained case with known transitions, the work Wei et al. [2018] achieves 6(\/? ) regret and
constraint violations, and the work Zheng and Ratliff [2020] attains O (T3/*) for the non-episodic
setting.

There are several concurrent works also focusing on CMDPs with unknown transition models.
The work Efroni et al. [2020a] studies episodic tabular MDPs with unknown but fixed reward and
constraint functions. Leveraging Upper Confidence Bound (UCB) on the reward, constraints, and
transitions, they obtain an (’)(\/? ) regret and constraint violation via linear program as well as
primal-dual optimization. In another work, Ding et al. [2021] studies the constrained episodic
MDPs with a linear structure and adversarial losses via a primal-dual-type policy optimization
algorithm, achieving O (\/K ) regret and constraint violation. While their scenario is more general
than ours, their results’ dependence on the sizes of state and action spaces and the length of the
episode is worse when applied to the tabular case. Both of these two works rely on Slater condition
which is also more restrictive than that of the method in this chapter.

On the other hand, for unconstrained online MDPs, the idea of UCB is shown to be effective
and helps to achieve tight regret bounds without knowing the transition model, e.g., Jaksch et al.
[2010], Azar et al. [2017], Rosenberg and Mansour [2019a,b], Jin et al. [2019]. The main idea here
is to sequentially refine a confidence set of the transition model and choose a model in the interval
which performs the best in optimizing the current value.

The main contribution of this chapter is to show that incorporating the confidence set of the
transition model into primal-dual type approaches can achieve O (H|S| \/W ) regret and con-
straint violation simultaneously in online CMDPs when the transition model is unknown, the loss
function is adversarial, and the constraints are stochastic. Here |S| is the state space size with S
denoting the state space as defined later. We also let |A| be the size of the action spaces and H be
the length of an episode. This result nearly matches the lower bound Q(\/W ) for the re-
gret [Jaksch et al., 2010] up to an O(\/m ) factor. Under the hood is a new Lagrange multiplier

'In the non-episodic setting, 7" denotes the total number of steps, which is different from the aforementioned K
for the episodic setting. However, we can analogously compute the total number of steps as 7' = K H in the episodic
setting, where H is the episode length. Thus, 7" and K are comparable since in the episodic setting, only an extra
constant factor H is involved in 7.
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condition together with a new drift analysis on the Lagrange multipliers leading to low constraint
violation. Our setup is challenging compared to classical constrained optimization in particular
due to (1) the unknown loss and constraint functions from the online setup; (2) the time-varying
decision sets resulting from moving confidence set estimation. The decision sets can potentially
be much larger than or even inconsistent with the true decision set knowing the model, resulting in
a potentially large constraint violation. The main idea is to utilize a Lagrange multiplier condition
as well as a confidence set of the model to construct a probabilistic bound on an online dual mul-
tiplier. We then explicitly take into account the laziness nature of the confidence set estimation in
our algorithm to argue that the bound on the dual multiplier gives the O (v/K) bound on constraint

violation.

Related Work. In this chapter, we are interested in a class of online MDP problems where the
loss functions are arbitrarily changing, or adversarial. With a known transition model, adversarial
losses, and full-information feedbacks (as opposed to bandit feedbacks), Even-Dar et al. [2009]
achieves O (Q2ﬁ ) regret with o being the mixing time of MDPs, and the work Yu et al. [2009]
achieves O (T?/3) regret, which consider a different non-episodic setting. The work Zimin and Neu
[2013] further studies the episodic MDP and achieves an O (VK) regret.

In contrast to the aforementioned works, a more challenging setting is that the transition model
is not known a priori. Under such a setting, there are several works studying the online episodic
MDP problems with adversarial losses and full-information feedbacks. Neu et al. [2012] obtains
(5(H IS||A|VK) regret by proposing a Follow the Perturbed Optimistic Policy (FPOP) algorithm.
The recent work Rosenberg and Mansour [2019a] improves the regret to O(H S|/]A]K) by
proposing an online upper confidence mirror descent algorithm. This regret bound nearly matches
the lower bound Q(y/H|S|[A[K) [Jaksch et al., 2010] up to O(1/H[S|) and some logarithm
factors. This chapter is along this line of research, and further considers the setup that there exist
stochastic constraints observed at each episode during the learning process.

Besides, a number of papers also investigate online episodic MDPs with bandit feedbacks. As-
suming the transition model is known and the losses are adversarial, Neu et al. [2010] achieves
O (VKX /B) regret, where 3 > 0 is the probability with which all states are reachable under all poli-
cies. Under the same setting, Neu et al. [2010] achieves (5([( 2/3) regret without the dependence
on (3, and Zimin and Neu [2013] obtains (’3(@ ) regret. Furthermore, with assuming the transi-
tion model is not known and the losses are adversarial, Rosenberg and Mansour [2019b] obtains
O(K3/*) regret and also O(v/K /#3). Jin et al. [2019] further achieves O(v/K) regret without 3
under the same setting.

On the other hand, instead of adversarial losses, extensive works have studied the setting where
the feedbacks of the losses are stochastic and have fixed expectations, e.g., Jaksch et al. [2010],
Azar et al. [2017], Ouyang et al. [2017], Jin et al. [2018], Fruit et al. [2018], Wei et al. [2020],
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Zhang and Ji [2019], Dong et al. [2019]. With assuming that the transition model is known, Zheng
and Ratliff [2020] studies online CMDPs under the non-episodic setting and attains an O (T3/%)
regret in I' steps which is suboptimal in terms of 7. The concurrent work Efroni et al. [2020a]
studies episodic MDPs with unknown transitions and stochastic bandits feedbacks of the losses
and the constraints, and obtains an 5(\/? ) regret and constraint violation.

In addition to the aforementioned papers, there is also a line of policy-search type works, focus-
ing on solving online MDP problems via directly optimizing policies. Along this direction, there
have been great numbers of works studying unconstrained MDPs without knowing transition mod-
els, e.g., Williams [1992], Baxter and Bartlett [2000], Konda and Tsitsiklis [2000], Kakade [2002],
Schulman et al. [2015], Lillicrap et al. [2015], Schulman et al. [2017], Sutton and Barto [2018],
Fazel et al. [2018], Abbasi-Yadkori et al. [2019a,b], Bhandari and Russo [2019], Cai et al. [2019],
Wang et al. [2019a], Liu et al. [2019], Agarwal et al. [2019], Efroni et al. [2020b]. Efforts have
also been made in several works [Chow et al., 2017, Achiam et al., 2017, Le et al., 2019] to inves-
tigate CMDP problems via policy-based methods, but with known transition models. In another
concurrent work, assuming the transition model is unknown, Ding et al. [2021] studies CMDPs

with linear function approximation and proposes a primal-dual policy optimization algorithm.

3.2 Problem Setup

To study the episodic MDP learning problem, we consider a Stochastic Shortest Path (SSP) model
[Neu et al., 2010, 2012]. This chapter is build upon the SSP model because the proposed method
in this chapter has a close connection with a line of the recent research [Rosenberg and Mansour,
2019a,b, Jin et al., 2019] studying the MDP problem based on SSP. In this chapter, we adopt the
definition of SSP presented in Rosenberg and Mansour [2019a]. The connection between the SSP
and the epsodic MDP defined in Section 2.1 of Chapter 2 is then discussed in Remark 3.2. In the
loop-free SSP, we have a finite state space S and a finite action space A at each state over a finite
horizon of K episodes. Each episode starts with a fixed initial state s, and ends with a terminal
state sy. The transition probability is P : SxSx A — [0, 1], where P(s'|s, a) gives the probability
of transition from s to s’ under an action a. This underlying transition model P is assumed to be
unknown. The state space is divided into layers with a loop-free structure, i.e., S := SqUS;U---U
Sy with a singleton initial layer So = {so} and terminal layer X = {sy }. Furthermore, we have
S, NS, = @ for h # h/, and transitions are only allowed between consecutive layers, which is
P(s'|s,a) > 0onlyif s’ € Sy41,5 € Sp,anda € A,Vh € {0,1,..., H—1}. Such an assumption
enforces that each path from the initial state to the terminal state takes a fixed length /. This is
not an excessively restrictive assumption as any loop-free MDP with bounded varying path lengths

can be transformed into one with a fixed path length (see Gyorgy et al. [2007] for details).
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The loss function for each episode is f* : S x A x S — R, where f*(s, a,s’) denotes the loss
received at episode k for any s € S;, s € Spiq,anda € A, Vh € {0,1,2,...,H — 1}. We
assume f; can be arbitrarily varying with potentially no fixed probability distribution. There are [
stochastic constraint (or budget consumption) functions: ¢g¥ : S x A x S — R, Vi € [I], where
g¥(s, a, ') denotes the price to pay at episode & for any (s, a,s’). Each stochastic function g¥ at
episode k is sampled according to a random variable £¥ ~ D;, namely ¢¥(s, a,s') = gi(s, a, s'; €F).
Then, we define g;(s,a, s') := E[gf(s,a,s")] = E[g:(s,a, s’; £F)] where the expectation is taken
over the randomness of ¥ ~ D;. For abbreviation, we denote g; = E[g¥]. In addition, the functions
f¥and g¥, Vi € [I], are mutually independent and independent of the Markov transition. Both the

loss functions and the budget consumption functions are revealed at the end of each episode.

Remark 3.1. It might be tempting to consider the more general scenario that both losses and con-
straints are arbitrarily time-varying. For such a setting, however, there exist counterexamples
[Mannor et al., 2009] in the arguably simpler constrained online learning scenario that no algo-
rithm can achieve sublinear regret and constraint violation simultaneously. Therefore, we seek to
put extra assumptions on the problem so that obtaining sublinear regret and constraint violation is

feasible, one of which is to assert constraints to be stochastic instead of arbitrarily varying.

A policy 7 is the conditional probability 7(a|s) of choosing an action a € A at any given state
s € S. At the k-episode, for any policy 7, letting (s, ap, Spr1) € Sp X A X Sy denote a random
tuple following the transition model P and the policy 7, the corresponding expected loss and the

budget costs are written as

H-1 H-1
E > f (s ansnir) |7, P, and B> gF(sn, an, swr) |7, P|, i €[], (3.1
h=0 h=0

where the expectations are taken w.r.t. the randomness of the tuples (sp,, ap, Sp11)-

Remark 3.2. The above definition for the SSP problem has a close connection with the episodic
MDP (S, A, H,P,r) which is defined in Section 2.1 of Chapter 2. To show how such a relation
exists, we can let A = A and S;, = S forany h € {0,..., H — 1} with a fixed starting state and
relaxing the restriction of S, N'S;, = & for h # h'. Note that the notations of P, 7, f* g% do not
need to depend on the layer (or step) h because of this restriction. We further let Py, 1 (s'|s,a) =
P(s'|s,a) where s’ € Spy1,s € Sy forall h € {0,...,H — 1} and s, s € S. Based on such
the above conversion, shifting the index h by 1 and removing the dependence on s in the loss
function f*, we can view the above expected loss in (3.1) as a value function V" (s, f*) as defined
in Section 2.1. A similar argument can also be applied to the budget costs, which corresponds to
the value function V/" (s, gF) for all i € [I]. Our analysis can be applied to the setting that the

loss function f* and the budget cost functions gF for all i € [I] do not depend on the next state
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sp+1 With no barrier. In addition, this chapter studies the problem of minimizing the overall losses,
which can be interpreted as maximizing the overall negative losses w.r.t. the function — f*. With

the above analysis, we can convert the SSP problem to the episodic MDP defined in Chapter 2.

In this chapter, we adopt the occupancy measure (s, a, s’) for our analysis. In general, the
occupancy measure 0(s, a, s’) is a joint probability of the tuple (s, a,s’) € S x A x S under some
certain policy and transition model. Particularly, with the true transition P, we define the set as

A = {0 : 0 satisfies the conditions (a), (b), and (c)},

where the conditions (a) (b) (¢) [Altman, 1999] are
() Zsesh Y aca ZS/ES}M 0(s,a,s') =1, Yh €{0,...,H — 1}, and 6(s,a,s’) > 0.

(b) Zsesh Y ouen 0(s,a,8) = ca Zs”GS;hLQ 0(s',a,s"), Vs € Sy11,Vh € {0,..., H — 2}

(c) bsas) _ — p(g|s,a), V(s,a,s) € Sy, x A x Sp.1,Vh € {0,..., H—1}.
Zs”EShH 0(s,a,s’)

We can further recover a policy 7 from an occupancy measure 6 via

Zsleshﬂ 0(s,a,s)

Zs’ESthl,(LGA 9(87 a, S/) ’

m(als) = V(s,a) € S, x A, Vh e {0,...,H — 1}.

In addition, we define gk(s, a, s') to be the occupancy measure at episode k w.r.t. the true tran-
sition P, resulting from a policy 7* at episode k. Given the definition of occupancy measure, we
can rewrite the expected loss and the budget cost as B[S 17— f*(sp, an, sny1)|7*, P| = (f*, 7"
where (f%.8') = 32, f*(s,0,5)8 (s,a,5) and B[S0 g8 (sn, an, sn0)|7*, P) = (g, 0)
with (gF,8") = Y saw fi(s,a,8 )8" (s, a, s). We aim to solve the following constrained optimiza-

tion, and let @ be one solution which is further viewed as a reference point to define the regret:

K
minimize ,§1<f ,0), subject to (g;,0) < ¢;, Vi € [I], (3.2)

where T8 (fF0) = S8 E[ZhH:_Ol f*(sn, an, spi1)|m, P is the overall loss in K episodes and
constraints are enforced on the budget cost (g;,8) = E[>_1_" gi(sn, an, sny1)|m, P] based on the

expected budget consumption functions g¢;,Vi € [I]. To measure the regret and the constraint

violation respectively for solving (3.2) in an online setting, we define the following two metrics:

69

k=1

;o (33

K
Regret(K) = Z <fk,§k —@"), and Violation(K) := |
k=1 2
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where the notation [v], denotes the entry-wise application of max{-,0} for any vector v. For
abbreviation, we let g¥(0) := [(gf,0), ---, (¢§,6)]",andc:= ey, -- -, el

The goal is to attain a sublinear regret bound and constraint violation on this problem w.r.t. any
fixed stationary policy 7, which does not change over episodes. In another word, we compare to
the best policy 7* in hindsight whose corresponding occupancy measure 8" e A solves problem

(3.2). We make the following assumption on the existence of a solution to (3.2).

Assumption 3.3. There exists at least one fixed policy 7 such that the corresponding occupancy
measure 0 € A is feasible, i.e., (g;,0) < ¢;,Vi € [I].

WLOG, we assume boundedness on function values for simplicity of notation.

Assumption 3.4. We assume the following quantities are bounded. For any k > 1, (1)
SUD, o0 | 1(5, 0, 8)] < 1, (2) Sy sup 0,0 98 (5,0, 8) <1, 3) Ky sl < HL

When the transition model P is known and Slater’s condition holds (i.e., the existence of a pol-
icy which satisfies all stochastic inequality constraints with a constant e-slackness), this stochasti-
cally constrained online linear program can be solved via similar methods as Wei et al. [2018], Yu
et al. [2017] with a regret bound that depends polynomially on the cardinalities of state and action
spaces, which is highly suboptimal especially when the state or action space is large. The main
challenge we will address in this chapter is to solve this problem without knowing the model P, or
losses and constraints before making decisions, while tightening the dependency on both state and

action spaces in the resulting performance bound.

3.3 Proposed Algorithm

In this section, we introduce our proposed algorithm, namely, Upper Confidence Primal-Dual
(UCPD) algorithm, as presented in Algorithm 1. It adopts a primal-dual mirror descent type al-
gorithm solving constrained problems but with an important difference: we maintain a confidence
set via past sample trajectories, which contains the true MDP model P with high probability, and
choose the policy to minimize the proximal Lagrangian using the most optimistic model from the
confidence set. Such an idea, known as “optimism in the face of uncertainty”, is reminiscent of
UCB algorithms [Auer et al., 2002, Bubeck and Cesa-Bianchi, 2012] for stochastic multi-armed
bandit (MAB) and is used by Jaksch et al. [2010] to obtain a near-optimal regret for reinforcement
learning problems.

In the algorithm, we introduce epochs, which are back-to-back time intervals that span several
episodes. We use ¢ € {1,2,---} to index the epochs and use /(k) to denote a mapping from
the episode index k£ to the epoch index, indicating which epoch the k-th episode lives. Next, let
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Ny(s,a) and M,(s,a,s’) be two global counters which indicate the number of times the tuples
(s,a) and (s, a, s") appear before the ¢-th epoch. Let n(s,a), my(s,a,s’) be two local counters
which indicate the number of times the tuples (s,a) and (s, a, s’) appear in the ¢-th epoch. We
start a new epoch whenever there exists (s, a) such that nyy)(s,a) > Nyx)(s,a). Otherwise, set
¢(k + 1) = (k). Such an update rule follows from Jaksch et al. [2010]. Then, we define the

empirical transition model ﬁg at any epoch ¢ > 0 as

My(s,a,s")
max{1, Ny(s,a)}

Py(|s, a) = , Vs, s €8S, a€A.
As shown in Remark 3.18, introducing the notion of epoch is necessary to achieve an (5(\/K )
constraint violation.

The next lemma shows that with high probability, the true transition model P is contained in a

confidence interval around the empirical one, which is adapted from Lemma 1 of Neu et al. [2012].

Lemma 3.5 (Lemma 1 of Neu et al. [2012]). For any ¢ € (0, 1), we have that with probability at

least 1 — ¢, for all epoch { < {(K + 1) and any state and action pair (s,a) € S X A, ||P(+|s,a) —
Py(-|s, a)H1 < &$(s, a), with the error €5 (s, a) being®
2|Sh(s)+1|log[(K + 1)[S||A
(s, a) = [Snis)+[log[(K + 1)IS[|Al/¢] 3.4)
max{1, Ny(s,a)}

where h(s) is a map from state s to the layer that s belongs to.

3.3.1 Computing Optimistic Policies

Next, we show how to compute the policy at each episode. Formally, we introduce a new oc-
cupancy measure at episode k, namely 0%(s,a,s’), s,s' € S, a € A. It should be emphasized
that this is different from gk(s, a,s') defined in the previous section as 6%(s,a, s’) is chosen by
the decision maker at episode & to construct the policy. In particular, 6% (s, a, s’) does not have to
satisfy the local balance equation (c). Once getting 0% (s, a, s’) (which will be detailed below), we

construct the policy by

k Z /9k<3>a’ 3/)
= s A : .
7" (als) S B (s.a) Vac A, se8S (3.5)

Next, we demonstrate the proposed method computing 6 (s, a, s'). First, we introduce an online

dual multiplier Q); (k) for each constraint in (3.2), which is 0 when k£ = 1 and is updated as follows

2We use log to denote the natural logarithm.
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Algorithm 1 Upper-Confidence Primal-Dual (UCPD) Mirror Descent

1: Input: Let Vo > 0, A € [0, 1) be some trade-off parameters. Fix ¢ € (0, 1).

2: Initialize: Q;(1) =0, Vi=1,...,1. 0'(s,a,5") = 1/(|Sh||Sn11||A]), ¥(s,a,s’) € Sp, x A x
Shi1- (1) = 1. ny(s,a) =0, Ni(s,a) =0, V(s,a) € SxA.my(s,a,s') =0, My(s,a,s") =
0, V(s,a,s') €S x A xS.

3:fork=1,2,3,...do

4: Compute 6 via (3.7) and the corresponding policy 7* via (3.5).

5: Sample a path (s, af,--- ,s% _, a% | s%) following the policy 7*.
6:

Update each dual multiplier @Q);(k) via (3.6) and update the local counters:

nf(k)(sfw ai) = nf(k)(sfw (IZ) +1, mf(k)(sfm afw Sfﬁl) = mf(k)(sfw a’fw thLl) + L

. Observe the loss function f* and constraint functions {gF}7_;.
8: if 3(s,a) € S X A, nyp)(s,a) > Ny (s,a), then

9: Start a new epoch:

10: Set {(k + 1) = £(k) + 1, and update the global counters for all s,s" € S, a € A by

Nok11)(8; @) = Nery (8, a) + ngry (s, a),

Mf(k:Jrl)(sa a, S/) = Mf(k’) (87 a, S/) + My (k) (Sa a, S/)'

.. .. fax M (s,a,s")
11 Construct the empirical transition Py1)(s']s, a) == — {Zl(f“]\*,;;km(s,a)} V(s,a,s).
12: Initialize nyg11y(s, a) = 0, my41)(s,a,5") =0, ¥(s,a,8') € S x A x S.
13: else
14: Set {(k + 1) = ((k).
15: end if
16: end for
for k > 2,
Qi(k) = max{Q;(k — 1) + (g} ", 6"*) — ¢;, 0}. (3.6)

At each episode, we compute the occupancy measure 0¥ (s, a, s’) by solving an optimistic regular-
ized linear program with tuning parameters \, V, o > 0. Specifically, we update 0* for all k > 2

by solving the following minimization problem

I

6* = argmin <ka—1 +3 " Quk - 1)gk 9> +aD(0,05Y), k> 2. (3.7)
0eA(£(k),0) i=1

Fork = 1,weletf'(s,a,s’) = 1/(|Su||Sni1l|A]), V(s,a,s') € S, x AX S 1. The above updating

rule (3.7) introduces extra notations A(¢(k), ¢), 8*~, and D(-, -), which will be elaborated below.

Specifically, we denote by D(-,-) the unnormalized Kullback-Leibler (KL) divergence for two
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different occupancy measures 6 and €', which is defined as

D(,0) = Z [0(s,a,s’)log % —0(s,a,s")+6(s,a,s)]. (3.8)

In addition, for Vh = {0,...,H — 1} and Vs € S,,a € A s’ € S;.1, we compute 0k via
0" (s, a,5") = (1 — N0 2(s,a,5) + A/(|Sh||Sns1||A|), where 0 < A < 1. This equation
introduces a probability mixing, pushing the update away from the boundary and encouraging
explorations.

Furthermore, since for any epoch ¢ > 0, we can compute the empirical transition model ﬁg with
the confidence set as defined in (3.4), we let every 6 € A(/, () satisfy that

— P(-]s,a)|| < £5(s,a), Vs €S,a € A, (3.9

1

Iiieam

such that we can define the feasible set A(¢, () for the optimization problem (3.7) as follows
A(¢,¢) := {0 : 0 satisfies conditions (a), (b), and (3.9) }. (3.10)

By this definition, we know that 0¥ € A(¢(k), () at the epoch £(k). On the other hand, according
to Lemma 3.5, we have that with probability at least 1 — (, for all epoch ¢, A C A(/, ) holds.
By Rosenberg and Mansour [2019a], the problem (3.7) is essentially a linear programming with a
special structure that can be solved efficiently. We present the efficient solver for the problem (3.7)

in the following subsection.

3.3.2 Efficient Solver for Subproblem

In this subsection, we provide the details on how to efficiently solve the subproblem (3.7). We can

rewrite (3.7) into the following equivalent form

0" = argmin o ("1, 0) + D(6,0"1),
0eA(L(k),¢)

where we let ¢ = V=t 30 Qi(k — 1)gFL. According to Rosenberg and Mansour

[2019a], solving the above problem is based on the following two steps

0% = argmin a1, 0) + D(0, 5’“71), (3.11)
0
0F = argmin D(6,0"). (3.12)
0eA(L(k),C)
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Note that the first step, i.e., (3.11), is an unconstrained problem, which has a closed-form solution

0*(s,a,5) =6 (s,a,8)e "/ V(s,a,8') € Sp x A X Spy1, Vh=0,...,H—1. (3.13)

The second step, i.e., (3.12), can be viewed as a projection of 6* (s,a,s’) onto the feasible set
A(¢(k), (). With the definition of the feasible set as in (3.10), further by Theorem 4.2 of Rosenberg
and Mansour [2019a] and Lemma 7 of Jin et al. [2019], and plugging in 8" computed as (3.13), we

have the following equation

nk—1 /
0 (87 a7 S ) kk Bk(s7a75l)

e’ , (3.14)

where h(s) is a mapping for state s to its associated layer index, and W} (1, 3) and B;lj, 5 are defined

as follows

By (s, a,8") = p(s,a,8) — pt(s,a,8) + (s, 0,8') + 07 (5,0, 8') gy (s, 0) + B(s)
— B(s) — " Y(s,a,8)/a — Z ﬁg(k)(s”\s,a)(u*(s,a, s") —ut(s,a,s")),

8" ESp(s)+1

WEB) =D Y 0 (s,a,)e sl

s€S, a€A s'eSp 41
where 3:S — Rand = (pu*, u~) with u™, u= : S x A x S — Rs. Specifically, p* and 3* in
(3.14) are obtained by solving a convex optimization with only non-negativity constraints, which
1s

H-1

pk, ¥ = argmin > " log W (u, ). (3.15)
w820 570

Therefore, after solving (3.15), we can eventually compute 6 by (3.14). Since (3.15) is associated

with a convex optimization with only non-negativity constraints, it can be solved much efficiently.

3.4 Main Results

Before presenting our theoretical results, we first make assumption on the existence of Lagrange
multipliers. We define a partial average function starting from any episode k as f7) .=

- Z]T.;é f%+3. Then, we consider the following static optimization problem (recalling g; := E[gF])

minimize ( fED 6 st (g;,0) < ¢, Vi € [1]. (3.16)

oe
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Denote the solution to this program as ¢} . Define the Lagrangian dual function of (3.16) as

1

¢"* 7 () := min (f*7,0) + Zm(@lu 0) —ci),

(AN -
=1

where 7 = [1,...,n7]" € R! is a dual variable. We are ready to state our assumption.

Assumption 3.6. For any episode k and any period T, the set of primal optimal solution to (3.16)
is non-empty. Furthermore, the set of Lagrange multipliers, which is V;, _ := argmaxneRiq(k’T) (n),
is non-empty and bounded. Any vector in Vy;  is called a Lagrange multiplier associated with
(3.16). Furthermore, let B > 0 be a constant such that for any k € {1,..., K} and T = VK, the

dual optimal set V;; _ defined above satisfies max,cy- ||n|l2 < B.

We have the following simple sufficient condition which is a direct corollary of Lemma 1 in
Nedi¢ and Ozdaglar [2009]:

Lemma 3.7. Suppose that the problem (3.16) is feasible. Then, the set of Lagrange multipliers
V. . defined in Assumption 3.6 is nonempty and bounded if the Slater condition holds, i.e., 30 €
A, ¢ > 0 such that (g;,0) < ¢; —e, Vi € [1].

In fact, it can be shown that some certain constraint qualification condition more general than
Slater condition can imply the boundedness of Lagrange multipliers (see, for example, Lemma 18
of Wei et al. [2019]). According to Wei et al. [2019], Assumption 3.6 is weaker than the Slater
condition commonly adopted in previous constrained online learning works. The motivation for
such a Lagrange multiplier condition is that it is a sufficient condition of a key structural property
on the dual function ¢*7) (), namely, the error bound condition. Formally, we have the following

definition.

Definition 3.8 (Error Bound Condition (EBC)). Let F(x) be a concave function over x € C,
where the set C is closed and convex. Suppose A* := argmax, .. F'(x) is non-empty. The function
F(x) satisfies the EBC if there exists constants ), ¢ > 0 such that for any x € C satisfying®
dist(x, A*) > 0,

F(x*) — F(x) > o - dist(x,A") withx* € A™.

Note that in Definition 3.8, A* is a closed convex set, which follows from the fact that F'(x) is a
concave function and thus all superlevel sets are closed and convex. The following lemma, whose
proof can be found in Lemma 5 of Wei et al. [2019], shows the relation between the Lagrange

multiplier condition and the dual function.

3We let dist(x, A*) := miny e+ |/x — x'||3 as the Euclidean distance between a point x and the set A*.
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Lemma 3.9. Fix K > 1. Under Assumption 3.6, for any k € {0,... K — 1} and 7 = VK,
the dual function ¢ (n) satisfies EBC with o > 0 and ¥ > 0, i.e., for any n € R! satisfying
dist(n, Vj ;) > v, we have

¢" D (5) = ¢ () = o - dist(n, Vi), Vi € Vi

We define dist(, V; ) := miny ey 5lln — 1/||3 as Euclidean distance between a point 1) and the
set Vi .

Based on the above assumptions and lemmas, we present results of the regret and constraint

violation.

Theorem 3.10. Consider any fixed horizon K > |S||A| with |S|,|A| > 1. Suppose Assumption
3.3, 3.4, 3.6 hold and there exist absolute constants & and O such that ¢ > & and ¥ < 0 for all
o, ¥ in Lemma 3.9 over k = {0,1,..., K — 1} and 7 = VK. If setting o« = KH, V = HVK,
A=1/Kand( € (0,1/(4+ 8H/7)] in Algorithm 1, with probability at least 1 — 4(, we have

Regret(K) < 5<H|S|\/K|A\>, Violation(K) < 5(H|S|\/K|A|>,

where O(-) hides the logarithmic factors 1og®?(K /¢) and log(K|S||A|/¢).

For unconstrained episodic MDPs with the unknown transition and adversarial losses, the re-
cent work Rosenberg and Mansour [2019a] achieves a tight regret bound of O(H S|/]AJK),
almost matches the lower bound Q(+/HJS||A|K) [Jaksch et al., 2010] up to an O(y/H|S]) fac-
tor. Comparing to aforementioned works, for CMDPs, our proposed algorithm can maintain the
O(H|S| V/JA|K) regret bound and also achieve a constraint violation bound of O(H|S| VIAIK)
under the setting of the unknown transition model, the adversarial losses, and stochastic constraints.

3.5 Theoretical Analysis

3.5.1 Proof of Regret Bound

Lemma 3.11. The updating rules in Algorithm I ensure that with probability at least 1 — 2(,

ZHH’“—Q |, < (vV2+1 H|S|\/2K|A|1 %Hhﬁmmog%
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Lemma 3.12. The updating rules in Algorithm I ensure that with probability at least 1 — ,

K 2 2
Z<fk70k _§*> < AH*K + (AT +;)04Hlog\8\ |A| CONKH
k=1
KH 1¢
+ 5t ;@(k),g (67) = <)
Here we let Q(k) := [Q1(k), Q2(k), -+, Q(k)]". Next, we present Lemma 3.13, which

is one of the key lemmas in our proof. Then, this lemma indicates that ||Q(k)||» is bounded by
O(VK) with high probability when setting the parameters 7, V, o, A as in Theorem 3.10. Thus,
introducing stochastic constraints retains the O(v/K) regret. Moreover, this lemma will lead to
constraint violation in the level of O(\/F ). Lemma 3.13 is proved by making use of Assumption
3.6 and Lemma 3.9.

Lemma 3.13. Letting 7 = /K and ( satisfy 5 /4 > ((G/2+ 2H), the updating rules in Algorithm
1 ensure that with probability at least 1 — K0, the following inequality holds for all k € [K + 1],

512H? 128H? _ 64 H? 1
Q)| w :=¢+7———log (1 + _—26"/(32H)> +T7T— logg +27H,
o o
where we define ¢ := (21H + Cyo)/7 + 2aH log(|S]*|A|/N)/(o7) + 75/2 and Cy oy =
2@B+T )V + (6 +49)VH +VH/a+4H\V + 2a\H log |S|?|A| + SH?.

The upper bound of ||Q(k)||2 is a convex function w.r.t. 7, which thus indicates that there exists
a tight upper bound of ||Q(k)||z if 7 is chosen by finding the minimizer of this upper bound. In
this chapter, we directly set 7 = /T, which suffices to give an (5(\/7) upper bound.

Remark 3.14. We discuss the upper bound of the term log (1 -+ 122—51265/ (32H)) in the following

way: (1) if 12;—5265/(321{) > 1, then this term is bounded by log (25’2—5265/(3”)) = 27 +log 25252;

(2) if 122—5265/ (32H) < 1, then the term is bounded by log 2. Thus, combining the two cases, we

have log (1 + 122—5265/ (B21)) <log2 + 52 + log 25;—512. This discussion shows that the log term

in the result of Lemma 3.13 will not introduce extra dependence on H except a log H term.

With the bound of ||Q(k)||2 in Lemma 3.13, we further obtain the following lemma.
Lemma 3.15. By Algorithm 1, if5/4 > ((G/2 4+ 2H), then with probability at least 1 — 2K,

> (QU)- (7)) < 2t K log o5

1

with w defined as the same as in Lemma 3.13.
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Proof of Regret Bound in Theorem 3.10. Recall that 6 is the probability vector chosen by the de-
cision maker, and " is the true occupancy measure at episode k& while " is the solution to the

problem (3.2). The main idea is to decompose the regret as follows

=

ST =T =D (T =05+ (70— T))

k=1 k=1

ZW—WﬁZf”kM

=

(3.17)

;

Term(I) Term(ll)

where we use Assumption 3.4 such that <f’“,§k — 0" < ||fk||ooH§k —0%], < H@k — 0"]|,. Thus,
it suffices to bound the Term(I) and Term(II).

We first show the bound for Term(I). According to Lemma 3.11, by the fact that H < |S| and
IS|,|A| > 1, we have that with probability at least 1 — 2(, the following holds

Term(I) < O(H|S|/K|A[log? (K|S||A]/C)). (3.18)

For Term(II), setting V' = HVEK,a=KH, 7 =+VK,and \ = 1/K, by Lemma 3.12, we obtain

1 & .,
EmmgHme+m@Z@mﬁWFq

where we use the inequality that log [S||A| < \/|S||A| with the inequality \/= > log x. Thus, we
further need to bound the last term of the above inequality. By Lemma 3.15 and Remark 3.14, with
probability at least 1 — 2K¢§ forall k € {1,..., K}, we have

H\/_Z (07) — c) < O(H|S|\/K[A]log? (K/6)),

by the facts
computation of ¢ as 1 = O
probability at least 1 — 2K, the following holds

, as well as the
(K|S||A])). Therefore, with

Term(Il) < O(H|S|\/K[A]log? (K/6)). (3.19)

Combining (3.18) and (3.19) with (3.17), and letting 6 = (/K by the union bound, we eventually
obtain that with probability at least 1 —4(, the regret bound Regret(K) < O (H|S|\/K|A]) holds,
where the notation O(-) hides the logarithmic factors. We further let ¢ < 1/(4 + 8H/7) < 1/4

24



(such that5/4 > ((c/2 4+ 2H) is guaranteed). This completes the proof. O

3.5.2 Proof of Constraint Violation Bound

Lemma 3.16. The updating rules in Algorithm I ensure

‘ [ng(ek) - C)]
N

k=1
Lemma 3.17. The updating rules in Algorithm I ensure

K
<IQUEE + D)2+ > _|jo" = 6|,

2 k=1

2H OKHYV
okt — ok|| < 3H./K|S||A|l —_
ZH Hl S]] Og\SHA\ 1- )2az||Q 2+ (1-72a
2)\KH /8 log [S|2[A]
og| | KH

1—)\

Remark 3.18. The proof of Lemma 3.17 uses the fact that the confidence set of P changes only
v/ K|S]|A]log,(8K/(|S||A])) times as shown in Lemma 3.26, thanks to the doubling of the epoch
length in Algorithm 1. Within each epoch where the confidence set is unchanged, we further show
|0%+1 — 0% ||, is sufficiently small. Therefore, we can show that the cumulative update difference
fozl HQ’““ —o% || , grows in the order of V'K, which further leads to an O(+/K) constraint viola-

tion according to Lemma 3.16.

Proof of Constraint Violation Bound in Theorem 3.10. We decompose the constraint violation as

[356e-)] o)

2 k=1 k=1 2
K K (3.20)
N PG -9 |
lc:l k=1 + %
Term(IH) Term(IV)

where the second inequality is due to Assumption 3.4 that ||g*(6%) — g"“(@k) o = (20, [(gF, 0% —
023 < SSL 165 loo|0% — 8|1 < [|6% — 8"||,. Thus, it suffices to bound Terms (IIT) and (IV).
For Term(IIl), we already have its bound as (3.18). Then, we focus on proving the upper
bound of Term(IV). Set V' = H\/f a = KH, ™= \/K and A = 1/K as in the proof of
the regret bound. By Lemma 3.16, we know that to bound Term(IV) requires bounding the terms
IQ(K + 1)||; and S5, |6 — 6*||;. By Lemma 3.13, combining it with Remark 3.14 and

v = O(H*VK + Hlog |S||A| + H?log(K|S||A])/vVK) as shown in the proof of the regret
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bound, letting /4 > ((5/2 + 2H), with probability 1 — K¢, for all k£ € [K + 1], the following
inequality holds

1Q(K) ||l < O(H*VK log(H/3)), (3.21)

where we use log x < /. This gives the upper bound of ||Q(K + 1)||o which is || Q(K + 1)||2 <
O(H*VK log(H/$)).

Furthermore, by Lemma 3.17, we know that the the key to bound Z,ﬁil |05 — 6%||; is also
the drift bound for Q(k). Therefore, by (3.21) and the settings of the parameters v, A, V', we have

K
D lI6F = 68|, < O(HIS|VIAIK log(K|S||A|/5)), (3.22)
k=1

by the facts that H < |S|, |S| > 1, |A| > 1 and the condition |S||A| < K. Thus combining (3.21)
and (3.22) with Lemma 3.16, and letting 6 = (/K then with probability at least 1 — ¢, we have

Term(IV) < O(H|S|v/|A|K log(K|S||A/d)).

Combining results for Term(I1I) and Term(IV) with (3.20), by the union bound, with probability at
least 1 — 4(, the constraint violation Violation(K) < 6(H S|\/K|A]) holds. This finishes the
proof. ]

3.6 Conclusion

In this chapter, we propose a new upper confidence primal-dual algorithm to solve online con-
strained episodic MDPs with adversarial losses and stochastically changing constraints. In

particular, our algorithm does not require the true transition models of MDPs and achieves
O(H|S|\/|A[K) regret and constraint violation.

3.7 Proofs of Lemmas for Regret Bound

3.7.1 Proof of Lemma 3.11

We first provide Lemmas 3.19 and 3.20 below. Then, we give the proof of Lemma 3.11 based on

the two lemmas.

Lemma 3.19 (Lemma 19 in Jaksch et al. [2010]). For any sequence of numbers x1, ..., x, with
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0 < < Xgp_1:=max {1 ZZ 1 xz} the following inequality holds

; ,—Xkl < (V2 + 1DVX,.

Lemma 3.20. Let di.(s) and dy(s) be the state stationary distributions associated with 6* and
7 respectively, and ﬁg(k)(s’ la, s) and P(s'|a,s) be the corresponding transition distributions.
Denote 7*(a|s) as the policy at episode k. There are 0*(s,a,s') = c/l\k(s)ﬂk(a|s)ﬁg(k)(s’|a, s)
and gk(s,a, s) = dy(s)m*(a|s)P(s'|a,s). On the other hand, there are also di(s') =

Dses, Doaca 07(5,a,8),Vs' € Sy, and di(s') = 3 cg, Doaea 07(5,0,8'),Vs" € Spy1. Then,
we have the following inequality

h
—k ~
||6k—9 Hl S Z Zﬂk<57a)||P€(k)<'|Sva)_P('|S7G’)H17

h=0 j=0 s€S; acA

where we let ji1,(s,a) = dy(s)7*(als).

Proof. By the definitions of c?k, dg, ﬁg(k), P, and 7% shown in Lemma 3.20, we have

10— = 3 5 S 5, ) — a5, )l

h=0 SESh acA

ZZW (als)|| By (-1, $)di(s) — P(:a, 5)du(s)||x

SES, a€EA

> 7 (al )| Py (-1, 8)di(s) — Py (la, )i ()

€Sy aEA
+ ﬁe ) (-la, 8)dk(s) — P(-|a, s)dx(s)]]1.

I
TIMI

>
||

Thus, by triangle inequality for || - ||;, we can bound the term ||6% — 7 ||l in the following way

6" —8"||, < Z > 7 als) [l Py (las s)di(s) — Pay (la, s)di(s)lx

h=0 s€Sp acA

+ IIPz ) (la, s)di(s) = P(-[a, s)dy(s)|1]

= (3.23)
Z Zw )| Pary (-|a, ) = P(-]a, 5)|s
n a€EA
ZZW ()| Pury (las 8) 11 - |di(s) — di(s)]-
h=0 s€Sy acA
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Then we need to bound the last two terms of (3.23) respectively. For the first term on the right-hand
side of (3.23), we have

m

7" (al$)di(5) | Pawy (|a, s) = P(-]a, s)|ls

>
Il

0 s€Sy, a€A

H-1
S S pas, )l Bl ) — PClas )l
h SES

acA

(3.24)

=0

where p.(s,a) = 7*(a|s)d(s) denotes the joint distribution probability of (s, a).
Next, we bound the last term on the right-hand side of (3.23), which is

izzmw%wmmm @zzzzwwm di(s),

h=0 s€Sj, acA h=0 s€Sj, acA

since ||ﬁg(k)(-|a,s)||1 = D v ﬁg(k)(s’|a,s) = 1. Furthermore, we can bound the last term

above as
H—1
> 7 (als)ldi(s) — di(s)]
h=0 s€S, acA
H—1 R H—1 R
=YD ldil(s) — du(s)| = |di(s) — di(s)|
h=0 seSy, h=1 seSy,
H-1
Y| Y Sees- ¥ SH )
h=1 s€S; s"€S,_1 acA s""eSp_1 a€A
where the first equality is due to >, _, 7 (als) = 1, the second equality is due to afk(so) =

dy(s0) = 1, and the third equality is by the relations dj,(s) = > owres, s 2oaca 0°(s", a,5) and
dr(s) = Y wes, | Doaca ék(s”,a’, s), Vs € S;. Further bounding the last term of the above

equation gives

jz_lz ZZ@’“S a,s) ZZQS@S

—1 s€S), | s"€S),_1 a€A $"€Sp_1 aCA

lzzz

1 s€Sy s”7€S,_1 a€A

S ) T = 3 S ) s

=1 s""€Sp_1 a€A h=0 s€S; acA

e

0% (" as—@(s a,s)

IN
:: :-M

3“
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which eventually implies that the last term on the right-hand side of (3.23) can be bounded as

Z_ Z ZWk(a‘5)|’]3ak)('|a78)\|1 : \cﬁ(s) — di(s)]

h=0 s€8;, acA (3.25)

<Y S s T

h=0 s€S; acA

Therefore, plugging the bounds (3.24) and (3.25) in (3.23), we have

6% — 6%, ZZZII@’“CLS oI

h=0 s€Sj acA

H-1

SZZZMMIIP@ (‘la,s) = P(a, s)],
sShaEA

£Y Y S )~ P )

h=0 s€Sy acA
Recursively applying the above inequality, we obtain

H-1 h
—k ~
105 =1 < D0 uls, )| Pa Cls,a) = Plls, )|
h=0 j=0 s€S; acA
which completes the proof. ]

Now, we are in position to give the proof of Lemma 3.11.

Proof of Lemma 3.11. The proof for Lemma 3.11 adopts similar ideas in Neu et al. [2012], Rosen-
berg and Mansour [2019a]. By Lemma 3.20, one can show that

16" =81 < D207 3D mls )| P (s, ) = PCIs, ),

ST Y [l ) — sk =5, o = ah)[ (1) Pl 0

+1{sh =5, af = a}|| Puwy(-ls, @) — P(]s,a)]|,].

where we denote ]1{3? = s, aé? = a} the indicator random variable that equals 1 with probability
p(s,a),Vs € X;,a € A and 0 otherwise. Denote £¥(s,a) = ||ﬁg(k)(-|s,a) — P(:|s,a)l||; for
abbreviation. We can see that £¥(s, a) < Hﬁg(k)(-\s,a)ﬂl + ||P(+|s,a)||s = 2. Taking summation
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over K time slots on both sides of the above inequality, we obtain

Z 16" =" < SN ST ST S (s, a) - 1{sk = s, af = a})E(s,a)

k=1 h=0 j=0 s€S; acA

+ Z i Z Z Z 1{s¥ = s, af = a}&"(s,a).

h=0 j=0 s€S; acA

H-1

(3.26)

Next, we bound the first term on the right-hand side of (3.26). Let F*~! be the system history up
to (k — 1)-th episode. Then, we have

E{ Z Z(pk(s,a) — ]l{s? = s, aé‘? =a})&¥(s,a) ‘ ]—"k_l} =0,

SESj acA

since £* is only associated with system randomness history up to k — 1 episodes. Thus, the term
>oses, 2aca (s, a) — L{s} = s, af = a})§¥(s,a) is a martingale difference sequence with
respect to F*~!. Furthermore, by {*(s,a) < 2and 35 g 3°,ca L{s] = s, af = a}) = 1, there

will be

S (unls,a) — 1{sh = 5, at = a})E¥(s,a)

s€ES; acA
ZZH{S =s, af =a}

s€ES; acA

& (s, a) + Ja) < 4.

T T misale

s€S; acA

Thus, by Hoeffding-Azuma inequality, we obtain that with probability at least 1 — (/H,

K
Z Z Z(uk(s,a) - Il{s? =s, a? =a})&¥(s,a) < 4 /2K10g%.
k=1 s€S; acA

According to the union bound, we further have that with probability at least 1 — (, the above
inequality holds for all j = 0, ..., H — 1. This implies that with probability at least 1 — (, the
following inequality holds

K H-1

h
Z Z Z wi(s,a) — ]1{3 = s, a = a})E¥(s,a) < 2H?, /2K10gE (3.27)
k=1 h=0 j=0 s€S; acA C

Furthermore, we adopt the same argument as the first part of the proof of Lemma 5 in Neu et al.

[2012] to show the upper bound of "1, Zj OZSGS > aea Wk =5, af = a}é¥(s,a)
in (3.26). Recall that ¢(k) denotes the epoch that the k-th episode belongs to. By the definition of
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the state-action pair counter Ny (s, a) and ny(s, a), we have Ny(s,a) = 32 ny(s,a). According

to Lemma 3.19, we have

L(k)
Z ny(5,9) < (V2+1) (3.28)

“max{1,\/Ny(s,a)}

Since we can rewrite

K H-1 h K H-1 h
D2 2> U =5 g =a}¢i(sa) = > IPaay Clsj ) = PClsj )l
k=1 h=0 j=0 s€S; acA k=1 h=0 j5=0

then by Lemma 3.5 and K + 1 < 2K, the following holds with probability at least 1 — ,

k=1 h =0 s€S; acA

H-1 h
- Z \/2|s]+1wlog<2K|S||A|/<>
a h=0 j—0 k=1 max{l Ng(k ( I f)}

H-1 h 4K)

) IPPIAE \/2|Sj+1llog<2K|S||A|/o
q
h=0 j=0 ¢=1 s€S; acA max{l, Nq(sa a)}
H-1 h U(K)
2K|S||A

<D DY (Ve 2an<s,a>|sj+l|1og%,

h=0 j=0 s€S; acA g=1

where the first inequality is due to Lemma 3.5, the second inequality is by the definitions of the
local counter n,(s,a) and the global counter Ny(s, a), and the last inequailty is by (3.28). Thus,
further bounding the last term of the above inequality yields

H-1

h oK)
D> (V2+1) 2[an(s,a)] |sj+1|10g%”A|

h=0 j=0 s€8S; acA q=1
H-1 h LK)
92K|S||A
<Y Y WA 2N Y [an . a]\s 18, 1o 212
h=0 j7=0 s€SjacA L g=1
H—-1 h
2K|S||A
S (V2 +1>\/2K|sj||sj+1||A|1og%
h=0 j7=0
2K|S||A
< (V2+ 1)H|S|\/2K\A\ log %
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where the first inequality is due to Jensen’s inequality, the second inequality is by

D _ses; Dach Zq ) 'ng(s,a) < K, and the last inequality is by S ZJ 0 VIS;i1Sj+1] <

21:01 > j:O( IS;| +1S;+1])/2 < H|S|. The above results imply that w1th probability at least

1 — ¢, the following inequality holds

Z ]l{s? = s, af = a}&¥(s,a)
= (3.29)

2KS[|A

<(Va+ 1>H|S|\/2K|A|1og x

By the union bound, combining (3.26), (3.27) and (3.29), we obtain with probability at least 1 — 2,

K

_ 2K|[S||A / H
> ll6* - 0 < (V2 + 1)H|S|\/2K|A| log % +2H?, [2K log =
k=1

This completes the proof. ]

3.7.2 Proof of Lemma 3.12

We provide Lemmas 3.21, 3.22, and 3.23 first. Then, we give the proof of Lemma 3.12 based on

these lemmas.

Lemma 3.21 (Lemma 14 in Wei et al. [2019]). Let A and A° denote a compact convex set and the
relative interior of the set A\ respectively. Assuming'y € A°, and letting C C A, then the following
inequality holds

F(x™) +aD(x™,y) < F(z) + aD(z,y) — aD(z,x™), Vz € C,

where X°P* € arg mingee F'(x) + aD(x,y), F(+) is a convex function, and D(-,-) is the Bregman

divergence.

Lemma 3.21 is an extension of Lemma 14 in Wei et al. [2019], whose proof follows the one
in Wei et al. [2019]. We slightly abuse the notation of D in the above lemma and it becomes the
unnormalized KL divergence when we apply this lemma in our problem, which is a special case of

the Bregman divergence.

Lemma 3.22. For any 0 and ¢’ satisfying 3_ s, D uca 2 ges,,, 0(s:a,8') =1, and 0(s,a,s') >
0,vh € {0,...,H — 1}, we let 0y, := [0(5,a, 5")]ses,,acA,s'es,,, denote the vector formed by the
elements 0(s, a, s') for all (s,a, s") € Sy X A X Spi1. Wealso let 0}, := [0'(s,a, s')]ses, acA,s’eSh1a
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similarly denote a vector formed by 0'(s, a, s'). Then, we have

::

D(,6") > H9h

0

H9 9/H17

1 /
2 9”“2}[

>
I

where D(-,-) is defined as in (3.8).

Proof. We prove the lemma by the following inequality

D(6,6) :ZZZ Z 0(s,a,s") ass)) 0(s,a,s')+6'(s,a,s")

=0 s€Sy a€A s€Sp 11

= 3D ID PR ORI

h=0 s€Sy acA SESh+1

H-1
1 / /
—Zueh—ehul_w(ZHeh i) = g0~ 0

=0

Y,
)

where the inequality is due to the Pinsker’s inequality since ¢, and 6, are two probability distribu-
tions such that ||0]|; = 1 and ||6} || = 1. This completes the proof. O

Lemma 3.23. For any 0 and 0’ satisfying 3 s, > ea Dses,,, 0(s,a,5") =1, and 6(s,a,s') >
0,Yh € {0,...,H — 1}, letting 0'(s,a,s') = (1 — N\)¥'(s,a, s') + m,ws,a, s') € Sy x
A xSp,Vh=1,...,H—1with0 < X\ < 1, then we have

Y ~ 2
D(9,0) — D(0,0') < AHlog[S]*|A|, D(6,6') < Hlog ISIA!A|’

where D(-,-) is defined as in (3.8).

Proof. We start our proof as follows

/ 0(s,a,s") 0(s,a,s")
D(6,0") — ZZZ Z b(s,a,5') <loggv(sa )_IOgH’(&a,s’))

h=0 s€Sy a€A s€Sy 11

—i—@(s a,s')—0(s,a,s")

Z Z Z 0 s,a73/)(log 9’(5,@75’) _ logg/(s,a, s’))

0 s€S, acA SGSh+1

Z Z Z s,a,s <log6"(s,a, s

=0 s€S}), a€A s€Sp 11

1og[< N (s,0.8) + M/(ISulISnllAD)]).

m

33



where the last equality is by substituting §'(s, a, §') = (1 —\)0'(s, a, s') + m, Y(s,a,s') €

Sy X A X Spy1,Vh=1,..., H— 1. Thus, by bounding the last term above, we further have

D(6,6") — D(6,0') < ZZZZ@SCLS(log@(sas)

h=0 s€Sy a€A s€Sp 41

1
1—X\)logf'(s,a,s —Alog—)
e Aol ) = A g g, A

T

I
F M

NN M(s,a.8)(log 0 (s, a,s) + log(Sh|Sh1||Al))

SESp a€A s€Sp 11

IN

Y. > M(s,a,5)10g(|Sul[Snsl[A]) < AH log [S*|A],

h=0 s€Sj, acA SESh+1

where the first inequality is by Jensen’s inequality and the second inequality is due to
log &' (s,a,s") < 0since 0 < 0'(s,a,s’) < 1, and the last inequality is due to Holder’s inequality
that (x,y) < [[x|[1]|yloc and [Sa[[Sps1| < [S]*.

Moreover, we have

T

-1

Z Z 0(s,a,s) log,g((s as)) 0(s,a,s')+6'(s,a,s)

sESp a€A s€Sp 11

Z Z 0(s,a,s") logG(s a,s’) — logg’(s,a,s’))

||
T IMI

h=0 se haEAsesthl
H ~
< — ZZ Z 0(s,a,s)logt'(s,a,s)
=0 s€S} a€A s€Sp 11
H-1
== > > > bls,a.8)(log(1 = N)¢'(s.a,8") + A/(Sl|Sns|A])])
h=0 s€S} a€A s€Sp 11
-1
< —

) SPIA
0 ) log ————— < Hlog ———
ZZZ (020 08 T g AT = A

=0 s€S; a€A SGS;L+1

where the first inequality is due to log 0(s, a,s’) < 0, the second inequality is due to the mono-
tonicity of logarithm function, and the third inequality is by as well as |S;||Sx1] < |S|?. This
completes the proof. 0

Now we are ready to provide the proof of Lemma 3.12.
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Proof of Lemma 3.12. First of all, by Lemma 3.5, we know that
1P(:|s.a) — Py(:]s, a)]l < &5(s.a),

with probability at least 1 — ¢, for all epochs ¢ and any state and action pair (s,a) € S x A. Thus,
we have that for any epoch ¢ < (K + 1),

A C AL, Q)

holds with probability at least 1 — (.
This can be easily proved in the following way: if any § € A, then for all b € {0,..., H — 1},
s €8Sy, and a € A, we have

5(3, a,-)
Zsleshﬂ 0(s,a,s")

= P(:|s,a).

Then, we obtain with probability at least 1 — (,

S
Zses (Sas)

- Pi(ls.a)|| = |[PCls,) = Pls,a)|| < f(s,a).

where the last inequality is by Lemma 3.5. Therefore, we know that § € A(, (), which proves the
above claim.

Thus, we define the following event
Event D : A C NEETVA(, 0), (3.30)
by which we have
Pr(Dk)>1-C.

For any " which is a solution to problem (3.2), we have 6" e A. If event Dy happens, then 0 e
ﬁEgH)A(é ¢). Now we have that the updating rule of 6 follows 6% = arg minge ¢),c) (V /¥ +
S Qi(k—1)gk ! ,0) +aD(8, 6"=1) as shown in (3.7), and also 9 € ﬂE(KH A(Y, () holds with
probability at least 1 — (. According to Lemma 3.21, letting x°** = 0%, z = 0", y = 0! and
F(9) = (V1 4+ ZZ L Qi(k — 1)gf™",0), we have that with probability at least 1 — ¢, the
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following inequality holds for episodes 2 < £ < K + 1

I
(Vi s LIRS 0) + aD(6",6)
, (3.31)
< (V1 QU 0T ) D@ P DT ),

Thus, once given the event D happens, the inequality (3.31) will hold.
On the other hand, according to the updating rule of Q(-) in (3.6), which is Q;(k)
max{Q;(k — 1) + (gF ™", 0%) — ¢;, 0}, we know that

Qi(k)? = (max{Qi(k — 1) + (g, 0") — i, 01) < (Qi(k — 1) + (g™, 6") — )",
which further leads to
Qi(k)* = Qulk — 1)? <2Qi(k — 1) ((gF 1, 0") — ) + ({951, 6") —:)”.
Taking summation on both sides of the above inequality from ¢ = 1 to I, we have
(a3 - Q& - 1)[3)
§ZI: (Qi(k — 1)gk=1,0") — ZQ — e +

N | —

N | —

I
2
Z_; g, 0%) — ) (3.32)

<D (Qilk=1)gf " 0%) - ZQ Dei +2H,

=1

~

where we let | Q(K)|13 = 31, Q?(k) and [|Q(k — 1)||2 = 37, Q?(k — 1), and the last inequality
is due to

> (gE 08 — ¢)?
<2Z FL M) 4 ¢ <2Z||g 206512 + 2]
s2Z[H2ugl 1H2+c]<2H2ZHgf loo)? Zrcz | < 4H?
=1

=1

by Assumption 3.4 and the facts that 3 g > ca ZS,ESh+1 0%(s,a,s') = 1 and 0*(s,a,s’) > 0.
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Thus, summing up (3.31) and (3.32), and then subtracting (V' f k=1 6”“*1> from both sides, we have
_ _ 1 ~
V(LR =0 + §(IIQ(k‘)II3 —1Q(k = D)[3) + aD(6", 6" 1)

I
SV =0+ Qilk— D)((¢F,07) — i) + aD(0,05") — aD(0", 0%) + 4H>.
i=1

We further need to show the lower bound of the term V<fk_1, ok — Gk_1> + aD(0*, 5’“_1) on the
left-hand side of the above inequality. Specifically, we have

V<fk—17 ok — 9k—1> + aD(0k7 5k—1)
_ V<fk—170k N 5k—1> + V<fk—175k—1 N 0k—1> + aD(9k7§k—1)

H-1

- h— - Sh— - « h—
> VI oo - 160 = 0l = VI oo - 10571 = 05+ 5 > 16, — 6371
h=0

H-1 _ OéHfl _
> =V Y 0k = 0y = 2HAV + 2 > (165 — 0,7

h=0 h=0
>V _omw,

2

where the first inequality uses Holder’s inequality and Lemma 3.22 that D(6,6) =
oo D0, 04) > 5 57350 1100 —031% with 0, = [0(s, @, )] ses,, aca.7es,.,.- the second inequal-
ity isdue to 071 = (1 — \)0F ! + )\m, the second inequality is due to ||*~! — 91|, =

H-19k—=1__ pk—1) _ H-11|gk—1 1 H-1 k—1 1
2o 1637 =00 b = A0 100 — s < A Xaso (1037 +H st 1) <
2AH, and the third inequality is by finding the minimal value of a quadratic function —V x + %IQ.
Therefore, one can show that with probability at least 1 — (, the following inequality holds for
allk < K 41,

HV

1
5 (IRMIE = 1Q(k = D)[l3) = 5~ = 2HAV (3.33)

I
SV{L0 =0+ Qi — D)((gF 1 07) — ) +aD(0,08 1) —aD(0", %) + 4H2.
i=1
Note that according to Lemma 3.23, we have

D@ ,65) = D@ ,6*) = D@ ,6*") — D@ ,0*")+ D@ ,0"") — D@, 6")
< AHlog |S]’|A|+ D(6",6*%) — D(#",6%).
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Therefore, plugging the above inequality into (3.33) and rearranging the terms, we further get

V<fk7179k71 7 >

1

(IQUk = DI = QM)I3) + > Qilk — 1)((gh™",0") — ¢;) + 4H?

=1

l\DI»—

. H
+ a\H log [S|*|A| + aD(@",0"") — aD(@",0%) + 2—V +2HAV.

Thus, taking summation on both sides of the above inequality from 2 to K + 1, by Q(1) = 0, we
obtain that with probability at least 1 — ¢,

K+1 K+1 1

Z <fk71 g1 _g* > Z 1Y o)+ KaXH log |S]*|A|
k=2 k=2 v (3.34)
g 2K  KH
+ D(Q 9 ) +4H + 1+ 2H\K.
V 2a

It is not difficult to compute that D(", ') < H log |S|?|A| according to the initialization of #' by

the uniform distribution. Rearranging the terms and shifting the index, we rewrite (3.34) as

k=1
K I
1 —x 4H?K + (AK + 1)aH log |S|?|A| KH
<= (k) ({(gF,07) — ¢ 2H)\K.
_V;;@U«gz, ) =) + % +oa t
This completes the proof. [

3.7.3 Proof of Lemma 3.13

We first provide Lemmas 3.24 below. Then, we give the proof of Lemma 3.13 based on this lemma.

Lemma 3.24 (Lemma 5 of Yu et al. [2017]). Let {Z(k),k > 0} be a discrete time stochastic
process adapted to a filtration {U*, k > 0} with Z(0) = 0 and U° = {@,Q}. Suppose there exists
an integer T > 0, real constants 0 > 0, ppax > 0 and 0 < k < pyax such that

1Z(k+1) = Z(k)| < pmax,

_ k T Pmax; le(k) <y
EZ(k+71)— Z(k) U] < {_T,@ if Z(k) > 1

hold for all k € {1,2,...}. Then for any constant 0 < § < 1, with probability at least 1 — 6, we
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have
4p3nax 8p3nax K/(4 ) 4pmax 1
Z(k) <tp+ 72 og | 1 4 =52/ Woma) ) 47— Jog - VE € {1,2,...}.
K K K o’

Now, we are in position to give the proof of Lemma 3.13.

Proof of Lemma 3.13. The proof of this Lemma is based on applying the lemma 3.24 to our prob-
lem. Thus, this proof mainly focuses on showing that the variable ||Q(k)||» satisfies the condition
of Lemma 3.24.

According to the updating rule of Q;(k), which is Q;(k+1) = max{Q;(k)+ (gF, 6¥+t1) —c;, 0},

we have

Q%+ D)2 = [1QMA)2] <IQ(K + 1) — Q(K) |2

1
S 1Qik+ 1) — Qi) < Z| gE,0++1) — i,
=1

where the first inequality is due to triangle inequality, and the second inequality is by the fact that
| max{a + 0,0} — a| < |b| if @ > 0. Then, by Assumption 3.4, we further have

I
ZI g, 0 — el < ZI g5 0 — il <D (g llso 16 1 + Jea]) < 2H,
i=1 i=1

which therefore implies

QM+ D2 — [[Q(F)[|2] < 2H. (3.35)

Thus, with the above inequality, we have

1Q(E + 7)ll2 — Q)2 < [Q(k + 7)[l2 — |QE)| 2]

A (3.36)
< QU +7)ll2 — 1QUE + 7 — 1)||a| < 27H,
T=1
such that
E[|Q(k +7)[2 — [|Q(K)[|2| F*'] < 27H, (3.37)

where F*~! represents the system randomness up to the (k — 1)-th episode and Q(k) depends on

F*=1 according to its updating rule.
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Next, we need to show that there exist 1) and x such that E[||Q(k + 7)||2 — [|Q(k)[]2|F*71] <
—7k if ||Q(k)||2 > 1. Recall the definition of the event Dy in (3.30). Therefore, we have that
with probability at least 1 — (, the event Dy happens, such that for all 2 < £’ < K + 1 and any
0 e ﬁggﬂ)A(& (), the following holds

I

(IR = DI = 1QK)I3) + Y QiK' = )({gF . 8) =)

=1

V<fk/_1,9k/_1 _§*> S

N —

oy / H
+aXH log [S|*|A| + aD(0,0" 1) —aD(0,0") + 4H* + 2—V +2H)\V,
(6]

which adopts similar proof techniques to (3.33). Then, by rearranging the terms, the above in-

equality further leads to the following inequality

IQUK)IIE — IQE = D3 < =2V (f*~1, 6" — ) +2 Z QiK' =) ({gF 1. 0) — )

1.0 / H
+ 2aAH log |S[*|A| + 2aD(6,0* 1) — 2aD(0,6% ) + SH? + ay +4HNV.
[0

Taking summation from k+1 to 7+ on both sides of the above inequality, the following inequality
holds with probability 1 — ¢ for any 7 > 0 and & satisfying 1 <k < K +1— 7,

1Q(r + k)12 — QK13

T4k T+k I

<=2V Y (LT =) 12 > > QiR — 1)((gf T, 0) — ) + 20D(6,6%)
k' =k+1 K=kt 1 im1 (3.38)
~ sy ~1. ’ THV
—2aD(0,07*) + > 2a[D(0,6F 1) — D(0,05 )] + 8T H? + —— HATHAV.
k'=k+1

Particularly, in (3.38), the term —2a.D (6, 0"“'_1) < 0 due to the non-negativity of unnormalized KL,

divergence. By Lemma 3.23, we have

T+k
> 2a[D(6,6" 1) - D(6,6¥ )] < 207 H log |S||A|.
T=t+1
For the term 2aD(6, 5]“), by Lemma 3.23, we can bound it as

2aD(6, %) < 20:H log(|S|?|A|/N).

Moreover, we can decompose the term 2V 35 (fF=10 — 0¥~y 4 250 L S QK —
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D((gF1,8") — ¢;) in (3.38) as

T4k T+k

2v Y <fk’—1,9—ek’—1>+2 Z ZQ, Folgy ¢
k'=k+1 =k+1 i=1
T+k T+k
> <f’“'*1,0—9’“/*1>+2ZQ S (g h0) — )
k'=k+1 k'=k+1
T+k I
EPIPIEDEO VAR
=k+2 1=1
T+k T+k
<oV Z <fk—1 0>+22Q1 S ((gF,0) — ¢;) + 2H7? + 2V HT,
=k+1 k'=k+1

where the last inequality is due to

T+k r+k H-1
-2V Z <fk,_1,0kl_1>§2v Z ZZZ Z ¥ (s, a,8)0% (s,a,5) <2VHT
k'=k+1 K'=k+1 h=0 s€S;, a€A s'€Sp 1
as well as
T+k
2 Z Z Qu))((gF.0) — )
=k+2 i=1
T+k I kK-
<2 Z ZZL@N@T“ cil - gf =, 0) — il
=k+2 1=1 r=k
T+k k=2 Tk K —
<> S ot 61) e + > S S0 — e < 2177
=k+2 r=k =1 =k+2 r=k =1

by Q;(k+1) = max{Q;(k)+ (gF,0*"1) —¢;,0} and | max{a+b,0} —a| < |b] if a > 0 for the first
inequality and Assumption 3.4 for the last inequality. Taking conditional expectation on both sides

of (3.38) and combining the above bounds for terms in (3.38), we have for any 6 € OK(KH A(¢,Q),

E[|Q(7 + k)[I5 = Q&) 317", D]
< 272H + 20 H log(|S[?|A| /)
T+k

1 , () L _ 3.39
+ 2VTE [; Z fk -1 9 Z Q Z gf 1,9> _Ci) Fk 1,DK:| ( )
K =k+1 K =k+1

HV
+2aATH log |S|*|A| + 87H?* + —— +47HAV + 2V HT.
[0
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Thus, it remains to bound the term E[L S°0™  (f¥=1,0) + 137 QZ (g ey —
ci)|F*~1, D] so as to give an upper bound of the right-hand side of (3. 39) Given the event Dy
happens such that A C ﬂg 1+1)A(€ () # @, and since 6 is any vector in the set ﬂz (DA A(¢,Q),
we can give an upper bound of (3.39) by bounding a term ¢ (%) , which is due to

T+k T+k

min E[l Z <fk/_1 0 ZlQZ Z gzklfl,@)—cz')

N B K =k+1

— Ci)

_ 7DKi|

I

= min E

eem‘(’””A(eg

I

in (f Qi(k) a1
Sgélgl<f(k ),0>+izl % ({g:,0) — ¢;) = q* )<T>’

where the inequality is due to A C ﬂg 1+1)A(€ () given Dy happens and the last equality is ob-

tained according to the definition of the dual function ¢ in Section 3.4. Next, we bound ¢*7 (2£).

According to Assumption 3.6, we assume that one dual solution is 772 - €V, Welet 1) be the

maximum of all ¥ and & be the minimum of all o. Thus, when d1st( Vk 22 J, we have
(k:)(%) _ Um)(%) (k) (k1)
q ) =4 ) 4 ) + a0 )
_ Q(k)H (k,7)

< _ L AN T 9*

— a 77]{:7’7' V 2 _I— <f ’ k77—>
H-1

< — Q(k> — || (k,T) /9* /

>—0 % 2+0||77k,7||2+zzz Z f (37(1’8) k,T(sva’S)
h=0 s€S} a€A s'€Sp 11

k
<-0 Qk) >H +7B+ H,
Vo2

where the first inequality is due to the error bound condition in Lemma 3.9 and the weak duality
relation ¢ (7 ) < (f*7) 6 ) for the Lagrangian duality (see, e.g., Bertsekas [2009]) with
0 , being a primal solution, the second inequality is by triangle inequality, and the third inequality
is by Assumption 3.4 and Assumption 3.6. On the other hand, when dlst( (k) Vir ) < 9, we have

. M(Q‘gﬂ)) =ggig<f(k”)79> + ; in(k> ((9i,0) — i)

ﬁgg“®+2wﬁm,— +Z( D i) (i) =)

T Q(k —
<o i) + | B | o) el < 1+ 290
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where the first inequality is by the definition of ¢(*7) (1% ) and Cauchy-Schwarz inequality, and

the second inequality is due to weak duality relation and Assumption 3.4 such that

¢" ) < (8700 < (| FRD) N6k < 8,

%7 -
(

I I
0) —clb <3 3 46.0) - o Z lgiloollBll + ei]) < 20H.
i=1 im1

Now we can combine the two cases as follows

() <%,

v + 7B+ 2H + 20H + 9. (3.40)

The bound in (3.40) is due to

(1) When dlSt( Vk +) =9, we have

g+ (%) < -7 Q‘(/k) 2+EB+H < -7 Q‘(/k) 2+53+2H+2§H+55.
(2) When dist(%, Vi) < J, we have
g (Q‘(/k)) < H+2J0H < —H—H2 +0B+ 2H + 20H + o7,
since ——H%H +30 + 3B > —5 - dist(¥2,V; ) + 50 + 5B — 5B = 7| -

dlst( ) s L)+ J] > 0.

Therefore, plugging (3.40) into (3.39), we can obtain that given the event Dg happens, the
following holds

E[|Q(r + k)3 — 1QUk) 317", Dx]

(3.41)
< 272 H + 7Cyanr + 20H log(ISPPA]/\) — 277 Q(K)] 2,

where we define
Y —— = VL 9 2
Cviar:=2@B+70)V 4+ (64+49)VH + — +4HNV + 2a)\H log |S|*|A| + 8H
o

We can see that if ||Q(k)|l2 > (27H + Cyvan)/T + 2aXH log(|S|*|A|/)\)/(cT) + 75/2, then
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according to (3.41), there is

E[|Q(r + k)57, Dx] < |QK)3 — 73/1Q(F)1 —

< Q)3 - 77/ QK)[l> +
TO

< (lew - 7).

Due to [|Q(k)||2 > ZZ and by Jensen’s inequality, we have

E[IQ(r + k)2l F* ", Dx] < \/EIQ(r + k) |37+, D]
TO

< Q) - -

(3.42)

Then we can compute the expectation E[|Q(7 + k)||3 — ||Q(k)||3]F*'] according to the law of
total expectation. With (3.36) and (3.42), we can obtain that

E[|Q( + k)ll2 — [|Q(K) |2} 7]
= P(D)E[|Q(T + k)|l2 = [ Q(K) 2| F* 7, D]
+ P(DR)E[Q(7 + k)2 — [|Q(E)[|2| F*~", D]

<——(1—=¢)+2¢tH

where we let7/4 > ((5/2 + 2H).
Summarizing the above results, we have that if /4 > ((7/2 + 2H ), then

QMK+ D2 — [1Q(F)]2| < 24,
2rH, it Q(F)[l2 <

E[Q(E +7)ll2 = QR[] F*] < {—57/4, Q) > v

where we let
27H + Cyqax  2aHlog(|SP|A|/N) 10
Y= — - + 5
oT 2
— - VL
Cvan=2@B+7 )V + (6 +49)VH + —— +4HAV + 20\ H log ISI’|A| + 8H?.

+

By Lemma 3.24, for a certain k € [K + 1 — 7] the following inequality holds with probability at
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least 1 — 9,

1Q(k)[|2 <t + T512EH2 log (1 + %fgea/@w)) +r 64;[2 log% (3.43)
Further by the union bound, we have that with probability at least 1 — (K + 1 —7)d > 1 — K9,
for any k € [K + 1 — 7], the above inequality (3.43) holds. Note that (3.43) only holds when
ke|K+1—7].For K+2—71 <k <K +1, when (3.43) holds for k € [K + 1 — 7|, combining
(3.43) and (3.35), we have

512H 128H? _ 6G4H? 1
1QK)> <t + 7——log (1 + ?e”/@”’)) +7——log 5 +27H. (3.44)

Thus, with probability at least 1 — K9, for any k satisfying 1 < & < K + 1, the inequality (3.44)
holds. We can discuss the upper bound of the term log (1 + 12;—5265/ (32H)) in the following way:

1) if 122—5265/(325’) > 1, then this term is bounded by log (25’2—5265/(325’)) = 2= + log 256H 1 (2)
if 12;52 0/ (32H)

< 1, then the term is bounded by log 2. Thus, we have

128H 5/(32H) o 256 H>
< .
1g<1+ = _10g2+32H+10g =

This discussion shows that the log term in (3.44) will not introduce extra dependency on H except

a log H term. This completes our proof. 0

3.7.4 Proof of Lemma 3.15

We first provide Lemmas 3.25 below. Then, we give the proof of Lemma 3.15 based on this lemma.

Lemma 3.25 (Lemma 9 of Yu et al. [2017]). Let {Z(k),k > 0} be a supermartingale adapted to
a filtration {U*, k > 0} with Z(0) = 0 and U° = {2,Q}, i.e, E[Z(k + 1) |U*] < Z(k), Vk > 0.
Suppose there exists a constant ¢ > 0 such that {|Z(k + 1) — Z(k)| > ¢} C {Y' (k) > 0}, where
Y (k) is process with Y (k) adpated to F* for all k > 0. Then, for all z > 0, we have

k-1

Pr(Z(k) > z) < e % /(F) 4 Z Pr(Y(r) > 0),Vk > 1.

a 7=0
We are in position to give the proof of Lemma 3.15.

Proof of Lemma 3.15. Now we compute the upper bound of the term "1, S°7 . Qi(k)((gF,0) —
¢;). Note that Z(k) := ¢ 77 Qi(7)({g7,8") — ¢;) is supermartingale which can be verified
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where Q;(k) and ¢¥ are independent variables with Q;(k) > 0 and (E[gF|F*1],8") = (¢;,8 ) <

¢;. On the other hand, we know that the random process has bounded drifts as

I

Z(k+1) = Z(k)| =Y Qi(k+1)((¢/",07) — )

=1

<1QUk+ Doy | Y [(gh.8) — e
=1
I

<[1QUE +Dll2 D (lgi ool 11+ [ei]) < 2H|QK + 1),
i=1
where the first inequality is by Cauchy-Schwarz inequality, and the last inequality is by Assumption
3.4. This also implies that for an arbitrary ¢, we have {|Z(k + 1) — Z(k)| > ¢} C {Y (k) :=
1Q(k+1)|l2 —</(2H) > 0} since |Z(k+1) — Z(k)| > < implies 2H ||Q(k + 1)||2 > ¢ according
to the above inequality. Thus, by Lemma 3.25, we have

(Zi@ ({g.0 —ci)zz)

k=1 i=1
. K1 . K (3.45)
< <2 P k+1 =e 2K P
o X P (10 Dl > g7 ) = e S (1@ > 57 )

where we can see that bounding |[|Q(k)|l2 is the key to obtaining the bound of

i1 i1 Qi(R) (g, 87) — ca).

Next, we will show the upper bound of the term ||Q(%)||2. According to the proof of Lemma

46



3.131in,if5/4 > ((c/2 + 2H), setting

27H + Cyan  2aHlog(|SP|A|/N) 10
T i oT T

U=

S H MH log [S|?|A| + 4H?
Cv,a,A::2V<EB+3H+219H+619+2—+2H)\+a og[SIIA| + )
(6%

v
we have that with probability at least 1 — ¢, for a certain k € [K + 1 — 7],

64 H? 1
—log - + 27H.
T )

512H? 128H? _
1Q(R)[2 <+ 7 = log[1 + Teo/(szH)] g

Thus, combining (3.35) and the above inequality at k = K + 1 — 7, with probability at least 1 — 9,
for a certain k satisfying K + 2 — 7 < k < K + 1, the above inequality also holds. The above

inequality is equivalent to

512H? 128H? _ 64 H? 1
Pr (||Q(k’)||2 > th + 7——log[l + ———7/C*)] 4 7 logg + 27’H) <.
g g

Setting ¢ = 2H¢+T% log [1+ 12;—5263/(32H)] —1—7@ log 3 +47H?and z = 1 /2K¢?log 755
in (3.45), then the following probability hold with probability at least 1 — 2K with

> k(g ) — )

1024 H3 128 H? _ 128 H3 1 1
< |(2HY + 7—— log [1+_—26”/(32H) +17———log - +4rH? \/ K log —,
o] o] o ) Ko

which completes the proof. 0

3.8 Proofs of Lemmas for Constraint Violation Bound

3.8.1 Proof of Lemma 3.16

Proof of Lemma 3.16. We start our proof with the updating rule of Q(-) as follows

Qi(k) = max{Qi(k — 1) + (g;*,6") — ¢;, 0}
>Qi(k— 1)+ (g7 1, 0%) — ¢
>Qi(k — 1)+ (gF 10"y — i+ (g1 05 — "),
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Rearranging the terms in the above inequality futher leads to

(771,057 1) — e <Qi(k) — Qi(k —1) — (g7 1, 0" — 0"71).

Thus, taking summation on both sides of the above inequality from 2 to K + 1 leads to

(gF, OF T — oF)

Mw

K
> (gh 0%) — ) < Qi(K +1) —
k=1

i
I

< QK+ 1)+ ) llgfllecllo = 6%y,

Mx

B
Il
—

where the second inequality is due to Holder’s inequality. Note that Q);(K + 1) is no less than 0
according to its updating rule Q;(k) = max{Q;(k — 1) + (¢**,6*) — ¢;,0} > 0. Thus, we have

K
[Z((gf»9k> - Ci)] S QK +1 +Z g oo l16%H — 6",
k=1 +

where [ - | is an entry-wise application of the operation max{-,0} for any vector.
Defining g*(0%) := [(gF, 0%),--- (g%, 0%)]" and ¢ := [c1, -+, c;]", we would obtain

[$e0r-)

<IQUE + D)o+ 4| D g2 N6 — 6",
k=1 =1

2

K I
<NQUE + D+ D> Mol = 651

k=1 =1

K
<[IQUE + D)l + Y 105" = 6*1,
k=1

where the third inequality is due to Assumption 3.4. This completes the proof. [

3.8.2 Proof of Lemma 3.17

Lemma 3.26 (Proposition 18 of Jaksch et al. [2010]). The number of epochs in K episodes with
K > |S||A| is upper bounded by

U(K) < [S||A[log, (|S||A|> < V/KIS[|A]log, <|S||A|)

where ((-) is a mapping from a certain episode to the epoch where it lives.
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We are ready to give the proof of Lemma 3.17.

Proof of Lemma 3.17. We need to discuss the upper bound of the term ||§**! — 0% ||, for k € [K]
in two different cases:

(1) ((k+ 1) ={(k),i.e., episodes k + 1 and k are in the same epoch;
(2) U(k+1) > {(k), i.e., episodes k + 1 and k are in two different epochs.

We first consider case (1). According to Lemma 3.21 and the updating rule (3.7), letting x°P* = 6,
y =681,z = 651 and F(6) = (VA1 4300 Qu(k—1)gf ™, 0) with k > 2and £(k) = ((k—1),

we have
(Vs ZQI = 1)gi 1, 0%) + aD(e", 8 )
<ka~ 1+ZQ’ —1)gE ok 1>+aD(9k—1’5k—1)_O{D(Qk;—lyeky

Rearranging the terms and dropping the last term (due to D(6*~1, 6%) > 0) yield

1
aD(0",0) (VDT Qilk = 1)gh 0 = 05 ) 4+ aD(0" 05

=1

Oﬂﬁkwuf+§j@ B = Dllgs o ) 1057 = 0¥]ly + aD(0", 657

< V+lQek-1k. 65 — 6%}y + aD(e", )

ZHQ’“ %
<(V+1Q(k = D[)[I0°7" = 0°[ls + eAH log |S|*| A,

where the second inequality is by Holder’s inequality and triangle inequality, the third inequality is
by Cauchy—Schwarz inequality and Assumption 3.4, and the last inequality is due to Assumption
3.4 and the first inequality in Lemma 3.23 with setting § = ' = ¢*~1 and ¢’ = 6*~1. Note that by
Lemma 3.22, there is

-~ 1 -~
kogk—1y ~ k_ gk=1y12.
D(0%,6"") = o6 — 07"

Thus, combining the previous two inequalities, we obtain

itz < 2HV 20 QUK

—1
) 16" = 6*[[y + 2XH?log |S|?|A],
«

16" —
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which further leads to

~ 2HV +2H||Q(k —1
o = 9y 2RO D s g R A

Since there is

= 1
||9k ek’ 1| ek 1 /\ .
h=
( N6% — 65y — AH,
where 0, := [0(s, a, 5")]ses), aeA s s, ,» cCOMbining it with the last inequality, we further have

2H 2H||Q(k -1 2AH?log |S|?|A
Hek_(,k_lnlg\/ Vo 2HQU = Dl gy VA8 SPIA

a(l—))? (1-N\) 1— A
= 2(1 — \)2a 2 ! 1— X\ 1— )

where the last inequality is due to vab < |a|/2 + |b|/2. Rearranging the terms in the above
inequality gives for £ > 2 with ¢(k) = ((k — 1),

2HV + 2H||Q(k = 1) , /SAHZ1og[SPTA]
(1-M2a 1—\ 1—/\

6% — 65 <

Shifting the index in the above inequality, we further have for k € [K| with ((k + 1) = £(k),

2HV +2H||Q(k)|l2 ~ /8AH2log [S]2|A]
(1— M)« -\ 1 - )\

0¥ — 0%, < (3.46)

Next, we consider case (2) where ¢(k + 1) > (k) with k € [K]. It is difficult to know whether the
two solutions %! and 6* are in the same feasible set since A({(k + 1),¢) # A(¢(k),¢). Thus,

the above result does not hold. Then, we give a bound for the term [|#*** — 6%||; as follows

1671 — 0%l < [19% [l + 116% 1

XYY )+ 6] -

h=0 s€S}, acA 8/68h+1

(3.47)

However, we can observe that /(k + 1) > ¢(k) only happens when episode k + 1 is a starting
episode for a new epoch. The number of starting episodes for new epochs in K + 1 episodes

is bounded by /(K'), namely the total number of epochs in K episodes. According to Lemma
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3.26, the total number of epochs ¢(K) is bounded by ¢(K) < /K|S||A|log,[8K/(|S||A])] <
1.5y/K|S||A|log,[8K/(|S||A|)], which only grows in the order of v K log K.
Thus, we can decompose the term S5, [|[#**1 — 6% |, in the following way

K
Dol == Y 8 = Y 6 =6
k=1

k: k<K, k: k<K,
2(k+1)>£(k) 2(k+1)=£(k)
QHUK)+ > 05 =68y,
k: k<K,
L(k+1)=¢£(k)

where the inequality is due to (3.47) and the fact that > 4. <k, 1 < ¢(K). By (3.46), we can
o(k+1)>£(k)
further bound the last term in the above inequality as

OKHV +2H K k VSM1og |S[2[A 2\
Z |0 — 6% ||, < V+2H ) = QU )“2+ oS’ |KH+—KH,

1- )2 1\ 11—\
k: k<K,
Uk+1)=L(k)

where we relax the summation on the right-hand side to Ele. Thus, we eventually obtain

K
Dol ML < 2HUK) + Y (6 =64

k=1 k: k<K,
L(k+1)=l(k)
2KHV
<3H+/K|S||A|l —
2\KH \/8)\log]S]2\A
KH
T S

where we use the result in Lemma 3.26 to bound the number of epoch, i.e., /(K'). This completes
the proof. [
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CHAPTER 4

Policy Optimization for Zero-Sum Markov Games

with Structured Transitions

4.1 Introduction

Widely applied in multi-agent reinforcement learning [Sutton and Barto, 2018, Bu et al., 2008],
Policy Optimization (PO) has achieved tremendous empirical success [Foerster et al., 2016, Leibo
et al., 2017, Silver et al., 2016, 2017, Berner et al., 2019, Vinyals et al., 2019], due to its high
efficiency and easiness to combine with different optimization techniques. Despite these empirical
successes, theoretical understanding of multi-agent policy optimization, especially the zero-sum
Markov game [Littman, 1994] via policy optimization, lags rather behind. Most recent works
studying zero-sum Markov games (e.g. Xie et al. [2020], Bai and Jin [2020]) focus on value-
based methods achieving (5(\/? ) regrets and they assume there is a central controller available
solving for coarse correlated equilibrium or Nash equilibrium at each step, which brings extra
computational cost. Here we let K denotes the total number of episodes.! On the other hand,
although there has been great progress on understanding single-agent PO algorithms [Sutton et al.,
2000, Kakade, 2002, Schulman et al., 2015, Papini et al., 2018, Cai et al., 2019, Bhandari and
Russo, 2019, Liu et al., 2019], directly extending the single-agent PO to the multi-agent setting
encounters the main challenge of non-stationary environments caused by agents changing their
own policies simultaneously [Bu et al., 2008, Zhang et al., 2019a]. In this chapter, we aim to

answer the following challenging question:

Can policy optimization probably solve two-player zero-sum Markov games
to achieve O(V K) regrets?

As an initial attempt to tackle the problem, in this chapter, we focus on two non-trivial classes of

zero-sum Markov games with structured transitions: factored independent transition and single-

'The dependence on K is equivalent to the dependence of the total number of steps T in the same order, as we
have T' := K H with H denoting the episode’s length.
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controller transition. For the game with the factored independent transition, the transition model
is factored into two independent parts, and each player makes transition following their own tran-
sition model. The single-controller zero-sum game assumes that the transition model is entirely
controlled by the actions of Player 1. In both settings, the rewards received are decided jointly by
the actions of both players. These two problems capture the non-stationarity of the multi-agent
reinforcement learning in the following aspects: (1) the rewards depend on both players’ poten-
tially adversarial actions and policies in both settings; (2) the rewards further depend on both
players’ states in the factored independent transition setting; (3) Player 2 in the single-controller
transition setting faces non-stationary states determined by Player 1’s policies. In addition to the
non-stationarity, practically, the true transition model of the environment could be unknown to
players and only bandit feedback is accessible to players. Thus, the non-stationarity, as well as the
unknown transition model and reward function, poses great challenges to the design and theoretical
analysis of the multi-agent PO algorithms.

In this chapter, we propose two novel optimistic policy optimization algorithms for the games
with factored independent transition and single-controller zero-sum games respectively. Our al-
gorithms are motivated by the close connection between the multi-agent PO and Fictitious Play
(FP) framework. Specifically, FP [Robinson, 1951] is a classical framework for solving games
based on simultaneous policy updates, which includes two major steps: inferring the opponent
and taking the best response policy against the policy of the opponent. As an extension of FP to
Markov games, our proposed PO algorithms possess two phases of learning, i.e., policy evaluation
and policy improvement. The policy evaluation phase involves exchanging the policies of the pre-
vious episode?, which is motivated by the step of inferring the opponent in FP. By making use of
the policies from the previous episode, the algorithms further compute the value function and the
Q-function with the estimated reward function and transition model. By the principle of “optimism
in the face of uncertainty” [Auer et al., 2002, Bubeck and Cesa-Bianchi, 2012], their estimations
incorporate UCB bonus terms to handle the non-stationarity of the environment as well as the un-
certainty arising from only observing finite historical data. Furthermore, the policy improvement
phase corresponds to taking the (regularized) best response policy via a mirror descent/ascent step
(where the regularization comes from KL divergence), which can be viewed as a soft-greedy step
based on the historical information about the opponent and the environment. This step resembles
the smoothed FP [Fudenberg and Levine, 1995, Perolat et al., 2018, Zhang et al., 2019a] for nor-
mal form games (or matrix games). During this phase, both players in the factored independent
transition setting and Player 2 in the single-controller setting demand to estimate the opponent’s
state reaching probability to handle the non-stationarity.

For each player, we measure the performance of its algorithm by the regret of the learned policy

%For ease of theoretical analysis, we assume there exists an oracle exchanging the players’ policies.
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sequence comparing against the best policy in hindsight after /& episodes. In the two settings, our
proposed algorithms can achieve an O (\/f ) regret for both players, matching the regret of value-
based algorithms. Furthermore, with both players running the proposed PO algorithms, they have
O (\/f ) optimality gap. This chapter also partially solves one open question in Bai and Jin [2020]
that how to solve a zero-sum Markov game of multiple steps (H > 2) with an (5(\/? ) regret via

mirror descent/ascent type (policy optimization) algorithms.

Related Work. There have been a large number of classical works studying the games with
the independent transition model, e.g., Altman et al. [2005, 2008], Flesch et al. [2008], Singh
and Hemachandra [2014]. In addition, the single-controller games are also broadly investigated
in many existing works, .e.g., Parthasarathy and Raghavan [1981], Filar and Raghavan [1984],
Rosenberg et al. [2004], Guan et al. [2016]. Most of the aforementioned works do not focus on the
non-asymptotic regret analysis. Guan et al. [2016] studies the regret of the single-controller zero-
sum game but with an assumption that the transition model is known to players. In contrast, this
chapter provides a regret analysis for both transition models under a more realistic setting that the
transition model is unknown. Games with the two structured transition models are closely associ-
ated with the applications in communications. The game with the factored independent transition
[Altman et al., 2005] finds applications in wireless communications. An application example of
the single-controller game is the attack-defense modeling in communications [Eldosouky et al.,
2016].

Recently, many works are focusing on the non-asymptotic analysis of Markov games [Heinrich
and Silver, 2016, Guan et al., 2016, Wei et al., 2017, Perolat et al., 2018, Zhang et al., 2019b,
Xie et al., 2020, Bai and Jin, 2020]. Some of them aim to propose sample-efficient algorithms
with theoretical regret guarantees for zero-sum games. Wei et al. [2017] proposes an algorithm ex-
tending single-agent UCRL?2 algorithm [Jaksch et al., 2010], which requires solving a constrained
optimization problem each round. Zhang et al. [2019b] also studies PO algorithms but does not
provide regret analysis, which also assumes an extra linear quadratic structure and a known tran-
sition model. In addition, recent works on Markov games [Xie et al., 2020, Bai and Jin, 2020,
Liu et al., 2020, Bai et al., 2020] propose value-based algorithms under the assumption that there
exists a central controller that specifies the policies of agents by finding the coarse correlated equi-
librium or Nash equilibrium for a set of matrix games in each episode. Bai and Jin [2020] also
makes an attempt to investigate PO algorithms in zero-sum games. However, their work shows
restrictive results where each player only plays one step in each episode. Right prior to our work,
Daskalakis et al. [2021] also studies the policy optimization algorithm for a two-player zero-sum
Markov game under an assumption of bounded distribution mismatch coefficient in a non-episodic
setting. To achieve a certain error ¢ for the convergence measure defined in their work, their pro-

posed algorithm requires an O(¢~1%) sample complexity. A concurrent work [Tian et al., 2020]
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studies zero-sum games under a different online agnostic setting with PO methods and achieves
an (5([( 3/4) regret. Motivated by classical fictitious play works [Robinson, 1951, Fudenberg and
Levine, 1995, Heinrich et al., 2015, Perolat et al., 2020], for the episodic Markov game, we focus
on the setting where there is no central controller which determines the policies of the two players
and we propose a policy optimization algorithm where each player updates its own policy based
solely on the historical information at hand. Moreover, our result matches the O(v/K ) regret upper
bounds in Xie et al. [2020], Bai and Jin [2020] that are obtained by value-based methods.

Furthermore, we note that the game for each individual player can be viewed as a special case of
MDPs with adversarial rewards and bandit feedbacks due to the adversarial actions of opponents.
For such a class of MDP models in general, Jin et al. [2019] proposes an algorithm based on mirror
descent involving occupancy measures and attains an (’3(@ ) regret. However, each update step
of the algorithm requires solving another optimization problem which is more computationally
demanding than our PO method. Besides, it is also unclear whether the algorithm in Jin et al.
[2019] can be extended to zero-sum games. Moreover, for the same MDP model, Efroni et al.
[2020b] proposes an optimistic policy optimization algorithm that achieves an 6([{ 2/3) regret.
Thus, directly applying this result would yield an (5([( 2/3) regret. In fact, regarding the problem
as an MDP with adversarial rewards neglects the fact that such “adversarial reward functions” are
determined by the actions and policies of the opponent. Thus, since each player knows the past
actions taken and policies executed by the opponent under the FP framework, both players can
construct accurate estimators of the environment after a sufficiently large number of episodes. As
we will show in Sections 4.3 and 4.4, the proposed PO methods explicitly utilize the information
of the opponent in the policy evaluation step, which is critical for the methods to obtain an O (\/F )
regret.

4.2 Preliminaries

In this section, we formally introduce notations and setups. Then, we describe the two transition

structures in detail.

4.2.1 Problem Setup

We consider a tabular episodic two-player zero-sum Markov game (S, A, B, H, P, r) defined as in
Section 2.2 of Chapter 2 with finite action spaces A, 3 and state space S. The policy for Player
1 is denoted by 7 and the policy for Player 2 is denoted by v. The value function V™ (s) and
the Q-function Q™" (s, a, b) are defined the same as in Chapter 2 with omitting the reward r in the

notation. Then, we further define the Bellman equation, NE, and e-approximate NE the same as in
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Chapter 2.

For ease of theoretical analysis, we normalize the value of the reward function r = {r;,}/_, in
the range [0, 1], i.e., rn(s,a,b) € [0,1] for all (s,a,b) € S x A x B. We study a practical and
challenging setting that the true transition model P = {IP, }/Z | and reward function r = {r, }/Z,
are unknown to both players. And only the bandit feedbacks of the reward function are accessible
to the players. At episode k, we let 7% = {7F}1  and v* = {vF}fL | be the policies for Players
1 and 2, and the two players move simultaneously with their own policies. By the end of the k-th
episode, each player observes only the trajectory {(s}, af,bf, sk ,)}}_, and the bandit feedbacks
along the trajectory. The bandit setting is more challenging than the full-information setting, where
only the reward values {r¥(s¥, a¥ bf)}Z | on the trajectory are observed rather than the exact value
function r,(s, a, b) for all (s,a,b) € S x A x B. Moreover, the rewards 75 (-, -, -) € [0, 1] is time-
varying with an expectation 7, = E[r¥] which can be adversarially affected by the opponent’s
action or policy, indicating the non-stationarity of the environment.

Throughout this chapter, we let (-,-)s, (-,-).4, and (-,-)s denote the inner product over S,
A, and B respectively. At the h-th step in an episode, for any policy pair (7, ), we denote
mr(-|s) and v (+|s) as column vectors over the space A and the space B respectively. We also
denote 3" (s, -, -) as a matrix over the space A x B for any Q-function (). Then, the expectation

B (ls),0mm (1) (@77 (8, @, b)] can be equivalently rewritten as [7Th(-|8)]TQZ’V(S, & vn(c]s).

Basic Learning Framework. At the beginning of the k-th episode, each player observes the
opponent’s policy during the (k — 1)-th episode. For simplicity of theoretical analysis, we assume
there exists an oracle which can exchange players’ policies in the last episode. Then, they take
regularized best response policies via a mirror descent/ascent step for the current episode and

make simultaneous moves.

Regret and Optimality Gap. The goal for Player 1 is to learn a sequence of policies, {7*}4~0, to

have a small regret as possible in K episodes, which is defined as

K k k Kk

Regret, (K) := Y [V (s1) = V" (s1)] @.1)
k=1

Here {v*}X | is any possible and potentially adversarial policy sequence of Player 2. The policy
7* is the best policy in hindsight, which is defined as 7* := argmax, >, Vf’”k(sl) for any
specific {v/*}£ . Similarly, Player 2 aims to learn a sequence of policies, {v/* } 10, to have a small

regret defined as

K
Regret, (K) := Z [Vf Ys) = Vi (s1) ] 4.2)
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where {7*}X_ is any possible policy sequence of Player 1. The policy v* is also the best policy
in hindsight which is defined as v* := argmin, Y1 | Vfrk’”(sl) for any specific {7*}X . Note
that 7* and v* depend on opponents’ policy sequence and is non-deterministic, and we drop such a

dependency in the notation for simplicity. We further define the optimality gap Gap(K) as follows
Gap(K) :=Regret, (K) + Regret,(K). 4.3)

Our definition of the optimality gap is consistent with a certain form of the regret to measure the
learning performance of zero-sum games defined in Bai and Jin [2020, Definition 8]. Specifi-
cally, when the two players executes their algorithms to have small regrets, i.e., Regret, (K') and
Regret, (K) are small, then their optimality gap Gap(K) is small as well.

On the other hand, letting the uniform mixture policies 7 ~ Unif(r!,... , 7%) and 7 ~
Unif(v!, ..., %) be random policies sampled uniformly from the learned policies, then (7,7)
can be viewed as an e-approximate NE if Regret(K)/K < e. This build a connection between the

approximate NE and the optimality gap.

4.2.2 Structured Transition Models

Factored Independent Transition. Consider a two-player Markov game where the state space is
factored as S = S; x S, such that a state can be represented as s = (s', s?) with s! € S; and
s? € S,. Then, S; and S, are the state spaces for Player 1 and Player 2 respectively. Under this

setting, the transition model is factored into two independent components, i.e.,
Pu(s'| s,0,0) = By(s" | ', a)Py(s™ | 5, ), (4.4)

where we also have s’ = (s',s*), and P,(s' | s',a) is the transition model for Player 1 and
P, (s%" | s2,b) for Player 2. Additionally, we consider the case where the policy of Player 1 only
depends on its own state s' such that we have 7(a|s) = 7(a|s') and meanwhile Player 2 similarly
has the policy of the form v(b|s) = v(b|s?). Though the transitions, policies, and state spaces
of two players are independent of each other, the reward function still depends on both players’

actions and states, i.e., 75, (s, a, b) = r(s', 5% a,b).

Single-Controller Transition. In this setting, we consider that the transition model is controlled

by the action of one player, e.g., Player 1, which is thus characterized by
Pu(s"| s,a,b) =Pu(s'|s,a). 4.5)

In addition, the policies remain to be m(a|s) and v(b|s). The reward r,(s, a,b) is determined by
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both players’ actions and the state s decided by the transition model controlled by Player 1.

Remark 4.1 (Misspecification). When the above models are not ideally satisfied, one can poten-
tially consider scenarios that the transition model satisfies, for example, maxy |P,(s'| s, a,b) —
P} (s'] st a)P3(s* | s%,b)| < o or maxy |Py(s'|s,a,b) — Pu(s'|s,a)| < o, V(s,a,b,h), with a
misspecification error g. One can still follow the techniques in this chapter to analyze such mis-
specified scenarios and obtain regrets with an extra bias term depending on the misspecification
error . When p is small, it implies that the MG has approximately factored independent transition

or single-controller transition structures, and then the bias term depending on p should be small.

4.3 Markov Game with Factored Independent Transition

In this section, we propose and analyze optimistic policy optimization algorithms for both players

under the setting of the factored independent transition.

Algorithm for Player 1. The algorithm for Player 1 is illustrated in Algorithm 2. Assume that
the game starts from a fixed state s; = (s, s7) each round. We also assume that the true transition
model P is not known to Player 1, and Player 1 can only access the bandit feedback of the rewards
along this trajectory instead of the full information. Thus, Player 1 needs to empirically estimate

the reward function and the transition model for all (s, a, b, s’) and h € [H] via

v 1{(s,a,b) = (s}, a7, b7)}75 (s, a,b)
max{NF(s,a,b),1} ’
SF L 1{(s,a,8Y) = (5,7, af, 517}
maX{N}lf(Sl, a),1} ’ (4.6)
Sor_y 1{(s%, b, s%) = (s37, bF, 5771)}
max{N,’f(sQ, b),1} ’

Pf(s'|s, a,b) = ByF(sY|st, a)Pr¥(s¥|s2,b),

?;CL(S7 a’ b) =

B, (s"|s' a) =

By (s7|s%,0) =

where we denote 1{-} as an indicator function, and N (s, a,b) counts the empirical number of
observation for a certain tuple (s, a,b) at step h until the k-th iteration as well as Nf(s!, a) for
(s',a) and N (s%,b) for (s%,b). For simplicity of presentation, in this chapter, we let s = (s!, s?)
and we use s', s* separately when necessary.

Based on the estimations of the transition model and reward function, we further estimate the
Q-function and value-function as shown in Lines 7 and 8 in Algorithm 2. In terms of the principle

of “optimism in the face of uncertainty”, bonus terms are introduced to construct an estimated
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Q-function as shown in Line 7 of Algorithm 2. We set the bonus term as
Br(s,a.b) = By (s, a,0) + 5, (5,a.b), 4.7)

where we define

"k | Alog(|S1]|Sa||AIBIH K/9)
(s, a,b) = - ,
maX{Nh (87a7b)7 ]-}

Pk [2H?|S,|log(2|S1||A|HK/6) 2H?|S,| log(2|Ss||B|HK /)
L (s, a,b) = Tl k(o2 ’
max{N;(s',a), 1} max{N;(s2,b),1}

with § € (0,1). Here, we decompose 3% (s,a,b) into two terms where ﬁ;k(s, a,b) is the bonus
term for the reward and Bg’k(s, a) for the transition estimation. As shown in Lemmas 4.10 and
4.11, the bonus terms Bg’k(s, a,b) and ﬂfj’k (s,a,b) are obtained by using Hoeffding’s inequality.
Note that the two terms in the definition of Bf’k stem from the uncertainties of estimating both
transitions P} (s | s', a) and P2 (s* | s2,b).

Next, we introduce the notion of the state reaching probability q”k’lp2 (s?) for any state s*> € S,

under the policy v* and the true transition P, which is defined as
qzk’ﬂﬂ(sz) = Pr(si = s |v", P? %), Vh € [H].

To handle non-stationarity of the opponent, as in Line 10, Player 1 needs to estimate the state
reaching probability of Player 2 by the empirical reaching probability under the empirical transition

model P>* for Player 2, i.e.,

kjSQ,k

dy " (s?) = Pr(s; = s* | VP PR ), Vhoe [H].

The empirical reaching probability can be simply computed dynamically from h = 1 to H by
dzk’ﬁﬂ’k (8%) = D sores, 2open d;li’]fm (s2)k_, (1|52 )P>* (s2|s%,b'). Based on the estimated state
reaching probability, the policy improvement step is associated with solving the following opti-

mization problem (denoting by Dy, the KL divergence)

H
. —k—1 _ B
maximize Z[Gh (7)) — 0~ Drr (T (- sY), 77 (-] sY)], (4.8)
h=1
where @:71(7%) = (m (') = ClsY), Y ees, EP (st 82, -)dzk_l’@Q’k_l(SQ)M with letting

FM=(st 82 a) = (@) (s', 5% a,-), /i 71(-|s?))5. One can see that (4.8) is a mirror ascent step
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Algorithm 2 Optimistic Policy Optimization for Player 1
1: Initialize: For all h € [H], (s',s% a,b) € §; X So x A x B: my(-|s') = 1/|A
1/|Sl > szz70<"|327 b) = 1/|82 > ?2(7 K ) = 62(7 " ) =0.
2: forepisode k =1,..., K do

B0 st a) =

3. Observe Player 2’s policy {vy '} .
4: Start from state s; = (s1,s?), set Vl;{;ll() =0.
5: forsteph=H,H—1,...,1do R
6: Estimate the transition and reward function by Py~ '(-|-,-) and 7 '(-, -, ) as (4.6).
7: Update Q-function V(s, a,b) € S x A x B:
Qi (s.0.) = min{ @ + BV + B (s.0,0) H — bt 1)

8: Update value-function Vs € S:

—h—1 _ Tk—1 _

Vi ()= [m (1] Qun (s, vy (ls).
9: end for

-1 P2,k—1
7]P ok

10: Estimate the state reaching probability of Player 2 by dzk (s?),Vs? € Sy, h € [H].
11:  Update policy 7¥(a|s') by solving (4.8), V(s',a) € S; x A, h € [H].

12:  Take actions following a¥ ~ 7 (-|s}*), Vh € [H].
13:  Observe the trajectory { (s}, af,bf, s, )}, and rewards {rf (s}, af, bF) il .
14: end for

and admits a closed-form solution for all (h, s',a) € [H] x S; x A as follows

mhlals’) = (V) ) mk Ml s cexp {n 0 B s a)dy T ()],

528,

k-1 . . o
where Y,  is a probability normalization term.

Algorithm for Player 2. For the setting of MG with factored independent transition, the algorithm
for Player 2 is trying to minimize the expected cumulative reward w.r.t. 7j,(+, -, -). In another word,
Player 2 is maximizing the expected cumulative reward w.r.t. —ry(-,-, ). From this perspective,
one can view the algorithm for Player 2 as a ‘symmetric’ version of Algorithm 2. The algorithm
for Player 2 is summarized in Algorithm 3. Specifically, in this algorithm, Player 2 also estimates
the transition model and the reward function the same as (4.10). Since Player 2 is minimizing the
expected cumulative reward, the bonus terms as (4.7) are subtracted in the Q-function estimation
step by the optimism principle. The algorithm further estimates the state reaching probability of
Player 1, q;{k’ﬂﬂ(sl), by the empirical one dzk’ﬁl’k(sl), which can be dynamically computed. For

the policy improvement step, Algorithm 3 performs a mirror descent step based on the empirical
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Algorithm 3 Optimistic Policy Optimization for Player 2
1: Initialize: For all h € [H], (s',s% a,b) € §; X So x A x B: my(-|s') = 1/|A
1/|81 > P%O("b?v b) = 1/|82 > ?2(7 K ) = 62(7 " ) =0.
2: forepisode k =1,..., K do

BLOCls" a) =

3:  Observe Player 1’s policy {7 '}/ .
4: Start from state s; = (s1,s?), set Vl;{;ll() =0.
5: forsteph=H,H—1,...,1do R
6: Estimate the transition and reward function by Py~ '(-|-,-) and 7 '(-, -, ) as (4.6).
7: Update Q-function V(s, a,b) € S x A x B:
Qﬁfl(s, a,b) = min{(?’\}'j_1 + I@Z‘lzzﬂ — ],,f_l)(s, a,b), H—h+1}*.
8: Update value-function Vs € S:
_ _ T ke _
Vi (s) = [m 7 Cl9)] @y (s, (ls).
9: end for

k—1 pl,k—1
7]P |

10: Estimate the state reaching probability of Player 1 by dj (s'),Vs! € 81, h € [H].
11:  Update policy ¥ (b|s®) by solving (4.9), V(s%,b) € Sy x B, h € [H]).

12:  Take actions following b} ~ vf(-|s7"), Vh € [H].
13:  Observe the trajectory {(s}, af,bf, s, )}, and rewards {rf (s}, af,bF) .
14: end for

reaching probability, which is associated with solving the following optimization problem

H
minimize Y " [G™" (va) + 7 Dt (va(-[s), v (1)), 49)
h=1
where G~ (m) = (1 (5%) = VT (15), Dcs, B (s 5% 0dn " (1) with letting

FPF (st s2b) = (@7 '(s", 5%+, b), mp " (+[s')) 4. Here (4.9) is a standard mirror descent step

and admits a closed-form solution for all (h, s%,b) € [H| x Sy x B as follows

_ k=1 »lE—1
vE(bls?) = (V5 015 s exp { =0 Y0 RPN s T s

sleS;

where Y¥~! is a probability normalization term.

4.3.1 Main Results

In this subsection, we show our main results of the upper bounds of the regrets for each player

under the setting of the factored independent transition model.
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Theorem 4.2. By setting n = +/log|A|/(KH?), with probability at least 1 — 46, Algorithm
2 ensures the sublinear regret bound for Player I° ie., Regret,(K) < 6(Cﬁ), where
T = KH is the number of steps, and the constant factor is C = \/(|S1|2|A| + |Sa|?|B|) H? +
VISHIS:IIATIBIH.

Theorem 4.2 shows that Player 1 can obtain an O ( VK ) regret by Algorithm 2, when the oppo-

nent, Player 2, takes actions following potentially adversarial policies.

Theorem 4.3. By setting v = +/log |B| /(K H?), with probability at least 1 — 46, Algorithm 3 en-
sures the sublinear regret bound for Player 2, i.e., Regret,(K) < @) (C VT ) where I’ = K H is the
number of steps, and the constant factor is C = /(|S12|A| + |S2|2|B]) H? + /|S:1||S2||.Al|B| H.

Theorem 4.3 shows that Regret, (/) admits the same O(v/K ) regret as Theorem 4.2 given any
arbitrary and adversarial policies of the opponent Player 1, due to the symmetric nature of the two
algorithms.

From the perspective of each individual player, the game can be viewed as a special case of
an MDP with adversarial bandit feedback due to the potentially adversarial actions or policies of
the opponent. For MDPs with adversarial bandit feedback, Jin et al. [2019] attains an (5(\/? )
regret via an occupancy measure based method, which requires solving a constrained optimization
problem in each update step that is more computationally demanding than PO. Efroni et al. [2020b]
proposes a PO method for the same MDP model, achieving an (5([( 2/3) regret. Thus, directly
applying this result would yield an (5(K 2/3) regret. However, for the problem of zero-sum games,
regarding the problem faced by one player as an MDP with adversarial rewards neglects the fact
that such “adversarial reward functions” are determined by the actions and policies of the opponent.
Thus, under the FP framework, by utilizing the past actions and policies of the opponent, Algorithm
2 and 3 obtain an O(vV'K) regret.

In particular, if Player 1 runs Algorithm 2 and Player 2 runs Algorithm 3 simultaneously, then

we have the following corollary of Theorems 4.2 and 4.3.

Corollary 4.4. By setting ) and ~y as in Theorem 4.2 and Theorem 4.3, letting T' = K H, with
probability at least 1 — 89, Algorithm 2 and Algorithm 3 ensures the following optimality gap

Gap(K) < O(VT).

4.4 Markov Game with Single-Controller Transition

In this section, we propose and analyze optimistic policy optimization algorithms for the single-

controller game.

3Hereafter, we use O to hide the logarithmic factors on |S|, |.A|, |B|, H, K, and 1/6.
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Algorithm for Player 1. The algorithm for Player 1 is illustrated in Algorithm 4. Since transi-
tion model is unknown and only bandit feedback of the rewards is available, Player 1 needs to
empirically estimate the reward function and the transition model for all (s,a,b,s’) and h € [H]
via
k T T T
~k _ 27:1 ]l{(37a7b> = (Sh7ah7bh)}rﬁ(s7aa b)
i (s,a,b) = - ,
maX{Nh (87 a, b)a 1}

Zﬁ:l ]1{(57 a, 3/) = (827 a;u 82-&-1)}
max{Ny(s,a), 1} '

(4.10)

I@Z(sﬂs,a) =

Based on the estimations, Algorithm 4 further estimates the Q-function and value-function for
policy evaluation. In terms of the optimism principle, the bonus term is added to construct an

estimated Q-function as shown in Line 7 of Algorithm 4. The bonus terms are computed as

Bi(s,a,b) = Tk(s,a,b) + ﬁg’k(s,@), 4.11)

where the two bonus terms above are expressed as

e [Vog(SIAIBIHE/S) e, [2H2S]log(SIIAIHE/6)
h(5a,0) = \/ max{N}(s,a,b),1} ’ b (s0)i= \/ max{NF(s,a),1}
for § € (0,1). Here we also decompose /3% (s, a,b) into two terms with ﬁ;k(s, a, b) denoting the
bonus term for the reward and 5;1;”“ (s, a) for the transition estimation. Note that the transition bonus
are only associated with (s, a) due to the single-controller structure. The bonus terms are derived
in Lemmas 4.23 and 4.24.

Different from Algorithm 2, in this algorithm for Player 1, there is no need to estimate the
state reaching probability of the opponent as the transition only depends on Player 1. The policy

improvement step is then associated with solving the following optimization problem

H
o —k—1 _
max;mlzeZ[Lh (mn) — 0~ D (ma (-] s), 7 (<] )], (4.12)
h=1
. k-1 T—k—1 ko1 .
where we define the function L, (m,) = [m4(-|s) — 77 '(-s)] @) (s,- )i '(:|s). Thisisa
mirror ascent step and admits the closed-form solution for all (h, s,a) € [H] x S x A as follows
—k—1, _
mh(als) = (Z, ) 7'mi M als) exp{n(@) 5)) s}

k-1 . o o
where Z;  is a probability normalization term.
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Algorithm 4 Optimistic Policy Optimization for Player 1
1 Initialize: 79(-|s) = 1/|A| forall s € Sand h € [H]. PY(:|s,a) = 1/|S| forall (s,a) € Sx.A
and h € [H]. 7)(-,+,-) = Bp(-,-,-) = 0 forall h € [H].
2: forepisode k =1,..., K do

3:  Observe Player 2’s policy {v; '} .
4: Start from s} = sy, and set V];I_jl() =0.
5: forstetph=H,H—1,...,1do R
6: Estimate the transition and reward function by Pf~!(-|-,-) and 7 !(-, -, -) as (4.10).
7: Update Q-function V(s,a,b) € S x A x B:
@:_1(3, a,b) = min{7F(s,a,b) + @’;*Vﬁj(s, a) + B (s,a,b), H— h+1}T.
8: Update value-function Vs € S:
—k—1 _ T—k—1 _
Vi (s)=[my "Cls)] Qu (s, vy (ls)-
9: end for
10:  Update policy 7 (a|s) by solving (4.12), V(s,a) € S x A, h € [H].
11:  Take actions following af ~ 75(-|s¥), Vh € [H].
12: Observe the trajectory { (s}, af,bf, sk, )}, and rewards {rf (s}, af, bF)} .
13: end for

Algorithm for Player 2. The algorithm for Player 2 is illustrated in Algorithm 5. Player 2 also
estimates the transition model and the reward function the same as (4.10). However, due to the
asymmetric nature of the single-controller transition model, Player 2 has a different way to learn-
ing the policy. The main differences to Algorithm 4 are summarized in the following three aspects:
First, according to our theoretical analysis shown in Lemma 4.21, no transition model estimation
is involved. Instead, only a reward function estimation is considered in Line 7 of Algorithm 5.
Second, in the policy improvement step, Player 2 needs to approximate the state reaching proba-
bility q,fk’P(s) := Pr(s, = s|m* P, s;) under 7* and true transition > by the empirical reaching
probability d;k’ﬁk(s) = Pr(s, = s|n*,P*, s;) with the empirical transition model P¥, which can
be computed dynamically from & = 1 to H. Third, we subtract a reward bonus term 6,’;’]“*1 in Line
7 instead of adding the bonus. Similar to our discussion in Section 4.3, it is still a UCB estimation
if viewing Player 2 is maximizing the cumulative reward w.r.t. a negative reward function —r.
Particularly, the policy improvement step of Algorithm 5 is associated with solving the follow-

ing minimization problem

H
minimize Z{szl (vn) + v ' Dxr, (v (-8), v (+13)) (4.13)
h=1
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Algorithm 5 Optimistic Policy Optimization for Player 2

1 Initialize: 10(-|s) = 1/|B| forall s € Sand h € [H]. PY(:|s,a) = 1/|S]| forall (s,a) € Sx A
and h € [H]. 79(-,-,-) = 8;°(,-,-) = O for all h € [H].

2: forepisode k =1,..., K do

3 Observe Player 1’s policy {m} '}/,

4: Start from the initial state s = s;.

5: forsteph=1,2,...,H do

6:

7

Estimate the transition and reward function by @ﬁ_l and ?kh_l as (4.10).
Update 7%, ¥(s,a,b) € S x A x B:

?’ﬁ_l(s, a,b) = max {?z_l(s, a,b) — ﬁ;k_l(s, a,b), 0}.

8: Estimate the state reaching probability by dgkil’wfl (s),Vse S, helH|
: end for
10:  Update policy ¥ (b|s) by solving (4.13), V(s,b) € S x B, h € [H].
11:  Take actions following b} ~ v (-|sk),Vh € [H].
12 Observe the trajectory {(s}, af,bf, s, )}, and rewards {rf (s}, af, bF) .
13: end for

S )T DT s ) aCls) = vE (L)) Thisis a

mirror descent step with the closed-form solution for all (h, s,b) € [H] x S x B as

where we define L' (1) = dJ,

—1 Pk—1
k ’]pk

v (bls) = (Z,7)7" - vy (0] s) exp{—7d; ()T (5, 0),m, (- | 8))ab

with the denominator Z; ! being a normalization term.

4.4.1 Main Results

Next, we present the main results of the regrets for the single-controller transition model.

Theorem 4.5. By setting n = \/log | A|/(K H?2), with probability at least 1 — 36, Algorithm 4
ensures the following regret bound for Player 1 Regret,(K) < 6(0 VT ) where I' = K H is the
total number of steps, and the constant factor is C = /|S|?|A|H3 + /|S||A||B|H.

Theorem 4.5 shows that Regret, (K) is in the level of O(v/K), for arbitrary policies of Player
2. Similar to the discussion after Theorem 4.3, from the perspective of Player 1, the game can also
be viewed as a special case of an MDP with adversarial bandit feedback. Under the FP framework,
by utilizing the past policies of Player 2, Algorithm 4 can achieve an O (\/E ) regret, comparing to
O(K?/3) regret by the PO method [Efroni et al., 2020b] and O(v/K) regret by a computationally
demanding non-PO method [Jin et al., 2019] for MDP with adversarial rewards.
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Theorem 4.6. By setting v = +/|S| log |B|/ K, with probability at least 1—26, Algorithm 5 ensures
the sublinear regret bound for Player 2, i.e., Regret,(K) < 6(6’@), where T' = K H is the total
number of steps, and the constant factor is C = /|S|2|A|H? + /|S||A||B|H.

Interestingly, Theorem 4.6 also shows that Regret, (/') has the same bound (including the con-
stant factor (') as Regret, (K') given any opponent’s policy, though the transition model bonus is
not involved in Algorithm 5 and the learning process for two players are essentially different. In
fact, although the bonus term for estimating the transition is not involved in this algorithm, approx-
imating the state reaching probability of Player 1 implicitly reflects the gap between the empirical
transition P* and the true transition [P, which can explain the same upper bound in Theorems 4.5
and 4.6.

Moreover, if Player 1 runs Algorithm 4 and Player 2 runs Algorithm 5 simultaneously, we have

the following corollary of the above two theorems.

Corollary 4.7. By setting ) and ~y as in Theorem 4.5 and Theorem 4.6, letting T' = K H, with
probability at least 1 — 50, Algorithm 4 and Algorithm 5 ensures the optimality gap Gap(K) <

O(T),

4.5 Theoretical Analysis

4.5.1 Proofs of Theorems 4.2 and 4.3

Proof. To bound Regret, (K') , we need to analyze the value function difference for the instanta-
neous regret at the k-th episode, i.e., Vfr*’”k (s1) — Vfrk’”k (s1). By Lemma 4.8, we decompose the

. « K k ok .
difference between Vi" " (s1) and V;" " (s1) into four terms

k k Kk

VI (1) = VT (s1)
H

Tk wk Uk * —
<Vi(s) =V (s1) + Y Boe {7 (sn)] T (5o -, JWE () [ 51}
Errp (L1) h=l _
H Erry, 12)
* v ]P2 kﬁm’k
+ > B pi{(m (|s3) = 7h (-Ish), My (s} ) |81}+2HZ D g T (s —dn T (sl
\h=1 h=1 shGSQ
Erry, (13) Err:?IA)
k:PZ,k

where MF(sh, ) == 2es, B W (sh, 52, )dy
of Q-function as 7§(s,a,b) = rp,(s,a,b) + ]PhVZH(s,a,b) — Qr(s,a,b). Let sb. 2 ay, by, be

random variables for states and actions.

(s?). Here we define the model prediction error
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Specifically, Erry(L.1) is the difference between the estimated value function and the true value
function, Erry,(L.2) is associated with the model prediction error 7§ (s, a, b) of Q-function, Erry,(I.3)
is the error from the policy mirror ascent step, and Erry(L.4) is the error related to the reaching
probability estimation. According to Lemmas 4.9, 4.13, 4.15, we have that Zszl Errg(L.1) <
6(\/|81|2|A]H4K + VISPIBIHAK + /|S:1]|S2||A]|B|H2K), the third error term is bounded
as .0 Erri(1.3) < O(\/H'K log |A]), and the last error term is bounded as S+ | Erry(1.4) <
O(H?|S,| /|BIK). Moreover, as shown in Lemma 4.12, since the estimated Q-function is a UCB

estimate, then we have that the model prediction error 77 (s, a, b) < 0 with high probability, which

leads to S~ Erry(I.2) < 0. This shows the significance of the principle of “optimism in the face
of uncertainty”. By the union bound, all the above inequalities hold with probability at least 1 —4¢ .
Therefore, letting 7' = K H, by the relation that Regret, (K) = S1_| [Vfr*’”k (s1) — Vfrk’”k (s1)] <
S [Erri(L1) + Errg(1.2) + Erry.(1.3) + Errg(14)], we can obtain the result in Theorem 4.2.
Due to the symmetry of Algorithm 2 and Algorithm 3 as we discussed in Section 4.3, the proof

for Theorem 4.3 exactly follows the proof of Theorem 4.3. This completes the proof. U

4.5.2 Proofs of Theorems 4.5 and 4.6

Proof. We first show the proof of Theorem 4.5. By lemma 4.20, we have

H
vk ok vk —k wk Uk —
VI (s1) = VT (s1) < Vilst) = Vi (s1) + > B gk [Sh (s an, bn) | 1]
Erry (IL1) =1 -
H Erry (I1.2)
+ ) B p (7 ([sn) — 7k (-Isn), U (sn,-)).a | 81,
h=1
Err;(rHB)

where s;,, ap,, by, are random variables for states and actions, UF (s, a) := (@:(s, a,),vr(-]8))s,

and we define the model prediction error of Q-function as S5 (s, a, b) = 74(s, a, b) —I—IP’hV: 11(s,a)—
Qu(s.a.b)

Particularly, Erry (II.1) is the difference between the estimated value function and the true value
function, Erry,(I1.2) is associated with the model prediction error < (s, a, b) for Q-function, and
Erry,(I1.3) characterizes the error from the policy mirror ascent step. As shown in Lemma 4.26,
S Err(IL1) < O(/[SPIAIHK + /|S||A[|B|H?K) with probability at least 1 — 4. In
addition, we have Zszl Err,(I1.2) < 0 with probability at least 1 — 20 as shown in Lemma
4.25, which is due to the UCB estimation of the Q-function. Furthermore, Lemma 4.22 shows the
cumulative error for the mirror ascent step is Y 1, Err,(IL3) < O(\/HK log | A]) with setting
n = +/log |A|/(K H?). Therefore, letting ' = K H, further by the relation that Regret, (K) <
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SO [Errg (IL.1)4-Erry, (IL2) +Erry. (I13) ], we can obtain the result in Theorem 4.5 with probability
at least 1 — 30 by the union bound.
Next, we show the proof of Theorem 4.6. By Lemma 4.21, we can decompose the difference

k Kk k o * .
between V" " (s1) and V] " (s1) into four terms

k

Vi (s1) = Vi (1)

H H .y
<23 Bt (B (snan, bn) [ 5]+ > > di () [k (19)] "<k (s, )wi(c]s)
h=1

h=1 seS
Erry (1IL1) Err;:(rHI.2)
A k Dk A kp k Pk
™ ,P * T, T,
D A T (Wi ) viCls) = viCls)) g +2 D ) la " (s) —di 7 (s,
h=1 ses h=1 s€S J
Err;:(?H.f’) Err;:(EIIA)

with WF(s,b) = (75(s,-,b),7mr(-|s)) 4 and 15 (s, a,b) = 7¥(s,a,b) — ry,(s,a,b). The above in-
equality holds for all & € [K] with probability at least 1 — 0. Due to the single-controller
structure, distinct from the value function decomposition above for Theorem 4.5, here we
have that Err,(IIL.1) is the expectation of reward bonus term, Errj(II.2) is associated with
the reward prediction error g’;;, Err(IIL.3) is the error from the policy mirror descent step,
and Errg(I11.4) is the difference between the true state reaching probability and the empirical
one. Technically, in the proof of this decomposition, we can show Vlﬂk’”k(sl) - Vfrk’”*(sl) =
S Y es 0= () [ (1)) Tra(s, -, ) (F — ) (-] s), where the value function difference is only
related to the reward function 7, (s, -, ) instead of the Q-function. This is the reason why only the
reward bonus and reward-based mirror descent appear in Algorithm 5.

As shown in Lemmas 4.27, 4.30, and 4.31, we can obtain upper bounds that Zszl Err,(IIL1) <
O(V|SIJA[BIH?K), S5 Erry(1IL3) < O(\/H?|S|K log [B]), and also Y&, Err(IIL4) <
O(H%S |\/|AJK) by taking summation from k = 1 to K for the three error terms Erry,(ITL1),
Erry,(I11.2), Errg(IIL.3). For Errg(I11.2), by Lemma 4.28, with probability at least 1 — J, we have
that 37 Erry,(II1.1) < 0, which is due to the UCB estimation of the reward function, i.e., 7.
The above inequalities hold with probability at least 1 — 20 by the union bound. Therefore, letting
T = K H, further by Regret, (K) < S°1  [Err(IIL1) + Errg (II1.2) + Errg (IIL3) 4 Erry,(I1.4)],
we can obtain the result in Theorem 4.6. This completes the proof. [

4.6 Conclusion

In this chapter, we propose and analyze new optimistic policy optimization algorithms for two-

player zero-sum Markov games with structured but unknown transitions. We consider two classes
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of transition structures: factored independent transition and single-controller transition. For both
scenarios, we prove 6(\/T ) regret bounds for each player after 7" steps in a two-agent competitive

game scenario. When both players adopt the proposed algorithms, their overall optimality gap is

O(VT).

4.7 Proofs for Markov Game with Factored Independent Tran-
sition

Lemma 4.8. At the k-th episode of Algorithm 2, the difference between value functions Vlﬂ*"’k (s1)
and Vfrk’”k (s1) is bounded as

k k k

VI (1) — VT (s1)

H

—k 7Tk1/k * -
= Vis0) = V7" (50) 4+ D B { [mi Clsn)) 28 (s, ok Clisn) [ 1)
h=1
VkAQ,k
+2Eﬂpl{<wh Jsi) = mhClsh), D2 Ft(shsho)dy T (sh)) [ shst )
s2€8;
kP2,k

V]P’2 2 dl/

+2HZ > lar (s2)|,

h=1 2632

. . 1k
where sy, an,b, are random variables for state and actions, F)’ (s', 5% a) =

(@]Z(sl, s a, ), vk (-|s?)) s, and we define the model prediction error of Q-function as
(s, a,b) = rp(s,a,b) + PhV:H(S, a,b) — @]Z(S, a,b). (4.14)

Proof. The proof of this lemma starts with decomposing the value function difference as

k k k * ok

v v v 7k 7k ok vk
VIE (s1) =V 7 (s1) = VI 7 (s1) = Vi(s1) + Vis1) =V (1) (4.15)
Here the term V]f(sl) — ka"’k (s1) is the bias between the estimated value function V]f(sl) gen-

erated by Algorithm 2 and the value function Vfrk’”k (s1) under the true transition model [P at the

k-th episode. We first analyze the term VfT*’”k(sl) — V’f(sl). For any h and s, we consider to
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decompose the term Vhﬁ*’”lc (s) — V:(s), which gives

ok —k
Vi 7 (s) = Vi (s)

= [ (1)@ (5., W Cls) = [~ (19)] " Qnls, - vk (:ls)
= [T QR (s, WhCls) = [ (1)) Qs -, A (s) 4.16)
+ [T (1) T@n (s, WECLs) = [mh(19)] Qs -, whCls)

= [mh (1) T [QF " (5,0, ) = Qs )] vECls)
+ [mi(cls) = 7hC19)] Qnls, - JhCLs),
where the first inequality is by the definition of Vh”*’”k in (2.3) and the definition of V]Z in Line 8 of

Algorithm 2. In addition, by the definition of Qf’”k (s,-,-)in (2.4) and the definition of the model

prediction error ZZ for Player 1 in (4.14), we have

k —k

(AT QT (510 -) = @ (5, Y] i Cls)
=S i als) [Zm (']s.a,B) [V (s ')—V’;H(s')]+zﬁ<s,a,b>]u£<b|s>

acA beB s'eS
* —k
= X S mital)| sl a D ) = Vi) kel
acA beB s'eS
+ )0 m(als)f(s, a, b)ug (b]s).
acA beB

Combining this equality with (4.16) gives

v = 5 wilals)| X Elslsa DV ()~ V()] | ol

acA beB s'eS

+ )0 milals)ig(s, a,b)vk(bls) 4.17)

acA beB

+ 37 [mials) — wf(als)] @ (s, a, b (b]s).

acA beB

The inequality (4.17) indicates a recursion of the value function difference Vh”*’”k (s) — V:(s). As
we have defined V§+fk(s) = 0 and V];I +1(s) = 0, by recursively applying (4.17) from h = 1 to
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H, we obtain

H
VI (51) = Vi(s1) = Y B e { [ Clsn)] T2 (s ) (lsn) [ 5}
h=1
i . (4.18)
+ D B g { [Th(150) = 7h ()] Qlsny s WhClsn) [ 51},
h=1

—~
Term(I)

where s, are a random variables denoting the state at the h-th step following a distribution
determined jointly by 7*,IP, v*. Note that we have the factored independent transition model
structure P (s'|s,a,b) = P}(s¥|s',a)P%(s¥|s?,b) with s = (s',s?) and s’ = (s",s¥), and
mh(als ) = 7 (als') as well as v, (b]s) = v, (b]s®). Here we also have the state reaching probability
q’ ]PQ {thc (g2 }ZI , under ¥ and true transition P2 for Player 2, and define the empirical
reachlng probablhty 4P (s2) = {d”k B (s2)}L_ under the empirical transition model P%* for
Player 2, where we let Pk (s'|s, a, b) = P*(sY|s', a)P?* (s*|s2, b). Then, for Term(), we have

H
Term(D) = > Epe g { [ (Isn) = 7 C1s0)] Qs wEClsn) | 51}

h=1
H
= ZEW*,Pl,PZ,V’“{[WZ("Sll1> _ﬂ-lli(|5}z)] Qh(smsiv ) )Vh |Sh ‘817 } (4.19)
h=1
d T—k 2
* A Ve P
S Eren{ Y [miClsh) — wbCls]) D sk, sk ECIs) a6 | sk}
h=1 32632 7kv
:3Eh(5h si)

The last term of the above inequality (4.19) can be further bounded as

ZE e Y E(shys2)a) (s | st s

shGSQ
H
v sz Vk}@Q,k
= Erp{ ) Ey(sho sy T (s3) +ap T (s3) — d T (D)) | st 3
h=1 52E€8
H
ok 2k kazk
<Y Een{ Y Bilshshdy * (1) | shs }+2H221qh (s7) = i " (s7)
h=1 STES: h=1s2¢e8,

. . —k . . .
where the factor H in the last term is due to |Q, (s}, s7, -, -)] < H. Combining the above inequality
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with (4.19), we have

vk IPQk
Term(I) < ZEw* P! [ﬁ( |s1) — (- |3h Z Qh She S s )3 (L7 ) dy 1751}
h=1 s2€8;

k]P;Qk

l/k2 14
QhJP( ) d

(sh)] -

(4.20)

Further combining (4.20) with (4.15), we eventually have

k k k

VI (s1) = VT (s1)
(51) = V¥ (51) + D Boe e { [ (15)] T2 (51 -, )k Clsn) | 51}

h=1
shst )
A

vk 2,k
+ZEW*IP1{<7Th Isi) = 4 (-s1), ZFlkS}u Shy - )d), - (i)>

ShGSQ

s i - )|

where F"* (s}, 52, a) := <@Z(s}z, s?.a,-),vr(+|s?))s forany a € A. This completes our proof. [

Lemma 4.9. With setting n = \/log | A| /(K H?), the mirror ascent steps of Algorithm 2 lead to

stst )
A

K H
Vk,AQ,k
SO B m { (millsh) = mhClsh), Do BrF(sh st )di T ()
k=1 h= 57.E€S2
<0 (\/H4Klog |A\)

Proof. As shown in (4.8), the mirror ascent step at the k-th episode is to solve the following

—_

maximization problem

H
maximize <wh(-|sl) — st 3 Bt -)d;’“rPQ”“(SQ)>A
h=1 52€8,
H
1
- — Z Dy (mn(-]s"), 7 (-[s"),
=
with F*(s',s%,a) = (@:(31,52,(1, 9, vF(-|s?))s. We equivalently rewrite this maximization
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problem to a minimization problem as

H
miniﬂmize—z<7rh('|5 — 7 (|sh), ZFlk 1 s% kPQk(52)>A
h=1 52€82
H
EZD (ma (-], 7 s"
kL (ma(c[s), m,(+]s1)).
h=1

Note that the closed-form solution 7} (-|s!),Vs! € i, to this minimization problem is guaran-
teed to stay in the relative interior of a probability simplex if initializing 7} (-|s') = 1/|.A|. Thus,

we apply Lemma 4.16 and obtain that for any m = {m,}/_,, the following inequality holds

~ort ) 30 Bt TTN) e amC1sh, BRGSO ),

52€82 52€82

< Dxcw(mn(t[s"), m(cls") = Dicw.(mn(c]sh), w3 (1sh)) — D (" (st mi (7).

Then, by rearranging the terms and letting 7, = 7}, we have

a{miClsh) =il 3o B 20 ()

s2€8s
< Dx(m5(-|s1), W;]f('fs)) - DKL(WZ('\S) T (1)) = Dre (T (Cls), mi(c]s)) - (4.21)
+77<7r,’§“(.’3 — 7 Z Flk st s ) kPM( %L)>A.

s2€8s;
Due to Pinsker’s inequality, we have
1 2
= Da(m " () ma(clsh)) < =g [l Cls™) = mh 1D

Further by Cauchy-Schwarz inequality, we have

n(mh (s = mhCls), Y0 B sh T (D)) | < [ st = w1

2682

since we have

kAz,k —k k P2,k
Z Flk 1 2 d’ P (SQ) _ Ianeajc <Qh(317 52,6L, _)’ V}l:('|82>>8 . d;: P (52)
28 o0 $?€5)
<Y H-dT() = .
52€82
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Thus, we further obtain

— D (m (1), wh(C[s) +n(ri (15 = whCls), S0 FER(st 5% 0d T (),
5552 (4.22)
1 1
< —§||7r,l§+1(~|s ) — 7r(-|sh) ||1 +77HH7Tk+1 sy — 7k (-|st) H1 < 2772]-[2,

where the last inequality is by viewing ||z} *'(-]s') — mf(-|s")||, as a variable z and finding the
maximal value of —1/2 - 22 4+ nHx to obtain the upper bound 1/2 - n? H?
Thus, combing (4.22) with (4.21), the policy improvement step in Algorithm 2 implies

n(mills) = mhCls), Yo E(st st adl T )

52€8s

< Dia (7 (1s1), 1) = D (1), 5 C1s1) + P,

which further leads to

kaz,k
ZE e {{miClsh) = mEClsh), 30 Fi(sho st ) T ()

SiGSQ

shst
A
H

< DB [Dra i b)) — Dl ) + i

Taking summation from k£ = 1 to K of both sides, we obtain

K H
VkA2,k
> B {(millsh) = miClsh), D2 Ftshoshoad T sh) [ shst )

k=1 h=1 S%GSQ
1 & '
< - > B [Dia (miClsp) milC153)) = Dicw (mi (o). i Clsi) ] + gniCH?
h=1
1 & ]
< o D2 Bee it [Dic (i Clsh), mACIsh)] + g H
h=1

where the last inequality is by non-negativity of KL divergence. With the initialization in Algo-
rithm 2, it is guaranteed that 7} (-|s') = 1/|.A|, which thus leads to Dx, (7}:(-|s'), 71 (-|s!)) <
log | A| for any s'. Then, with setting = y/log |.A|/(K H?), we bound the last term as

1 & 1
;ZEw*ml [Drc (wh(lsh), a (1)) ] + gnEH® < O (\/H4Klog |A|) ,
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which gives

K
* , Vk’AQ,k

>3 Brewn {(millsi) = mhClsh), Do Fitshshoad T (sh)) |

k=1

s2€8>
0 (VE Koz A]). h

This completes the proof. 0

12
51751}

A I[M)=

Lemma 4.10. For any k € [K|, h € [H] and all (s,a,b) € S x A x B, with probability at least

1 — 6, we have

» B 4log(|S[|A[|B|HE/9)
75 (s,a,b) rh(s,a,b)‘ﬁ\/ max{Nf(s,a,b),1}

Proof. The proof for this theorem is a direct application of Hoeffding’s inequality. For &k > 1,

the definition of 7 in (4.10) indicates that 75 (s, a, b) is the average of N} (s, a,b) samples of the
observed rewards at (s, a,b) if Nf(s,a,b) > 0. Then, for fixed k € [K],h € [H] and state-action
tuple (s,a,b) € S x A x B, when Nf(s,a,b) > 0, according to Hoeffding’s inequality, with
probability at least 1 — ¢’ where ¢’ € (0, 1], we have

/
|?kh(s,a,b) — (s, a, b)‘ < %,
where we also use the facts that the observed rewards r¥ € [0, 1] for all k£ and h, and E [?ﬂ =1
for all k and h. For the case where NJ (s, a,b) = 0, by (4.10), we know 7% (s, a,b) = 0 such that
7%(s,a,b) — rp(s,a,b)| = |ru(s,a,b)] < 1. On the other hand, we have \/21log(2/0') > 1 >
7%(s,a,b) — ry(s,a,b)|. Thus, combining the above results, with probability at least 1 — ¢’ for
fixed k € [K]|, h € [H] and state-action tuple (s,a,b) € S x A x B, we have

21log(2/4)
75 (s, a,b) — (s, a,b)| < \/maX{N;]f(Sa%b)v 1}

Moreover, by the union bound, letting 0 = |S||.A||B|H K’ /2, assuming K > 1, with probability
atleast 1 — 0, for any k € [K|, h € [H| and any state-action tuple (s,a,b) € S x A x B, we have

. ) 41og(|S||AlIB|HK/9)
[7r(s,a,b) — ru(s, a,b)| S\/ max{Nf(s,a,b),1}

This completes the proof. [
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In (4.7), we factor the state as s = (s', s®) such that we have |S| = |S;||Sz|. Thus, we set

(¥ sva0) = TSI [ ISR, hich equals the bound in Lemma
n\5:0,0)s R \87:8%,4,0),

4.10. The counter N (s, a, b) is equivalent to Nf(s!, s%, a,b).

Lemma 4.11. Forany k € [K], h € [H] and all (s,a) € S x A, with probability at least 1 — 0,

we have

- o 2|8 log(|S||A|H K /6)
H]P’h(\s,a,b) M(\s,a,b)H1<\/ max{NF(s,a), 1}

where we have a factored state space s = (s',s?), s' = (s, s¥), and an independent state transi-
tionPy(s' | s,a,b) = PL(s" | 5!, a)PL(s? | s2,b) and PE(- | 5,a,b) = PLR (s | s*, a)P2F (5% | 52, b).

Proof. Since the state space and the transition model are factored, we need to decompose the term

as follows

|Phc 15, a,0) = Pul- | 5,0.0)

-y

81/,82/

= > | [BsV 5 @) — P |81 )| B (s 5%, 0)

81’782’

1

By (s | s )By (7| 5%, b) — P | 5", a)BR (s | 57, )

F P 5" a) (B (s 5% 0) — PR (¥ | 82,0)] .
We can further bound the last term in the above equality as follows

ST [BEA st @) — BAsV |8 0)| B |52, 0)

31/,32/

F P |5 0) [BRN(s 5% 0) — (¥ | 5%, )| |

<>

31/752/

B (s" [t a) — PL(s" | 0)| BRA 5™ 52, 0)

+Ph(s 5, 0) [BRA (s | 52,0) — B (s%| 5%, 0)| |
<SRG a) - P s )+ D0

sl 52/
= [BC1sh @) —PhCTsh )| + Bt 15t b - P15 0)
where the last inequality is due to 3" ., P?*(s¥ | s2,b) = 1 and 3., PL(s" | s, a) = 1. Thus, we
need to bound the two terms ||Pr¥(- | s!,a) — PL(s¥ | s*,a)|ly and ||P2*(- | s2,b) — P2(- | s2,b)|

separately.

BoA(s¥ 52,0) — PR(s | 52,0)]

)
1
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For k > 1, we have |[Py*(-|s',a) — Pi(-|s"a)y = maxppo< (BrF(|s',a) —
P} (s' | s',a),z)s, by the duality. We construct an e-cover for the set {z € RIS! : ||z||,, < 1} with
the distance induced by || - ||, denoted as Cu.(¢), such that for any z € RIS1l, there always exists
7z’ € Cy(€) satistying ||z — z'|| s < €. The covering number is N (€) = |Coo(€)| = 1/€/S]. Thus,
we know that for any (s',a) € S; x A and any z with ||z||., < 1, there exists z’ € Co(€) such that

|z" — z||oo < €and

(P(-|s' ) = Ph(-| s' a),2)
= (B)*(-|s"a) = Ph(-| s',a). 2)g + (BYF(-|s' a) = Ph(-|s"a).2—2)
§<I/P5;L’k(.|317a)_[[)>h(.|3,a7z>s e Pi7k'|37a>_Pllz('|Slaa) )
1 1

such that we further have

[Pl a) = PhC st a)|

= ”?“18‘}21 <]P) | 817 CL) - IED}IL( | 817 CL)), Z>Sl (423)
< z’re%a)%ti) <I/P\)}lz7k( | Sla CL) - ]P)II‘L( | Sla a’)7zl>51 te HI/ESfl;k( | Sla a’) - Pill( | Sla a)Hl :

By Hoeffding’s inequality and the union bound over all z' € C.(¢), when Nf(s!,a) > 0, with
probability at least 1 — ¢’ where ¢ € (0, 1],

Lk |S1]log(1/e) +10g(1/5’)
Zrerém%s <IP’ st a) —Pi(-| s a) \/ ONF(s1,a) (4.24)

Letting € = 1/2, by (4.23) and (4.24), with probability at least 1 — ¢’, we have

When NF(s',a) = 0, we have HﬁP\’,llk( |s',a) = Pi(-|s",a)||, = IIPL(- s a)lly = 1 such that
24/ [Blloa2Hos/0) 1 — HI@,llk( |s',a) —Pi(-| s*,a)||, always holds. Thus, with probability at
least 1 — ¢,

|S|log 2 + log(1/d")
2NF(s', a) '

PG It a) —PiC o) <1

_ / 2184 log(2/0"
[BEAC 18t ) —PhC 15t a)| <2 [51]log 2 + log(1/5) <\/ 51 10g(2/07)

2max{NF(s',a),1} — \| max{NF(s',a), 1}

Then, by the union bound, assuming K > 1, letting 0" = |S;||./A|H K¢'/2, with probability at least
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1— 0", forany (s',a) € S; x Aand any h € [H| and k € [K], we have

~ 2|8, | log (|Sy||A|H K /d")
Lk¢ | 1 _ Ll el < ! :
th (-[sa) =Py (-]s ’a)Hl - \/ max{Ny(s!,a), 1}

Similarly, we can also obtain that with probability at least 1 — 6", for any (s, a) € Sy x B and any
h € [H] and k € [K], we have

R 2|Ss| log(|Ss||B|HK /")
2k 2 2 2 2
ko b) — P2(. b)|| < '
HIPh (1s%0) =B ([ 57 )H1 —\/ max{N}(s?,b), 1}

Further by the union bound, we have with probability at least 1 — § where § = 20",

. oIS oIS [AIHE/S)  [21Salloa(2ISalIBIHK/S)
k(. _ . <
H]Ph( ‘S,a,b) ]P)h( ‘Saaab)Hl = \/ maX{N,’f(sl,a),l} maX{N,’f(s2,b),1}

This completes the proof. ]

In (4.7), we set Bg,k<8’ a,b) = \/szlia\;?i(il(iﬂlA\HK/&) +\/2H2|iz;)l(?%\(i|£22|\lf3lﬁl(/6) which equals

the product of the upper bound in Lemma 4.11 and the factor H.

Lemma 4.12. With probability at least 1 — 20, Algorithm 2 ensures that

K H

ZZEW Pk Lh Shvahabh ‘ 51:| <0.

k=1 h=1
Proof. We prove the upper bound of the model prediction error term. As defined in (4.14), we
have the instantaneous prediction error at the h-step of the k-th episode as

W (s,a,b) = ra(s,a,b) + (Pa(-| 5,0,0), Viyy () — Qp s, a,b), (4.25)

where the equality is by the definition of the prediction error in (4.14). By plugging in the definition
of @Z in Line 7 of Algorithm 2, for any (s, a, b), we bound the following term as

r(s,a,b) + (Pa(-|5,a,0), Vi y 1 () s — Qnls, a,b)
< r(s,a,0) + (Pl 5,0,0), Ve ()
— min {?,’;@, a,b) + (B(-]s,a,0), Vi1 (-)) g — BE, H — h + 1}

~ —k
< max {rh(s, a,b) — ?’fb(s, a,b) + <Ph(- | s,a,b) — PZ(-|S, a,b), Vh+1(')>3 — ﬁ,’f, 0},

(4.26)

78



where the inequality holds because

—k
7nh<37 a, b) + <Ph( ’ S, a, b>7 Vh+1(')>3
—k —k
S Th(S,a, b) + ||]P)h( ’ Saaab)Hl”V}H_l(')Hoo S 1 + Isrllga;( }Vh_i_l(s,)‘ S 1 + H — h,

since HPh(- | s,a,b) || , = 1 and also the truncation step as shown in Line 7 of Algorithm 2 for @2 ‘1

such that forany s’ € S

Vha()] = |7 (1) @i (57, ) (1)
< [ a CIO @ (5 Wb (L) (4.27)
< max }@:H(s’,a,bﬂ < H.

Combining (4.25) and (4.26) gives

7y (s,a,b) < max {rh(s, a,b) — 75 (s, a,b)

~ . (4.28)
+ (Ba(-] 5,a,0) = Bi([s,0.0), Vi1 () — B0 .

Note that as shown in (4.7), we have
/B,lf(s, a,b) = Z’k(s, a,b) + Bg’k(s, a,b).
Then, with probability at least 1 — §, we have

(s, a,b) — 7i(s, a,0) — B (s, a,b)
< [ra(s, a.b) = 7h(s.0.0)] = 5;"(s,a.0)

< B*(s,a,b) — ¥ (s,a,b) =0,

where the last inequality is by Lemma 4.10 and the setting of the bonus for the reward. Moreover,

with probability at least 1 — §, we have

(Pu-|5,0,6) = BE([s,0,0), Vipya () s — B (s,a,b)
S H]Ph( | 5, a, b) - @’:L(b’a’b)HlHV:—‘rl()‘ 00 - ;I:)’k<87(l, b)
< H||Py(-|s,a,b) — EA”fL(-|s,a)Hl — B % (s, a,b)

< By (s,a,b) — By (s,a,b) =0,

where the first inequality is by Cauchy-Schwarz inequality, the second inequality is due to
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maxXy cs HVZ (s )Hoo < H as shown in (4.27), and the last inequality is by the setting of ﬁg’k
in (4.7) and also Lemma 4.11. Thus, with probability at least 1 — 20, the following inequality holds

ri(s,a,b) — 7 (s,a,b) + (Pa(-| 5,a,b) — BE(-]s,a,b), Vi1 () g — BE(s,a,b) < 0.

Combining the above inequality with (4.28), we have that with probability at least 1 — 20, for any
h € [H] and k € [K], the following inequality holds

7 (s,a,b) <0, V(s,a,b) €S x A x B,

which leads to

K H
E g E*]P)Vk ™ (sn, an, bp) ‘31]30.
k=1 h=1

This completes the proof. ]

Lemma 4.13. With probability at least 1 — 0§, Algorithm 2 ensures that

K K
S Vils) = DV (1) < OWISPIATH'E + VIS:PIBIEK + /1S[|S: [ Al[BIH°K).

k=1 k=1

Proof. We assume that a trajectory {(sf, af, b}, sf. )}, for all k € [K] is generated following
the policies ¥, /¥, and the true transition model IP. Thus, we expand the bias term at the h-th step
of the k-th episode, which is

Vialsh) = Vi (sh)
— [rbClsB)] T [@n(sk, ) — QF (k- )]k (k)

k k

= Ch + Qh(5h7 a’h7 blfi) - Z Y (8h7 afn bk) (429)
7k wh vk —
= C}]f + <]P)h< ‘ 827 aia bk)a Vh—i—l( ) Vh+1 (>>3 - LZ(SQ» afw bi)

—k ko k
= C}]f + gi]: + Vh+1(52+1) Vhﬁ-',-ly (82—%1) LI;L(Sia al}c” blfgb)a

where the first equality is by Line 8 of Algorithm 4 and (2.3), the third equality is by plugging
in (2.4) and (4.14). Specifically, in the above equality, we introduce two martingale difference

sequence, namely, {C}'}1,>0 k>0 and {€F} >0 k>0, which are defined as

T =k kb k ok
W}Ii ' Slfj)} [Qh(sia'v') - Z . (327'7'>}Vh |5h rh Sh’ambk) ﬂ . (Slfiaaz?bz)]?

G = [ (]
7k ﬂk,uk mk ,l/
<Ph(' | Slfw GZ> 62)7 Vh+1(') — Vi1 ()>3 - [Vh+1(sh+1) — Vi1 (5§+1)L

&
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such that

k
E“}ﬁNwlﬁ('\Sk) by~ (-|sy) [Ch ‘f =0,

h

Esﬁ_‘_lwﬁ”h( | sﬁ,aﬁ,bﬁ) |:§h | ‘Ffﬂ = 07

with FF being the filtration of all randomness up to (h — 1)-th step of the k-th episode plus 3’;, and
j—v",’f being the filtration of all randomness up to (h — 1)-th step of the k-th episode plus s, af, bF.
k

kThke equality (4.29) forms a recursion for Vﬁ(sﬁ) -V v (sF). We also have VI;{ +1(-) =0and
Viyy (-) = 0. Thus, recursively apply (4.29) from i = 1 to H leads to the following equality

H H H
—k
Vi(s1) =V, =D D &= T(sk ar, by). (4.30)
h=1 h=1 h=1
Moreover, by (4.14) and Line 7 of Algorithm 2, we have
_ —k
_LZ(Siv (ZZ, bZ) = _rh(siv a’,f” bk - <Ph : | Shy Qh, bh)> Vh+1(')>5

—k
+ min {Th sy ay, by) + <IP’Z(-|Sh, an, br), Vh+1(')>3 + BE(sF af, b)), H}.
Then, we can further bound —¥ (s¥, a¥, b¥) as follows

- —k
_Li(szv ai, bz) < _Th(sfw aiv bi) - <Ph(' ’ 527 afw bi)» Vh+1(')>5 + ?kh(32> afm b@
=~ —k
<]P)k '|SZ7 afu bz)a Vh+1<')>$ + BZ(wa a’iv bz)
< }rh Sha &h’ bk) - Th(sfw afv bﬁ)‘
=~ —k
+ ‘<Ph ’ | Sh? a’i? bl;;) - ]P)z( ’ 527 a’fw bi)? vh+1(')>g‘ + 65(527 afw bﬁ);
where the first inequality is due to min{z, y} < x. Additionally, we have
o~ —k
[P sk a, 08) = BhC | sk af, BE), Vi ()

< Ve Ol I 55, 05 = BhC sk ab, 8]
< HPuC | s, 0F) — B | o )]

where the first inequality is by Cauchy-Schwarz inequality and the second inequality is by (4.54).
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Thus, putting the above together, we obtain

L]Ii(slfivahabk < |Th Shaambk) Th(SZ,CLZ,bZ”
+ H||Pu(- | sk, g, 0) — Pu(- | sy, ah, ) ||, + Bi(sh, ai, by)
< 267" (sh, ap, 0h) + 26, (s, @y, a1),

where the second inequality is by Lemma 4.10, Lemma 4.11, and the decomposition of the bonus
term 3% as (4.7). Due to Lemma 4.10 and Lemma 4.11, by union bound, for any h € [H], k € [K]
and (sp, an, by) € S x A x B, the above inequality holds with probability with probability at least
1 — 2¢. Therefore, by (4.30), with probability at least 1 — 26, we have

K
ST Vis) = Vi (s0)]
= K H K H
SZZC}IE—FZZg}?—FQZZﬂ Sh7ah7bk +QZZB Sh7ah7bk>
=1

k=1 h=1 k=1 h=1

4.31)

where we use the facts that @:(sh,ah, br) — Qz (s gk b)Y < 2H and |Vﬁ+1(s’,§+1) —
k k
k

V,:ri” (si)| < 2H. Next, we need to bound Zk IZh LBy (h,ah,bk) and
Zk 1Zh 15 (Sh,ah,bk) in (4.31). We show that

P K H
) 10g(|31||52||A||B|HK/5)
k k’ k’bk =
Zzﬂh (Sh’ An h) ZZ maX{Nk(Sh 7Sh 7ah7bk) 1}
K H
log(\&HSQHAHB’HK/(S)
:CZZ\/ NE bk
k= ( h ) h ’ah’ )

H NK(S s2,a,b)
<C) >, \/log [S:l|S:||AlIBIHK/5)

n

h=1 (s1,52,a,b)€S1 xS2 x AXB n= 1
NE(st,s2,a,b)>0

where the second equality is because (sillk, s,zl ok a¥, b¥) is visited such that N (sh , sik, ar by >
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1. In addition, we have

N

d S Nog (18118 Al BIH K S)
hz_; Z Z \/og 1 2n

(s1,52,a,b)€S1 xSa x AXB n=1
N[ (s!,52,a,b)>0

H
= Z Z O <\/fo((81,s2,a,b) log ‘81||82H?||B|HK)

h=1 (s1,52,a,b)€S1 xSax AxB

IN

S1]|S:| A||BIHK
0<H\/K|81|182|\A||B|1og' IS A5 )

where the last inequality is based on the consideration that

2 (51 2,0.6) €81 xS2 x AXB N (s',s* a,b) = K such that 3 1 2 o) es, xSox AxB VINE(sT, 5%, a,b) <
O (\/ K|S |[S:||AllB |) when K is sufficiently large. Putting the above together, we obtain

K H
SISJABIHE
225k ) <O<H\/K|sl||s2||,4||3uog| iS5 )
=1

h=1

Similarly, we have

K H
> D B (shahbr)

NN (RS osQASIIAHESS) | [2H2Sy| log (S| B HE/6)
ZZ (\/ maX{Nk(sh ,af), 1} +\/ max{Nk(sh 08, 1} )

2|S||A|HK

5 +H\/K\82|2|B|H2log

<o <H¢K|&|2|A|H2 g W) |

J

Thus, by (4.31), with probability at least 1 — 9, we have

K K
S Vi) = Y VT (s1) < OWISIPIATHK + /[S:PIBIHIK + /S]] Al BIH?K),
k=1

k=1
where O hides logarithmic terms. This completes the proof. [

Before presenting the next lemma, we first show the following definition of confidence set for

the proof of the next lemma.

Definition 4.14 (Confidence Set for Player 2). Define the following confidence set for transition
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models for Player 2

2= (B Ba(s®5 ) - B (%)% 0)| < 6%, IBuCIs%, Bl = 1.

and Py (s¥[s%,b) > 0, V(s%,b,5%) € Sy x B x S, Vk € [K]}

where we define

FYS Pr"(s%[s2, b) log(|Sa||BIHK /8")  141og(|Ss||BIHK /")
' max{Nf(s2,b) — 1,1} 3max{Nf(s?,b) — 1,1}

with NF(s2,b) := S2F_ 1{(s2,b) = (s>7,b7)}, and P2* being the empirical transition model for

=1

Player 2.

Lemma 4.15. With probability at least 1 — 6, the difference between qzk’ﬂﬂ and dzk B i bounded

as

k]PZk

l/]€2 v
C]hJP( ) d

(2]

K H
S T[St - Sattenn
k=1 h=1 s2€S, | beB beBB
K H
2.2 2 ) w0 B )
=1 h S 682 beB

where @ik (s2,b) is the occupancy measure under the empirical transition model P2* and the policy
*. Then, since P2* € T2 always holds for any %, by Lemma 4.19, we can bound the last term of
the bound inequality such that with probability at least 1 — 64,

k @Q,k

() = T ()] < £+ &
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Then, we compute £; by Lemma 4.18. With probability at least 1 — 2§, we have

H K
So| log(|So||BIHE/0") | log(|Ss||BIHEK/Y)
E=0 wy (5%, b) | +
! ;;;;; h max{N}(s2,b), 1} max{N}(s2,b), 1}

i h—1

=0 V|Ss| (\/|82||B|K+|82||B]10gK+log 5)

|S:||BIH K
5/

~0 (H2|82]\/|B|K+H2|82|3/2|B|10gK+H2\/|S log 2 > W}

6/
— O (H1S:IV/IBIK )

where we ignore log ' when K is sufficiently large such that v/K dominates, and O hides log-

arithm dependence on |Sy|, |B|, H, K, and 1/¢’. In addition, & depends on ploy(H, |S|,|B|)

|Sa||B|HK
5

except the factor log as shown in Lemma 4.19. Thus, & can be ignored comparing to &;

if K is sufficiently large. Therefore, we obtain that with probability at least 1 — 8¢’, the following
inequality holds

Z Z dyk 2.k (52)

k=1 h=1 82682

<0 (HQ\SQ\\/]B]K>.

We further let 6 = 8¢ such that log W = log W which does not change the or-
der as above. Then, with probability at least 1 -9, we have Zk 1 Zh L D2, \qhk Hﬂ(s?) —
dzkp (s2)| < O(H?2|Ss|+/|B|K). This completes the proof. O

4.7.1 Other Supporting Lemmas

Lemma 4.16. Let f : A — R be a convex function, where A is the probability simplex defined as
AN={xeR?: ||x|; = landx; > 0,Vi € [d]}. Foranya >0,z € A, andy € A° where
A° C A with only relative interior points of A, supposing x°** = argmin,., f(x) + aDky(X,y),
then the following inequality holds

f(xP) + aDg(x,y) < f(2) + aDki(z,y) — aDky(z,x™").

This lemma is for mirror descent algorithms, whose proof can be obtained by slight modification
from existing works [Tseng, 2008, Nemirovski et al., 2009, Wei et al., 2019].
The following lemmas are adapted from the recent papers [Efroni et al., 2020b, Jin et al., 2019],

where we can find their detailed proofs.

85



Lemma 4.17. With probability at least 1 — 46, the true transition model P* satisfies that for any
ke K],

P e Y2,

This lemma indicates that the estimated transition model @i’k(s” |s2,b) for Player 2 by (4.10)
is closed to the true transition model P%(s*|s? b) with high probability. The upper bound is by
empirical Bernstein’s inequality and the union bound.

The next lemma is adapted from Lemma 10 in Jin et al. [2019].

Lemma 4.18. We let wi’k(SQ, b) denote the occupancy measure at the h-th step of the k-th episode
under the true transition model P? and the current policy V*. Then, with probability at least 1 — 25’
we have for all h € [H], the following results hold

wl(s%,b) H
Z Z Zmax{Nk ERNye (|82\|B|logK+log (5’) :

k=1 s2eS, beB

and

K

Y8 i (5,0) — - O (\/|82||B|K+ |52|\B\1ogf<+1og§> .

1 oes, beB /max{NF(s2,b

By Lemma 4.17 and Lemma 4.18, we have the following lemma to show the difference of two

occupancy measures, which is modified from parts of the proof of Lemma 4 in Jin et al. [2019].

Lemma 4.19. For Player 2, we let wi’k(SQ, b) be the occupancy measure at the h-th step of the
k-th episode under the true transition model P? and the current policy v*, and @i’k(SZ, b) be the
occupancy measure at the h-th step of the k-th episode under any transition model P2* € T2k gnd
the current policy v* for any k. Then, with probability at least 1 — 65" we have for all h € [H|, the
following inequality holds

K K
SOSTS N laRt s ) — wpt (s )] < &+ 6,
k=1 h=1 s€Sy beB

where £ and &, are in the level of

33 S ukehy ( Sl log (S [|BIHK/3) 1og<rsgw|B|HK/5'>>

Pl max{NF(s?,b),1} max{NJ(s2,b),1}

h—1

H
E =0 2:
=2
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and

S| |IBIHK
&= 0 (p01y<H, S0, |B]) - log L) |

5/

where poly(H, |Ss|, |B|) denotes the polynomial dependency on H,|Ss|, |B].

4.8 Proofs for Markov Game with Single-Controller Transition

Lemma 4.20. At the k-th episode of Algorithm 4, the difference between value functions Vfr*’”k (s1)
and Vlﬂk’l’k(sl) is

k Kk

Vi (s1) = VI (s1)

= V(1) = V" (51) + 3 B[ (miClisn) = 7hCCLsn), U, ) 4

h=1

y

H
—+ Z Ew*,IP’,uk kz(shv Qp, bh) | Sl} ’
h=1

where sy, ay, by, are random variables for state and actions, UF(s,a) = (@:(3, a,),vr(-]s))s,

and we define the model prediction error of QQ-function as
SH(s,a,b) = ru(s,a,b) + thzﬂ(s, a) — @,’i(s, a,b). (4.32)

Proof. We start the proof by decomposing the value function difference as

k k

* v T v w* vk —k —k VI
VI (1) = Vi (s1) = Vi (1) = Vi(sa) + Vi(s1) = Vi ¥ (s1). (433)

Note that the term Vlf(sl) - Vka’”k (s1) is the bias between the estimated value function V]f(sl)
generated by Algorithm 4 and the value function ka"’k (s1) under the true transition model PP at
the k-th episode.

We focus on analyzing the other term Vfr*’”k (s1) — V4 (s1) in this proof. For any h and s, we
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have the following decomposition

= [mCls)]TQE " (s, WE(ls) = [k (-19)] ' Qls, - )vE(]s)

= [m (1)) TQF ™ (s, E(-]s) — [ (1s)] Q@ < L E(]s) s
+ L) @ (s, ECls) = [k (1)) Qnls, -, )vE(ls)

= [mC1s)] T (@ (s, ) — T (s, - -ﬂvh(-\s)

+ [mh (1) — 7 C1s)] Quls, )k Cls),

where the first inequality is by the definition of Vh“*”’k in (2.3) and the definition of V’Z in Line 8 of
Algorithm 4. Moreover, by the definition of Qf”’k (s,-,-) in (2.4) and the model prediction error
dj for Player 1 in (4.32), we have

k —k

)T [QT ™ (5,1 ) = B (51, ] v Cls)
=3 wi(als) {Z Po(/]3, @) [V () = V1 ()] + (s b)] V()

acA beB s'eS
=35 mials)Pu(s']s,a) [V (s)) — Vi (s)] + >0 milals)si(s, a, bk (bls).
a€A s'eS a€eA beB

where the last equality holds due to >, v(b | s) = 1. Combining this equality with (4.34) gives

yr ot ZZM (als)Pn(s'|s, a) [Vh7r+1y (s') —V:H(S,)}

a€A s’'eS

+ 375 mi(als)ch(s, a, b)vk (bls) (4.35)
acA beB

+ 35" [mials) — wk(als)] Qn(s, a,0)vk (b]s).
a€A beB

Note that (4.35) indicates a recursion of the value function difference Vh”*’”k (s) — V:(s). Since
we define VI}TJrll’k(s) = 0 and V;H(s) = 0, by recursively applying (4.35) from h = 1 to H, we
obtain

‘/vlﬁ*,l/k(sl ZE *IP’{ 7Th ’Sh Sh) 7')Vh< |Sh ’81}
(4.36)

+ ZEM{ [ (-lsn) = 75 Clsn)] " @ (sno - Ik Clsn) | 51}

h=1
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where s, are a random variables denoting the state at the A-th step following a distribution deter-

mined jointly by 7*, IP. Further combining (4.36) with (4.33), we eventually have

k k k

VI (1) = VT (s1)

H
1/ Wk,Vk * —
=Vi(s1) = Vi (s1) + Y B p{ [ (1) T (50, -, )i Clsn) [ 51}
h=1
< Tk
+ ) B p{ [m5(lsn) = 7 Clsn)] @n(sny e )k (-lsn) | 51},
h=1
which is equivalent to the result in this lemma. This completes our proof. 0

Lemma 4.21. At the k-th episode of Algorithm 5, with probability at least 1 — 0, the difference
between the value functions Vfrk’”k (s1) and Vfrk’y* (s1) for all k € [K] is decomposed as

k k

Vi (s1) = VI (s1)

<2ZE7rk]Puk 6h Sh>ah7bh |$1 +szﬂ ‘8)}TSI;L(87'7')U;:(.|S)

h=1 seS

kak « k:‘k
+ szh T (W (s, ), v (ls) = vi(Cls)) —diy " (s)],
h=1 s€S h=1 s€S§
where sy, ay,, by, are random variables for state and actions, WF(s,b) = (7%(s,-,b),7F(-| s)) 4,

and we define the error term as
Sh(5,a,b) = Ti(s,a,b) — ru(s,a,b). (4.37)

Proof. We start our proof by decomposing the value difference term for any h and s as follows

v (s) - vh“”*<s>
— 7 (1)) Q" (s, W Cls) = [ (1)) TQE ™ (s, -, )i (ls) s
= [7h (1)) Q" (s, ) [ Cls) — vy (-]s)]
+ [mh(-]s)] [@;f sy ) = QF Y (s, )i (]s),

where the first equality is by the Bellman equation for V," ”(s) in (2.3) and the second equality
is obtained by subtracting and adding the term [7}(-|s )} QZ v (s,+, - )vi(+]s) in the first equality.
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Moreover, by the Bellman equation for Q)7 in (2.4), we can expand the last term in (4.38) as

(7 Cl9)] T [QF " (5, -,-) = QF (5, )] v -s)
_ k / ak vk wkux *
=33 " whals) Y Pulsls, @) [V (s) = Vim (8] vi(bls) w39)
acA beB s'eS :
=33 wh(als)Pu(s]s,a) [Vir (5) = Vi (s)].
acA s’'eS

where the last equality holds due to ), v (b|s) = 1. Combining (4.39) with (4.38) gives

VI ) = Vi ) = D0 3 mhals) @7 (5, 0) [ (Ols) — vi(bls)]

acA beB

+ 30N wk(als)Bals'|s, ) [V () — Vi ()]

acA s'eS

(4.40)

Note that (4.40) indicates a recursion of the value function difference Vh”k’”k (s)— Vhwk’”* (s). Since

we define V7, (s) = 0 for any m and v, by recursively applying (4.40) from h = 1 to H, we obtain
7rk,1/k
Vi

. 4.41)

s1) = Vi (s1)
= > B p{ [T Clsn)] Q5 (snos )[R Clsn) = viCls)] |1},

where s;, are a random variables following a distribution determined jointly by 7* P. Note that

since we have defined the distribution of s;, under 7* and P as
kP
q " (s)=Pr (sh =5 ‘ 7 P, 31),

we can rewrite (4.41) as

H ‘p . (4.42)
=33 aqn F(s)mkals)@Qn (s.a,b)[vE(bls) — v (b]s)].
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By plugging the Bellman equation for Q-function as (2.4) into (4.42), we further expand (4.42) as

=SSN S G )k als) [ra(s, a,b) + (Bals ), Vi ()] [k (Bls) — vi(0s)]
=S SNTS G ()b als) [ra(s, a,0)] [vE(Bls) — vy (0]s)]

h=
=SNG S Trals, - ) [pECls) = viCls)),

where the second equality by

SUNSTS G )k als)(Palls, a), Vi () gk (bls) — vy (b]s)]

h=1 seS aeA beB

- ZZZQ s)m, (als)(Pu(:s, a) Vhﬂ+1’/ >SZVh bls) — v, (bls)]

1 s€S acA beB

In particular, the last equality above is due to

> [Ebls) = vi(bls)] =1—1=0.

beB

Thus, we have

Vs =V 1) = S0 S ) [ s [ Cls) — i) 443)

h=1 seS

Recall that we also define the estimate of the state reaching probability q,fk’P(s) as
dnk,ﬂ?”“ _ _ E Tk
n(s) =Pr(sp = s| 7" P sy).

Now we define the following term associated with P*, 7%, 7%, /¥, and the initial state s, as

VE =SSN d (s [k Cls)] TR (s, A Cls),
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with 7 defined in Line 7 of Algorithm 5, which is
7r(s,a,b) = max {7} (s,a,b) — B;* (s, a,b), 0}.

Thus, by (4.43), we have the following decomposition

k k

Vi (s1) = VI (s1)
— VT (s1) = Vi (1) — VE 4 VR

=S @ TG [T rals, s W) = i () [whCls)] T, k)
h=1s€S . (4.44)
Te;rg(l)
3N T O[] s, Cls) = a7 T () [k CLs)] ras, s iCls) }
h=1 s€S
Ter?n?ll)

h=1 se8§
=3NS [FECL)] [rals ) = Th(s )]k Cls)
h=1 se8§
DN a ) = i ()| [k L)) G, i)
h=1 se8§
<23 B [B5 (5,0 0)] + 30D |7 s) — a5 (4.45)
h=1 h=1 se8

where the inequality is due to |75 (s, a, b) — r5(s, a, b)| < 87" (s, a, b) with probability at least 1 — &
by Lemma 4.23 such that we have

(s, a,b) — Ti(s, a,b) = ry(s,a,b) — max {7}(s, a,b) — Z’k(s,a,b),()}
= min {ry(s,a,b) — (s, a,b) + ﬁ;’k(s, a,b), (s, a,b)}
< ri(s, a,b) = 7E(s,a,b) + By (s,0,b) < 28;%(s,a,b)
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and then

Do a C[RRC1] [rnls) =i, )R Cls) < 2Erpun [B(s,a,)).

seS

In addition, the inequality in (4.45) is also due to

[ (15)] (s, -, vk (]s)

< \Zsz<a\s>'f’;<s,a,b>uﬁ<b|s>
a b
< ZZWZ(G‘S) ) |?§(8’a>b)’ ’ V§<b‘3) <1

because of 0 < 7%(s, a,b) = max {ﬂi(s, a,b) — ,’;’k(s, a,b), O} < 7%(s,a,b) < 1. Therefore, with
probability at least 1 — 9, we have
k @k

H H
Term(I) < QZ]EWIC,P,V;@ [ﬁ;’k(sh, an, bn)] + Z Z ‘qzk’P(s) —dy

h=1 h=1 s€S§

(5) ) . (4.46)
Next, we bound Term(II) in the following way

Term@D) = 3> a7 ¥ (s) [wh (1)) Fi(s, - ) [ Cls) — i (-ls)]

h=1 seS

F [ ) = ) [l s, i)

h=1 seS

H
Wk,@k T sk
+2 D A T O[] G )valls),
h=1 seS
where SZ(s,a,b) is defined in (4.37). Here the first term in the above equality is associated
with the mirror descent step in Algorithm 5. The second term can be similarly bounded by
S Yoses |q,7{k’P(s) - dzk’Pk(s)L Thus, we have

Term(ID) < 3 3 d () [mh(1s)] (s, ) [E Cls) = vi(-ls)] (4.47)
h=1 scS8S
) = d T )|+ DY ) [mhC19)]) k(s ).
h=1 seS h=1 seS

Combining (4.46), (4.47) with (4.44), we obtain that with probability at least 1 — ¢, the following
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inequality holds

k k

Vi (s1) = Vi (1)

<22EﬂkIPuk 5;1 (S, an, bn) |51 +szﬂ ‘3)}TSQ(37'7')VZ('|3)

h=1 seS
ﬂ.k:\k ok
b S T A — B, )]s
h=1 s€S h=1 s€8S
where WF(s,b) = (7%(s,-,b), 75(- | 5)) 4. This completes our proof. O

Lemma 4.22. With setting n = +/log | A| /(K H?2), the mirror ascent steps of Algorithm 4 lead to

S5 B [(Rils) — w019,V ), < O (VAR gAY,

k=1 h=1
where UF(s,a) = (@:(s,a, D, vk (8))s V(s,a) € S x A

Proof. As shown in (4.12), the mirror ascent step at the k-th episode is to solve the following

maximization problem

H

maximizez (mn(-]s) — i (-]s), U (s, ')>A - % Z D (ma(+]s), mi (-] 5)),

T
h=1

with UF(s,a) = <@Z(s, a,-),vr(+|s))s. We can further equivalently rewrite this maximization

problem as a minimization problem as

minimize — Z (T (-s) = mh(-]s), Up (s,-)) 4 + % Z Dy (ma(+]s), mh (-] 5)).

Note that the closed-form solution Wﬁ“ (‘]s),V¥s € S, to this minimization problem is guaranteed
to stay in the relative interior of a probability simplex when initialize 7 (-|s) = 1/|.A|. Thus, we

can apply Lemma 4.16 and obtain that for any m = {m;, }/L |, the following inequality holds

— (i (1s), Up (s, ) , + n€ma(-1s), Up(s, ) ,
< D (ma(:|s), w3 (1)) — D (ma(:[s), w3t (-|s)) — Dxw(x3 ' (|s), (-] s)).
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Then, by rearranging the terms, we have
(i (1) = mh(-]s), Up(s,)) 4

< Dxr (m;(-18), mh(-|s)) — D (m (-[s), w1 () = D (™ (|s), mi (] s))  (4.48)
+(my T (L) = mh(-1s), Un(s,7)) 4

Due to Pinsker’s inequality, we have
1
= Dice(m ™ (13), 7h(19) < =5 |7 (1s) = mhCls) |
Moreover, by Cauchy-Schwarz inequality, we have

n(mp(Cs) — mh(cls), U (s, ), < nH||m 7 (|s) — mi(-]s)]],-
Thus, we have

— Dy (7 ’““(-IS),WZ( )+77<7Tk+1- [8) = mh(-1s). Ui (s,)) 4

1 (4.49)
< - Hﬂ’““<-|8> I} + |7 (1s) = mh(1)], < 5P H?,

where the last inequality is by viewing Hﬂk“ |s) — as a variable x and finding the

)],
maximal value of —1/2 - 22 4+ nHx to obtain the upper bound 1/2 - n? H?

mh(
Thus, combing (4.49) with (4.48), the policy improvement step in Algorithm 4 implies

(i (ls) = m(ls), Uy (s,) 4

< Diw (53 ls). 5 C1s)) — Dia (i Cls) 7k Cls) + i 2

which further leads to

ZE*PRM —7Th )Uh( )>A]

< LS B [P (i) 1) — Dis i), 7o)+ St

95



Moreover, we take summation from & = 1 to K of both sides and then obtain

SO B [(riCls) — 7kC1s) UE(s, ).

< %ZEW*,P [Dxr (75(:|s), mh(¢|8)) — Dy (i (-] s), mi T (o] s)) ] + %nKH?’
< S Ere e [Dua(milC19). 1)) + oK I
h=1

where the last inequality is non-negativity of KL divergence. By the initialization in Algorithm 4,
it is guaranteed that 7 (+|s) = , which thus leads to Dgp, (75 (+|s), 7. (:|s)) < log |.A]. Then,
with setting 7 = /log |A|/(K H?), we bound the last term as

H

1 1

- 2 Ere[Dia(mi(1s), m(1s))] + 50K H' < O (VHTKTog|A])
h=1

which gives
K H
SN B [(7iCls) = mhCls), Uk(s, ) | < O (VETK Tog]A])
k=1 h=1
This completes the proof. ]

Lemma 4.23. Forany k € [K|, h € [H] and all (s,a,b) € S x A x B, with probability at least

1 — 6, we have

4log(|S||A||BIHK/S)
~k _ < )
75 (s,a,b) — ry(s,a,b)| < \/ max{NF (s, a,b), 1}

This lemma is the same as Lemma 4.10. We rewrite it here for the completeness of the proofs
in this section. In (4.11), we set B,Z’k(s, a,b) = \/41°g(‘5”“4|‘6|HK/5) which equals the bound in

max{NF(s,a,b),1}
Lemma 4.23.

Lemma 4.24. For any k € [K], h € [H| and all (s,a) € S x A, with probability at least 1 — 0,

we have

H@ﬁ(- |5,a) = Pu(-| s,a)H1 < \/2|i|1£§(]’\%|(|§§ff}/5).

Proof. Fork > 1, we have |[BE(- | s,a) —Py(-| s, a)|[1 = maxyyy.<i (Pi(-|s,a) —Pu(-|5,a),2)s
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by the duality. We construct an e-cover for the set {z € Rl : ||z|, < 1} with the distance
induced by || - ||, denoted as Co,(€), such that for any z € RI¥!, there always exists z’ € Cy(€)
satisfying ||z — z'||s < . The covering number is Ny (¢) = |Coo(€)| = 1/€!Sl. Thus, we have for
any (s,a) € S x A and any z with ||z||o, < 1, there exists z' € C,(€) such that ||z’ — z||,, < € and

(Pi(-|s,a) — Py(-|5,0),2)
= (P}(-|s,a) = Py(-|5,0).2) g + (PE(- | 5,0) — Py(- | 5,0),2 — 2')
< (Bi(I5.0) = Bl |5,0),2) g + €| [BC 5,0) = a5,

S

such that we further have

|BiC15.0) = Bul- |5,

= max <@Z( |5,a) = Pp(-|s,0),2)

2]l <1 S (4.50)
< max (BY(|s.0) = Bu(-]s.0).2) g ¢ [BC | 5.0) ~ Bi(-[s.0)|

By Hoeffding’s inequality and the union bound over all z' € C.(¢), when Nf(s,a) > 0, with
probability at least 1 — ¢’ where ¢ € (0, 1],

~ S|log(1/e) + log(1/d")
k(. o . / < |
z/reréi}%g) <]Ph( ‘S,CL) ]P)h( |57&)7Z >S — \/ 2N,’f(s,a) : (451)

Letting ¢ = 1/2, by (4.50) and (4.51), with probability at least 1 — ¢’, we have

|S|log 2 + log(1/d")
2NF(s,a) '

[BC1s @) = PuIs,0)]| <1

When NF(s,a) = 0, we have HEA”fL(-|s,a) — Pu(-]s,0)||, = IPa(-]s,a)[li = 1 such that

2 w > 1 = H@ﬁ( |s,a) — Pp(- | s,a)H1 always holds. Thus, with probability at
least 1 — &/,

~ |S|log 2 + log(1/¢") 2|S| log(2/¢")
HPIZ( |5,a) = (] S’G)H1 =2 2max{NF(s,a),1} = \/maX{N}’f(s,a), 1}

Then, by the union bound, assuming K > 1, letting § = |S||.A|H K ¢'/2, with probability at least
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1 — 4, forany (s,a) € S x Aand any h € [H| and k € [K], we have

[ 5.0t 5. <[ 2L

max{N}(s, ), 1}

This completes the proof. ]

In (4.11), we set 8, (a,b) = \/ 21 i'ii‘;%‘,;s(g“:ﬁf /9 which equals the product of the upper
h\9¢),s

bound in Lemma 4.24 and the factor H.
Lemma 4.25. With probability at least 1 — 20, Algorithm 4 ensures that
K H
ZZEW* Bk [Sh(Shy an, br) | s1] <0.
k=1 h=1

Proof. We prove the upper bound of the model prediction error term. We can decompose the

instantaneous prediction error at the h-step of the k-th episode as

Ez(sa a, b) = 7’h(su a, b) =+ <Ph< | S, a)7 V:+1(')>3 - @:(57 a, b)a (452)

where the equality is by the definition of the prediction error in (4.32). By plugging in the definition
of @2 in Line 7 of Algorithm 4, for any (s, a, b), we bound the following term as

r(s,a,b) + (- 5,0), Viyy () g — Qn(s, a,b)
< rp(s,a,b) + (Pu(-| s, a),Vle(-)}S
— min {7(s, 0,0) + (B(]s,0), Viia () — B H — h+1}

< max {Th(s, a,b) = F(s, a,b) + (Py(-| 5,0) = Pi(-]s,a), Vi1 ()5 — BE, o},

(4.53)

where the inequality holds because

—k
rh(57 a, b) + <Ph( | Sh, ah)v Vh+1(')>5
—k —k
< (s, a,b) 4 [|Pal- | sn, an) || Vi (Voo < 14 max Vi (8)] <1+ H —h,

since || Py (- | sn, an)|| , = L and also the truncation step as shown in Line 7 of Algorithm 4 for @]Z +1
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such that for any s’ € S

Vha (] = | (7 1] @i (57, D (1)
< [l 1 G | [ @ (- ) (1) (4.54)
< max }@zﬂ(s',a,bﬂ <H-h

Combining (4.52) and (4.53) gives

S (s,a,b) < max {rh(s, a,b) — (s, a,b)

~ ., (4.55)
+ (Pl | ,0) — BE(|s,a), Vi () g — B, o}.

Note that as shown in (4.11), we have

ﬁl,j(s, a,b) = Z’k(s, a,b) + 5E’k(s, a).

Then, with probability at least 1 — §, we have

ru(s, a,b) — (s, a,b) — 8" (s,a,b)
S |Th(87a7b) - ?kh(‘%avb)‘ - Z’k(suaa b)

< 62’16(57@7[7) - }szk(&a’vb) =0,

where the last inequality is by Lemma 4.23 and the setting of the bonus for the reward. Moreover,
with probability at least 1 — §, we have

(Pr(-] s,0) = BE(-|s,a), Vipyr () g — B (s, a)
< |[Pal-1s,a) = Bi (s, @) || |V ]| — 875 (s, )
< H|[Pu(-|s,a) = Bf([s, )|, = 67" (s,a)

< ﬁg’k(sa CL) - E’k(sa CL) = O?

where the first inequality is by Cauchy-Schwarz inequality, the second inequality is due to
maXyes HV’Z (s )HOO < H as shown in (4.54), and the last inequality is by the setting of 65”“
and also Lemma 4.24. Thus, with probability at least 1 — 24, the following inequality holds

Th<87 a, b) - 7/:]}2(3’ a, b) + <Ph( | 5, a) - I/P\DII?L(|S7 a)’V:+1(')>3 - ﬁ}lf(& a, b) <0.

Combining the above inequality with (4.55), we have that with probability at least 1 — 24, for any
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h € [H] and k € [K], the following inequality holds
Sh(s,a,0) <0, Y(s,a,b) €S x A x B,

which leads to
K H
ZZEW Pk [Sh(snsan, bp) | 51] <0.
k=1 h=1
This completes the proof. 0

Lemma 4.26. With probability at least 1 — 0, Algorithm 4 ensures that

K K
> Vi) = YoV (s1) < O (VISPIATHTK + V/ISTAIBIHK )
k=1

k=1

Proof. We assume that a trajectory { (s}, ay, by, sf. )}, for all k € [K] is generated following

k

the policies ¥, 1/*, and the true transition model IP. Thus, we expand the bias term at the h-th step

of the k-th episode, which is

—k 7k yk ﬂ.k ok
Vh(si) - Vh (82) = [ﬂ'h ’ Sp ] rh Sh) 7' (S;{w "y )] yﬁ(’s’fb)
ﬂ'k Vk
= Ch +Qh(5h>ah>b§) — W (Sﬁ»aijbi)
k E _ky T7F 7k ok ki k k 3k (4.56)
=(y + <Ph(' sy an), Vi () = Vi ()>5 — S (sn, ap, by)

=k 7rk Vk —
= Ci]f + 52 + Vh+1(32+1) Vh+1 (Si-i-l) CZ(S;CL, CLZ’ bZ)a
where the first equality is by Line 8 of Algorithm 4 and (2.3), the third equality is by plugging
in (2.4) and (4.32). Specifically, in the above equality, we introduce two martingale difference

sequence, namely, {CF}1,>0 x>0 and {&X} 1,50 x>0, which are defined as

G = [mhClsh)] [@n(shs) = Qi (s, )k Clsh) — [@n(sh, ah BF) — Q5 (sh, af 0]
5}’3 3:< n(: |Sh>ah) Vh+1 Vhﬂ+1y >5 [Vh+1 3h+1) Vhﬁlyk(sﬁl)}
such that

Bof ot 15 mvk o) [Ch | FR) = By ~rashaby (€ | FA] =0,

with FF being the filtration of all randomness up to (h — 1)-th step of the k-th episode plus sf, and
F * being the filtration of all randomness up to (h — 1)-th step of the k-th episode plus sf, a¥, b}.

. . —k k k
We can observe that the equality (4.56) construct a recursion for V, (s¥)—V," """ (sF). Moreover,
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we also have VZH(-) = 0 and Vgil”k() = 0. Thus, recursively apply (4.56) from h = 1 to H
leads to the following equality

—k

Vi(s1) = Vi CF+ Y & =) Sh(sy,ap,bf). (4.57)

h=1 h=1 h=1

M=
Mm
Mm

Moreover, by (4.32) and Line 7 of Algorithm 4, we have

—k
§h(5ha ah? bh) rh(si, alfu blfi) - <Ph<' | $nyan), Vh+l<')>3

+ min {75 (sF, af, 0F) + (PE(:| s, an), V(- )) g+ Bi(sh ap, by), H—h+1}.

Then, we can further bound —<¥ (¥, a¥ b¥) as follows

—k
—Sh(sh, ap, by) < —ra(sp, ap, by) — <]Ph(' | sk, ap), Vh+1(‘)>5 + 74 (sy, ax, O7)
= —k
<Pk<ysl}€w GZ), Vh+1(')>5 + Bilf(sfm aia bZ)
< | 8h7ah7bk) Th(siva’fjvbkﬂ

‘<Ph |Sh7ah) Pk“ haah) Vh+1 “i‘ﬁh SpyQ fwbk)

where the first inequality is due to min{z, y} < z. Additionally, we have

‘<Ph |Sh7ah) Pk(| huah) Vh+1 ‘< th+1 H HPh |Sh7ah) Pk( |3h7ah H1

< HHPh '|5haah) - h(' | Smafﬁ 1

where the first inequality is by Cauchy-Schwarz inequality and the second inequality is by (4.54).
Thus, putting the above together, we obtain

—k —k
§h(8i7 Qp, bk < |Th 8h7 ah7 bk) Th(sfu afw bk | + H”Vh-l-l() - Vh—&-l(')Hl + 52(3ﬁ7 ai, bi)

< QB ( hvahabk) +26 ( Spy Q 2)

where the second inequality is by Lemma 4.23, Lemma 4.24, and the decomposition of the bonus
term /3% as (4.11). Due to Lemma 4.23 and Lemma 4.24, by the union bound, for any h € [H], k €
(K] and (sp,ap,by) € S x A x B, the above inequality holds with probability at least 1 — 2.
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Therefore, by (4.57), with probability at least 1 — 24, we have

(4.58)

K H K H K H
SZZC}?"‘ZZ&‘*‘QZZBM sk, @y, by "’2225 (sh, ap)-

k=1 h=1 k=1 h=1 k=1 h=1 k=1 h=1

By Azuma-Hoeffding inequality, with probability at least 1 — d, the following inequalities hold

K H 1
Zzg,’fw(\/ff%logg),

k=1 h=1

K H 1

> D &<0 (\/H3K10g5> ,
k=1 h=1

where we use the facts that @fb(sh,ah,bk) QZ (s gk b)Y < 2H and |V§+1(s’g+1) —
k k
k

Vhﬂ—&-ly (s h+1)| < 2H. Next, we need to bound Zk 1Eh LBy (Sh,ah’bk) and
S ST By sk, ak) in (4.58). We show that

K H K H
log(|S||A||B|HK/d)
By k (s af, bf) =C
2 2 o ) = € 2 0 A (N ). 1)

T Nog(|S||A||BIHK /S
Z\/guuuw /)

Nllf(sh’ahvbk)

sab
3 \/log |5||A||BIHK/5)

n

where the second equality is because (s¥, af, bF) is visited such that NF(sF, af,bF) > 1. In addi-

tion, we have

H Nt (ISITAIBIHE /6
Z Z \/g(||!|r|b| /0)

H
SZ Z O <\/Nf(s,a,b)logw)
h=1

(s,a,b)eSxAXB

<0 (H\/K|SHAHB| log w> ,
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where the last inequality is based on the consideration that Z(S apyesxaxs V) K(s,a,b) = K such

that 37, peswaxs VNI (s,a,0) <O (wK\SHAHB\) when K is sufficiently large. Putting the
above together, we obtain

K H
> shakth) <0 (H\/KySHAHByl —|3”A|LB|HK) |
=1 h=1

Similarly, we have

0
[~

K H H

H?|S|log(|S||A|HK/d
D) SLRLAN Z\/ 5] log(|S||A|HE /)
=1 h=1

max{NF(sF, a¥), 1}

k=1 h=1
H
|S||A|HK
<> Y o <\/N,{<(s,a>1ar2|$|1ogT
h=1 (s,a)eSxA
H
|S||A|HK
< Z Z @, <\/ZNf(s,a,b)H2|S|logT
h=1 (s,a)eSx A beB

<o (HVK'S'Q'A'HQ s IR,

where the second inequality is due to >, N/ (s,a,b) = N[(s,a), and the last in-

equality is based on the consideration that Z(Sab)GSX axs Ni¥(s,a,b) = K such that

D (sa)esxA \/ZbeB NE(s,a,b) < O(y/K|S||A]) when K is sufficiently large.
Thus, by (4.58), with probability at least 1 — ¢, we have

K K
7k Ty A
S Vi) = Vi (s1) < O(VISPIAIH'K + /[ S AJIBIH?K)
k=1 k=1
where O hides logarithmic terms. This completes the proof. 0

Lemma 4.27. With setting v = +/|S|log |B|/ K, the mirror descent steps of Algorithm 5 lead to

SO T ) (Wis ) v (L) vills) < O (VEPISTK Tog B )

k=1 h=1 seS
where WE(s,b) = (7F(s,,b), 7k (- | 8)) a-

Proof. Similar to the proof of Lemma 4.22, and also by Lemma 4.16, for any v = {1}/, and
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s € &, the mirror descent step in Algorithm 5 leads to

A () (W (s, ), v (1)) — v = ()W (s, ), v (-15))
< DKL(Vh(~IS),v]’§(~IS)) — Dy, (v (+]8), vy 1 (+]8)) — Dxr. (v (0s), vi(+]9)),

according to (4.13), where W (s,b) = (mj(-|s),75(s,-,b)). Then, by rearranging the terms, we

have
d7 () (W (s, ), v (]s) — v (-]9) 5
< Dyt (v(]s), w’f(-ls)) — D (Vi (-19), Vi1 (18)) — D (VEF1(1s), v (1s))  (4.59)
— Ay (5) (W (s, ), B () = VE(19)) s

Due to Pinsker’s inequality, we have
— DKL(VZ+1(~|S>, y,’f(|s)) < — ||Vk+1 ||1 (4.60)
Moreover, we have

— 7 () (Wh(s, ), vE(-]s) — u,’§“<|s>>3
Svdz )W G|l s BIR (4.61)

<ydy T () [E T CLs) = i)

1’

where the last inequality is by

W (s, ) ||oo = rnaXWh(s b) < max W)(s,b)

seS,beBB
§5£%§B<?Z 1(57"b)77rllj('|8)>
< max 77 (s 0719, <

due to the definition of W} and 0 < 7 (s, a,b) = max{F¥(s,a,b) — 8%, 0} < 7(s,a,b) < 1
Combining (4.60) and (4.61) gives

— Dy (v k+1(.,5),y;§<.,5))_ & (s (s)(W(s, ), vE (- ys)—u,’;+1<|s>>
< - Hvk“<-!s>—vh I3+ ey IIV"“- =Gl
< Sl @) < 3 T (s,
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where the second inequality is obtained via solving max,{—1/2 - 2% + fydgk’@k(s) - x} if letting

x = ||[vrt(|s) — vf(|s)||;. Plugging the above inequality into (4.59) gives

ydT () (W (s, ), v (]s) — v (-]9) 5
< Dice (1), £ C15)) = Diw (v (Cls), A7 (1)) + 5 (5177

Thus, the policy improvement step implies

SO a T () (W s, ) v Cls) — v (1))
h=1 seS
<303 [P (i Cls)rkC1s) = Dra (1) A ()] + = 303 5 (o2
h=1 scS h=1 seS
= %Z [Drce (v (1), v (1s)) = Dicw (vi (1), v (1)) ] + %Hv.
h=1 seS

SOSOS T () (W (s, ) v Cls) — viCls)) g

k=1 h=1 scS
1 X
<2 2.2 Dw(viCls) vils)) = D (viCls) v ()] + GHE
h=1 s€S8
1 ]
< =33 Dua(vills) vhCls) + SHEY.
7 h=1 s€S8S

Note that by the initialization in Algorithm 5, it is guaranteed that v} (-|s) = 1/|B|, which thus
leads to Dy, (75 (+|s), 71 (+|s)) < log|B|. By setting v = 1/|S|log|B|/K, we further bound the

term as

=303 D (il 19) + 5Ky < O (VPSR Tog B])

h=1 seS

which gives

K H
ﬂk,Ak *
SO S () (Wi, ), vk Cls) — viCls)) 5 < O (VHZISTK Tog [B])
This completes the proof. ]
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Lemma 4.28. With probability at least 1 — 0, Algorithm 5 ensures that

SO G ) b ()] Tk (s, i) <0,
k=1 h=1 seS

where ¢\ (s,a,b) =75 (s, a,b) — (s, a,b).

Proof. With probability at least 1 — 9, for any (s,a,b) € S x A x B,h € [H|, k € [K], we have

SI;L(S’ a, b) = Fkh(sa a, b) - rh($> a, b)
= max {7} '(s,a,b) — ru(s,a,b) — oE (s, a b)}
< max {0, —ru(s,a, b)} =0,

where 7% (s, a, b) is computed as in Algorithm 5 and the inequality is by 7+ (s, a, b) —r1,(s, a, b) —

Z’k_l < 0 with probability at least 1 — ¢ by Lemma 4.23. The above result reflects the optimism

of 77. Therefore, with probability at least 1 — &, we have

SOSTST @ () k) TS (s, v Cls)

k=1 h=1 seS
1 k pk
=3 di ()Y mhlals)[FE(s, a,0) — rals, a,b)] vy (b]s)
h=1 seS a,b
<0.
This completes the proof. O

Before giving the next lemma, we first present the following definition for the proof of the next

lemma.

Definition 4.29 (Confidence Set). Define the following confidence set for transition models

= {Be[Bu(s)s.) ~ Bi(s'ls.a)| < b, [BuCls. ol = 1,

and Py(s'|s,a) >0, V(s,a,s') € S x Ax S, Vk € [K]}

where we define

koo P} (s'|s, a) log(|S||A|HK/d) | 14log(|S||A|HE/S)
ho-— k _ k _
max{N;(s,a) — 1,1} 3max{Nj(s,a) — 1,1}
with NF(s,a) :== S°F_ 1{(s,a) = (s, a])} and P* being the empirical transition model.

T=1
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Lemma 4.30. With probability at least 1 — 0, the difference between q’rk’P and d* are bounded as

G () — ¥ (9)] < O (HASIVIAIR).

K H ~
DD Do |an ) — i )
k=1 h=1 seS
K H
ZZZ thsa Zfﬁ,’f(s,a)
k=1 h=1 s€S8 |acA acA
K H
ZZZZ‘M’I (s,a) — Wk (s a)|
=1 h=1 s€S acA

where 0} (s, a) is the occupancy measure under the empirical transition model P* and the policy
7*. Then, since Pk ¢ Tk always holds for any k, by Lemma 4.34, we can bound the last term of
the bound inequality such that with probability at least 1 — 64,

1 seS

T P()‘351+52.

Next, we compute the order of £ by Lemma 4.33. With probability at least 1 — 2§’, we have

H h-1 K
S|log(|S||AJHK/d")  log(|S||AIHK/d')
& =0 wy (s, a | +
oL Sy v (|
T H h—
_ IS||A|HK
~0 ;g ( |S||A|K+|S||A|logK+log5)10 g —

=0

/\

HK
H?|S|V/|AIK + H?|S)*?|Allog K + H?\/|S|log = ) gw}

5/
=0 (H2|S|W)

where we ignore log K terms when K is sufficiently large such that /K dominates, and O hides
, |A|l, H, K, and 1/§'. On the other hand, & also depends on

|S|JA|HK
ploy(H, |S], | A|) except the factor log =5

logarithm dependence on

as shown in Lemma 4.34. Thus, & can be ignored
comparing to & if K is sufficiently large. Therefore, we eventually obtain that with probability at
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least 1 — 8¢’, the following inequality holds

S5

i 7 (9)| < O (H81VIAIE)

h=1 s€8
We let 6 = 80’ such that log === |SHA‘HK = log SISIAIFE \ithout changing the order as shown
5
alaove. Then, with probability at least 1 — 8, we have S0 S Y oses |q,fk’P(s) — dzk’Pk(s)] <
O(H?|S|+/|A|K). This completes the proof. O

Lemma 4.31. With probability at least 1 — 0, the following inequality holds

M)~

H
> " Ert e [B5" (shy ans br) | 51] §(5<\/\SHAHB\H2K>.

1 h=1

el
Il

Proof. Since we have

K H
ZZEﬂkIP’Vk ﬂh Shvahvbh |51}
k=1 h=1
. \/mgusuAHBmK/a)]

K H
- E E Eﬂklp)’yk

k=1 h=1 N,’f(s, a,b)
S| A|BIHE <~ & 1
= (Cy/log ————— E —
oyiog AR S S g | o |
k=1 h=1

then we can apply Lemma 4.35 and obtain

K H
SO Eepu [B5 (shs anbu) | 51] < (5<\/\SHAHB\H2K>,

k=1 h=1
with probability at least 1 —&. Here O hides logarithm dependence on |S|, | A|, |B|, H, K, and 1/6.

This completes the proof. ]

4.8.1 Other Supporting Lemmas

Lemma 4.32. With probability at least 1 — 40, the true transition model P satisfies that for any
k€ [K],

Pe T

This lemma implies that the estimated transition model @’g(s’ |s,a) by (4.10) is closed to the
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true transition model P;,(s'|s, a) with high probability. The upper bound for their difference is by
empirical Bernstein’s inequality and the union bound.

The next lemma is modified from Lemma 10 in Jin et al. [2019].

Lemma 4.33. We let wf (s, a) denote the occupancy measure at the h-th step of the k-th episode
under the true transition model P and the current policy m*. Then, with probability at least 1 — 26’
we have for all h € [H], the following results hold

wr(s,a) H
log K +1
ZZZ max{ N} (s, a) 1} (’SHA’ 08 f + o8 5’) ’

k=1 s€S acA

and

- wk (s, a) B "
ZZZ\/maX{N"?( )1}_0( [SIJA[K 4 |S][Allog K + log 5/),

1 s€S acA

Furthermore, by Lemma 4.32 and Lemma 4.33, we give the following lemma to characterize
the difference of two occupancy measures, which is modified from parts of the proof of Lemma 4
in Jin et al. [2019].

Lemma 4.34. Let w}(s,a) be the occupancy measure at the h-th step of the k-th episode under
the true transition model P and the current policy 7%, and w¥ (s, a) be the occupancy measure at
the h-th step of the k-th episode under any transition model Pk € Y* and the current policy " for
any k. Then, with probability at least 1 — 60" we have Vh € [H|, the following inequality holds

K K
ZZZZ’whsa —wp(s,a)| <&+ &,
k=1 h=1 s€S acA
where &, and E; are in the level of

P R e S| log(|SIIA|HK/8")  log(|S||AIHK /&)
fa=0 [Z; Z Zzzwh > ( max{N}(s,a),1} T max{N}(s,a),1} )]

h'=1 k=1 s€S acA

and

S||AIHK
&= 0 (pols(11. 15114} - 1og ).

where poly(H, |S|, | A|) denotes the polynomial dependency on H,|S]|,|A|.
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Lemma 4.35. With probability at least 1 — 0, the following inequality holds

K H 1
Z ZEﬂ'k,P,Vk k
maX{Nh (87 a, b)u ]-}

k=1 h=1

< O (VISIAIBIHK + |S|IAlIBIH )

where O hides logarithmic terms.

Proof. The zero-sum Markov game with single-controller transition can interpreted as a regu-
lar MDP learning problem with policies wf(a,b|s) = wF(a|s)vf(b|s) and a transition model
Py (s'|s,a,b) = Py(s'|s,a) with a joint action (a, b) in the action space of size |A||B|. Thus, we
apply Lemma 19 of Efroni et al. [2020b], which extends lemmas in Zanette and Brunskill [2019],
Efroni et al. [2019] to MDP with non-stationary dynamics by adding a factor of H, to obtain our

lemma. This completes the proof. 0
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CHAPTER 5

Reward-Free RL with Kernel and Neural Function
Approximations

5.1 Introduction

While RL with function approximations has achieved great empirical success [Mnih et al., 2015,
Silver et al., 2016, 2017, Vinyals et al., 2019], its application is mostly enabled by massive in-
teractions with the unknown environment, especially when the state space is large and function
approximators such as neural networks are employed. To achieve sample efficiency, any RL algo-
rithm needs to accurately learn the transition model either explicitly or implicitly, which brings the
need for efficient exploration.

Under the setting of offline RL, agents aim to learn the target policy only from an offline dataset
collected a priori, without any interactions with the environment. Thus, the collected offline dataset
should have sufficient coverage of the trajectory generated by the optimal policy. However, in
real-world RL applications, the reward function is often designed by the learner based on domain
knowledge. The learner might have a set of reward functions to choose from or use an adaptive
algorithm for reward design [Laud, 2004, Grzes, 2017]. In such a scenario, it is often desirable
to collect an offline dataset that covers all the possible trajectories associated with a set of reward
functions and the target policies. With such a benign offline dataset, for any arbitrary reward
function, the RL agents have sufficient information to estimate the corresponding policy.

To study such a problem in a principled manner, we focus on the framework of reward-free
RL, which consists of an exploration phase and a planning phase. Specifically, in the exploration
phase, the agents interact with the environment without accessing pre-specified rewards and collect
empirical trajectories for the subsequent planning phase. During the planning phase, using the
offline data collected in the exploration phase, the agents compute the target policy when given an
extrinsic reward function, without further interactions with the environment.

Recently, many works focus on designing provably sample-efficient reward-free RL algo-
rithms. For the single-agent tabular case, Jin et al. [2020a], Kaufmann et al. [2020], Ménard
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et al. [2020], Zhang et al. [2020] achieve O(poly(H, |S|, |A|) /%) sample complexity for obtain-
ing e-suboptimal policy, where |S|, |.A| are the sizes of state and action space, respectively. In
view of the large action and state spaces, the works Zanette et al. [2020b], Wang et al. [2020a]
theoretically analyze reward-free RL by applying the linear function approximation for the single-
agent Markov decision process (MDP), which achieve O (poly(H,0)/e?) sample complexity with
0 denoting the dimension of the feature space. However, RL algorithms combined with nonlinear
function approximators such as the kernel and neural function approximators have shown great
empirical successes in a variety of application problems (e.g., Duan et al. [2016], Silver et al.
[2016, 2017], Wang et al. [2018], Vinyals et al. [2019]), thanks to their expressive power. On the
other hand, although reward-free RL algorithms for the multi-player Markov games in the tabu-
lar case have been studied in Bai and Jin [2020], Liu et al. [2020], there is still a lack of works
theoretically studying multi-agent scenarios with the function approximation. Thus, the following

question remains open:

Can we design provably efficient reward-free RL algorithms with kernel and neural function

approximations for both single-agent MDPs and Markov games?

The main challenges of answering the above question lie in how to appropriately integrate nonlin-
ear approximators into the framework of reward-free RL and how to incentivize the exploration by
designing exploration rewards and bonuses that fit such approximation. In this chapter, we provide
an affirmative answer to the above question by tackling these challenges. Our contributions are

summarized as follows:

Contributions. In this chapter, we first propose provable sample and computationally efficient
reward-free RL algorithms with kernel and neural function approximations for the single-agent
MDP setting. Our exploration algorithm is an optimistic variant of the least-squares value iteration
algorithm, incorporating kernel and neural function approximators, which adopts the associated
(scaled) bonus as the exploration reward. Further with the planning phase, our method achieves an
(5(1 /&%) sample complexity to generate an e-suboptimal policy for an arbitrary extrinsic reward
function. Moreover, we extend the proposed method for the single-agent setting to the zero-sum
Markov game setting such that the algorithm can achieve an 5(1 /&%) sample complexity to gener-
ate a policy pair which is an e-approximate Nash equilibrium. Particularly, in the planning phase
for Markov games, our algorithm only involves finding the Nash equilibrium of matrix games
formed by Q-function that can be solved efficiently, which is of independent interest. The sample
complexities of our methods match the 6(1 /%) results in existing works for tabular or linear func-
tion approximation settings. To the best of our knowledge, we establish the first provably efficient
reward-free RL algorithms with kernel and neural function approximators for both single-agent

and multi-agent settings.
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Related Work. There have been a lot of works focusing on designing provably efficient reward-
free RL algorithms for both single-agent and multi-agent RL problems. For the single-agent sce-
nario, Jin et al. [2020a] formalizes the reward-free RL for the tabular setting and provide theoret-
ical analysis for the proposed algorithm with an O(poly(H, |S|, |A|)/e2) sample complexity for
achieving e-suboptimal policy. The sample complexity for the tabular setting is further improved
in several recent works [Kaufmann et al., 2020, Ménard et al., 2020, Zhang et al., 2020]. Recently,
Zanette et al. [2020b], Wang et al. [2020a] study the reward-free RL from the perspective of the
linear function approximation, which inspire us to design reward-free RL algorithms with more
powerful nonlinear function approximators. For the multi-agent setting, Bai and Jin [2020] studies
the reward-free exploration for the zero-sum Markov game for the tabular case. Liu et al. [2020]
further proposes provable reward-free RL algorithms for multi-player general-sum games.

Our work in this chapter is also closely related to a line of works that study RL algorithms
with function approximations. There are many works [Yang and Wang, 2019, 2020, Cai et al.,
2019, Zanette et al., 2020a, Jin et al., 2020b, Wang et al., 2019b, Ayoub et al., 2020, Zhou et al.,
2020, Kakade et al., 2020] studying different RL problems with the (generalized) linear function
approximation. Furthermore, Wang et al. [2020b] studies an optimistic LSVI algorithm for general
function approximation. Our work is most closely related to the recent work Yang et al. [2020],
which studies optimistic LSVI algorithms with kernel and neural function approximations. How-
ever, this chapter studies an online single-agent RL problem where the exploration is executed with
reward feedbacks, which cannot be directly applied to the reward-free RL problem. Inspired by
Yang et al. [2020], this chapter extends the idea of kernel and neural function approximations to

the reward-free RL setting and Markov games.

5.2 Preliminaries

In this section, we introduce the basic notations and problem backgrounds for this chapter.

5.2.1 Problem Setup

In this chapter, we first consider a tabular episodic MDP characterized by (S, .A, H, P, r) as defined
in Section 2.1 of Chapter 2. The policy for the agent is denoted by 7. For any reward function
r, the value function V™ (s,r) and the Q-function Q™ (s, a,r) are defined the same as in Chapter
2. We can further define the Bellman equation, optimal policy 7 for a certain reward function
r, and e-suboptimal policy as in Chapter 2. The value function and Q-function associated with
the optimal policy 7 is then denoted as Q* and V*. Thus, we have V*(s,r) = Vhﬁ (s,r) and

Qr(s,a,r) = QZ; (s,a,r). Here we consider the practical and challenging setting that the true
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transition model P = {P;,}/__, is unknown to the agent. At the k-step of the exploration phase,
we let 7% = {7F}L | be the exploration policy of the agent. And in the planning phase, given an
arbitrary reward function r = {r, }_,, we let 7 = {m;, }}L, be the output (the learned policy) the
algorithm. For ease of theoretical analysis, we assume the function value of 7 is normalized in the
range [0, 1], i.e., r(s,a) € [0,1] forall (s,a) € S x A.

Furthermore, we study the reward-free RL for the two-player zero-sum Markov game, which
is defined by (S, A, B, H,P,r) as in Section 2.2 of Chapter 2. The policies for Player 1 and
Player 2 are denoted by 7 and v respectively. The value function V™" (s,r) and the Q-function
Q™" (s,a,b,r) are defined the same as in Chapter 2 for any reward function r. Therefore, we
further define the Bellman equation, NE, best response, and e-approximate NE as in Chapter 2.
Similarly, we consider the practical and challenging setting that the true transition model P =
{P,}_, is unknown to both players. At the k-step of the exploration phase, we let 7% = {7}
and v* = {vF} | be the exploration policies for the players. In the planning phase, given an
arbitrary reward function r = {r,}L, we let 7 = {m,}/L, and v = {1}, }!L, be the learned
policy pair. In addition, we make an assumption that the function value of 7 is normalized in
the range [0, 1], i.e., rp(s,a,b) € [0,1] for all (s,a,b) € S x A x B. By slightly abusing the
notation, we define 7 and v as the solution to the maximization problem max, , V7" (s1) such
that we let V;*(s,7) = Vhﬂ’f’yi(s, r)and Q;(s,a,b,r) = QZ:’V:(S, a, b, r). Moreover, for simplicity

of notation, the notation rule in this chapter also follows Remark 2.1 in Chapter 2.

5.2.2 Reproducing Kernel Hilbert Space

We study the kernel function approximation based on the reproducing kernel Hilbert space
(RKHS). With slight abuse of notion, we let Z = S x A for the single-agent MDP setting and
Z = 8§ x A x B for the zero-sum game setting, such that z = (s,a) € Zor z = (s,a,b) € Z
for different cases. We assume that the space Z is the input space of the approximation function,
where Z is a compact space on R?. This can also be achieved if there is a preprocessing method
to embed (s, a) or (s,a,b) into the space RY. We let H be a RKHS defined on the space Z with
the kernel function ker : Z x Z — R. We further define the inner product on the RKHS H as
(-,)n : H x H — Rand the norm || - || : # — R. We have a feature map ¢ : Z — # on the
RKHS H and define the function f(z) := (f, ¢(z))y for f € H. Then the kernel is defined as

ker(z, 2') == (¢(2), 0(2))n, Vz,2' € 2.

We assume that sup, .z ker(z, z) < 1 such that ||¢(z)|| < 1forany z € Z.
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5.2.3 Overparameterized Neural Network

This chapter further considers a function approximator utilizing the overparameterized neural net-
work. Overparameterized neural networks have drawn a lot of attention recently in both theory and
practice [Neyshabur et al., 2018, Allen-Zhu et al., 2018, Arora et al., 2019, Gao et al., 2019, Bai and
Lee, 2019]. Specifically, in this chapter, we have a two-layer neural network f(-;0, 1) : Z +— R

with 2m neurons and weights (v, W), which can be represented as

f(z; 0, W) act(W;'2), (5.1

\/_ Z "
where act is the activation function, and v = [vy, -+ ,v9,] and W = [Wy, Wy, -+ Wa,].
Here, we assume that z = (s, a) or z = (s, a,b) with z € Z satisfies ||z||o = 1, i.e., z is normalized
on a unit hypersphere in R%. Let /() be the initial value of W and v®) be the initialization of
v. The initialization step for the above model is performed as follows: we let v; ~ Unif({—1,1})
and I/Vi(o) ~ N(0,I;/d) for all i € [m], where I, is an identity matrix in R%*?, and vfo) = ¥

1—m?

Wi(o) = W/i(_ozn foralli € {m+1,2m}. Here we let N (0, /;/d) denote Gaussian distribution. In this
chapter, we let v be fixed as v(*) and we only learn IV for the ease of theoretical analysis. Thus, we
represent f(z;,v, W) by f(z; W) to simplify the notation. This neural network model is widely
studied in recent papers on the analysis of neural networks, e.g., Gao et al. [2019], Bai and Lee
[2019]. When the model is overparameterized, i.e., m is sufficiently large, we can characterized
the dynamics of the training such neural network by neural tangent kernel (NTK) [Jacot et al.,

2018]. Here we define
P2 W) = [V f(z W) T, Vi, [z W) 1T, (5.2)

where we let Vyy, f(z; W) be a column vector such that p(z; W) € R?™4, Thus, conditioned on

the randomness in the initialization of W by W (%) we further define the kernel
ket (2, 2) = (p(z; W), o(2; WO vz, 2 € Z.

In addition, we consider the linearization of the model f(z, W) at the initial value W(®), which
is defined as fi;.,(z; W) = f(z;WO) + (o(z; WO) W — WO), Moreover, fi:,(z; W) can
be rewritten as f1;,(z; W) = (p(z; WO) W — W) since f(z; W) = 0 by the initialization
scheme. We can see that the linearized function f;;,(z; W) is a function on RKHS with the kernel
ker,,(z, z'). When the model is overparameterized with m — oo, the kernel ker,,(z, z’) converges
to an NTK kernel, which is defined as ker,., = Eon(o,1,/0)act’ (w'z) - act/(w'2') - 272],

where act’ is the derivative of the activation function act.
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Algorithm 6 Exploration Phase for Single-Agent MDP
1: Initialize: 6 > O and ¢ > 0.
2: forepisode k =1,..., K do
3 Let Vjj,,(-) = O and QIIC—I—&-l( ) =0.
4 for steph = H, H — ,1do
5: Construct bonus term u’;( ).
6
7
8
9

Compute exploration reward 75 (-, ) uﬁ( )/ H.

Compute approximation function f, ( ,
Qs ) = o [(fy + i +uf) (-, )]
. VE() = max,eq QF (-, a).
10: i (+) = argmax,. 4 Q% (-, a).
11: end for
12: Take actions following af ~ 7¥(sF), Vh € [H].
13: end for

14: Return: {(s¥, a¥)}onermx(x)-

5.3 Single-Agent MDP Setting

In this section, we introduce our method under the single-agent MDP setting with kernel and neural

function approximations. Then, we present our theoretical results.

5.3.1 Kernel Function Approximation

Our proposed method is composed of the reward-free exploration phase and planning phase with
the given extrinsic reward function. The exploration phase and planning phase are summarized in
Algorithm 6 and Algorithm 7.

Specifically, the exploration algorithm is an optimistic variant of the value-iteration algorithm
with the function approximation. In Algorithm 6, we use Qf and V}* to denote the optimistic
Q-function and value function for the exploration rewards. During the exploration phase, the
agent does not access the true reward function and explore the environment for K episodes
based on the policy {ﬂ'h}(h k)e[H]x (K] determined by the value function V. and collects the tra-
jectories {sF, ah} (h,k)E[H]x [K] for the subsequent planning phase. Thus, instead of approximating
the Q-function directly, we seek to approximate IP’thk+1 by a clipped function fF(s,a) for any
(s,a) € S x A, where fF(-,-) is estimated by solving a regularized kernel regression problem as
below. Based on this kernel approximation, we construct an associated Upper Confidence Bound
(UCB) bonus term u} to facilitate exploration, whose form is specified by the kernel function
approximator. Moreover, although the true reward is not available to the agent, to guide the explo-
ration, we construct the exploration reward by scaling the bonus u}, guiding the agent to explore

state-action pairs with high uncertainties characterized by u%. Then, the Q-function Q¥ is a com-
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Algorithm 7 Planning Phase for Single-Agent MDP

1: Initialize: Reward function {ry, },c(n) and exploration data {(s¥, af)}n.k)emx(r]-
2: forsteph=H,H—1,...,1do

3 Compute bonus term uy (-, -).

4: Compute approximation function f3(-, -).

50 Qn() = Mo [(fo + 70+ un)( )]

6 Vh() = MaXgeA Qh('aa)'

7 m() = argmax,e, Qu(- ).

8: end for

9: Return: {m, }ncin)-

bination of 75 (s, a), fF(s,a), and uf(s,a) as shown in Line 5 of Algorithm 6. In this chapter, we
define a clipping operator as Il (2] := min{z, H}" = min{max{z,0}, H}. Note that the ex-
ploration phase in Algorithm 6 is not restricted to the kernel case and can be combined with other
approximators, e.g., neural networks, as will be shown later.

At the k-th episode, given the visited trajectories {(s7, a})}*Z1, we construct the approximator

for each h € [H]| by solving the following regularized kernel regression problem

o

-1

fr = min Vi (shn) = FGEDI + AR,

1

T

where f(2]) = (f,¢(2]))n with 2] = (s],a}), and X is a hyperparameter to be determined
later. As we will discuss in Lemma 5.10, the closed form solution to the above problem is ﬁf( ) =
(FF. d(2)) g = 0 (2) T(A-T+KF)~Ly*, where we define ¢ (z) = [ker(z, zh) - ker(z, 2F YT,
Yh = Vi (shan)s - Viga ()] T and also KCF == [y (23), -+, ¥h (25 )] (recalling that z =
(s, a)).

We let f(z) = I u [f,'f(z)] by clipping operation to guarantee fF(z) € [0, H] such that in
Algorithm 6, we let

fr(2) = Mo mn(z) (A T+ Kp) "y, (5.3)

In addition, the associated bonus term is defined as

uf () := min{B - wi(z), H} (5.4)

where [ is a hyperparameter to be determined and we set

wi(z) = A3 [ker(z, 2) — ¥E(2) T (M + K8 "Mk (2)] 2.
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The planning phase can be viewed as a single-episode version of optimistic value iteration
algorithm. Using all the collected trajectories {s}, aﬁ}(hyk)e[H}x[K}, we can similarly construct the

approximation of P, V},; by solving

K

o= arfgrng Vi1 (sian) — FGTP + M FI3 (5.5)
€ =1

Thus, the kernel approximation function can be estimated as

falz) = Mo.mfu(2)] = Mos[n(2) (A~ T+ K) '),
and the bonus term is
un(2) = min{3 - wy(2), H}
with setting
wp(2) = A2 [kex(z, 2) — n(2) T + Kn) 'n(2)]2,

where we define 1, (z) = [ker(z,21), - ker(z,20)]7, yn = [Vag1(shi1)s -, Vi (steq)] T,
and also Ky, := [tn(z}), -+ ,¥n(2X)]. Given an arbitrary reward function ry,, with the kernel ap-
proximator f;, and the bonus wu;, one can compute the optimistic Q-function (J;, and the associated
value function V},. The learned policy 7, is obtained by value iteration based on the optimistic Q-
function. Algorithm 7 is also a general planning scheme that can be generalized to other function

approximator, for example, the neural function approximator.

Remark 5.1. Note that in the kernel function approximation setting, we directly define the kernel
ker(z, z) for the algorithms instead of the feature map ¢(z) which potential lies in an infinite

dimensional space.

5.3.2 Neural Function Approximation

For the neural function approximation setting, the agent also runs Algorithm 6 for exploration and
Algorithm 7 for planning. Different from the kernel function approximation, in the exploration
phase, at the k-th episode, given the visitation history {s}, a, *~1, we construct the approximation

for each h € [H]| by solving the following regularized regression problem
k—1

Wi = argmmZ Vi (571) = FE W) + MW = WO2, (5.6)

WeR2md
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where we assume that there exists an optimization oracle that can return the global optimizer of the
above problem. The initialization of W) and v for the function f(z; W) follows the scheme
as we discussed in Section 5.2.3. As shown in many recent works [Du et al., 2019, 2018, Arora
et al., 2019], when m is sufficiently large, with random initialization, some common optimizers,
e.g., gradient descent, can find the global minimizer of the empirical loss efficiently with a linear
convergence rate. Once we obtain W}, the approximation function is constructed as fr(z) =
o, [f (z; WE)]. The related exploration bonus uf is of the form uf(z) := min{3 - wj(z), H}

where
wh(2) = [p(zs WE) T (AD) Loz W2 (5.7)

Here we define the invertible matrix A¥ := Alppa + Sov_) (2 W) o(25; W) Twith (2] W)
as (5.2).

In the planning phase, given the collection of trajectories in K episodes of exploration phase,
we construct the neural approximation of P, V},1(z) as solving a least square problem, i.e., W, is

the global optimizer of

K
min Y [Vigi(shey) = flz: WP+ MW = W3,

WeRde
=1

such that f;,(2) = Ijo m[f(2; W})]. Analogously, the bonus term for the planning phase is of the

form uy(2) := min{5 - wy(2), H} where

N

wi(2) = [(2 Wa) " (An) ™ (2 Wa)]2,

where we define the invertible matrix Ay, := Mg + S0, 0(25; Wi)e(2h; Wi) 7.

5.3.3 Main Results for Single-Agent MDP

Kernel Function Approximation. In this subsection, we first present the result for the kernel

function approximation setting. We make the following assumptions.

Assumption 5.2. For any value function V : S — R, we assume that P,V (z) is in a form of
(0(2), Wp)y for some w, € H. In addition, we assume there exists a fixed constant R¢ such that
[walls < RoH.

One example for this assumption is that the transition model is in a form of P,(s'|z) =
(0(2), w},(s')) 2 such that P,V (2) = [ Viga(s')(0(2), w},(s')) nds’ where we can write w;, =
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Js Vas1(s")wy,(s')ds’. This example can be viewed as a generalization of the linear transition
model [Jin et al., 2020b] to the RKHS.
In this chapter, we use maximal information gain [Srinivas et al., 2009] to measure the function

space complexity, i.e.,

['(€, 0;ker) = sup 1/2 - logdet(I + Kp/0o),
DCZ
where the supremum is taken over all possible sample sets D C Z with |D| < €, and Kp is the
Gram matrix induced by D based on some kernel ker of RKHS. The value of I'(€, o; ker) reflects
how fast the the eigenvalues of H decay to zero and can be viewed as a proxy of the dimension of
H when H is infinite-dimensional. To characterize the complexity, we define a Q-function class Q

of the form
Q(c, R, B) = {Q : Q satisfies the form of Q*}. (5.8)

where we define Q* in the following form Q*(z) = min{c(z) + Ijo m[(W, ¢(2))u] + g(z), H}*
with some w satisfying ||w||y < R, ||¢(2)]% < 1, and also g(z) = B - min{\|¢(z)|]A51,H/B}+.
Here Ap is an adjoint operator with the form Ap = Ay + Y ,cp #(2')¢(2') " with I, denoting
identity mapping on H and D C Z with |D| < K. Here we define the ¢-covering number of
the class Q w.r.t. the £o-norm as N (s; R, B) with an upper bound NV (s; R, B). As formally
discussed in Section 5.7, we compute the covering number upper bound NV (s; R, B). As we can
see in Algorithms 6 and 7, we have Q¥ € Q(0, R, (1 + 1/H)B) and Q;, € Q(ry,, R, 3) for some

R and R’. Based on the above assumptions and definitions, we have the following result.

Theorem 5.3. Suppose that 3 satisfies the condition that 16H? | R, + log No(s*; Rk, 23) +
2D (K, \;ker) + 6log(2KH) + 5] < % Under the kernel function approximation setting with
a kernel ker, letting A\ = 1+ 1/K, Ry = 2H\/T(K, \;ker), and ¢* = H/K, with probability
at least 1 — (2K*H?)™!, the policy generated via Algorithm 7 satisfies Vi*(s1,7) — Vi (s1,7) <
O(B\/H (K, \; ker) + log(K H)]/V/'K), after exploration for K episodes with Algorithm 6.

The covering number N (s*; Rx, 23) and the information gain I'( K, \; ker) reflect the function
class complexity. To understand the result in Theorem 5.3, we consider kernels ker with two
different types of eigenvalue decay conditions: (i) y-finite spectrum and (ii) y-exponential spectral
decay.

For the case of ~-finite spectrum with v € Z,, we have § = O(vH \/W )s
log Voo (s*; Ric, 28) = O(v*log(yK H)), and T'(K, \; ker) = O(vlog K'), which further implies
that to achieve V;*(s1,7) — Vi (s1,7) < ¢, it requires O(H%~3 /e2) rounds of exploration, where O

hides the logarithmic dependence on y and 1/¢.
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Therefore, when the problem reduces to the setting of linear function approximation, the above
result becomes (5(H 693 /?) by letting v = 0, where 0 is the feature dimension. This is consistent
with the result in Wang et al. [2020a], which studies the linear approximation setting for reward-
free RL. Furthermore, the sample complexity becomes O(H®|S[3|.A|3/£2) by setting v = |S||Al,
when the problem reduces to the tabular setting.

For the case of y-exponential spectral decay with v > 0, we have log Noo(s*; R, 25) =
O((log K)'*2/7 + (loglog H)'*2/7), B = O(H\/log(K H)(log K)'/7), and also I'(K, \; ker) =
O((log K)**1/7).  Therefore, to obtain an e-suboptimal policy, it requires O(H®C, -
log*t%/7(e71) /?) = O(H®C., /<) rounds of exploration, where C, is some constant depending
on 1/7. Please see Section 5.7 for detailed definitions and discussions.

Neural Function Approximation. Next, we present the result for the neural function approxima-

tion setting.

Assumption 5.4. For any value function V, we assume that P,V (z) can be represented as
PV(z) = [raact' (w'z) - 2Ty (w)dpo(w) for some ap(w) with a : RY — R? and
sup,, ||a(w)|| < RoH/\/d. Here py is the density of Gaussian distribution N (0, I;/d).

As discussed in Gao et al. [2019], Yang et al. [2020], the function class characterized by
f(2) = [geact/(w'z) - 2T ay(w)dpy(w) is an expressive subset of RKHS. One example is that
the transition model can be written as Py (s'|z) = [poact/(w'z) - 27T (w; s')dpo(w) such that
we have ay(w) = [ (w;s')Vii1(s')ds’. This example also generalizes the linear transition
model [Jin et al., 2020b] to the overparameterized neural network setting. Similar to (5.8), we
also define a Q-function class based on a normalized version of ¢(z, W(®), which further can be

analyzed using the same notations Q and N, (See Lemma 5.19 for details).

Theorem 5.5. Suppose that (3 satisfies the condition that 8 H?| R, (1+ VAJd)? AT (K, A ker,,) +
10 + 4log Noo(s*; R, 28) + 12log(2KH)] < B% with m = Q(KYHYlog?m). Under
the overparameterized neural function approximation setting, letting \ = C(1 + 1/K) for
some constant C > 1, Rg = H\/E, and ¢* = H/K, with probability at least 1 —
(2K?H?)~' — 4m™2, the policy generated via Algorithm 7 satisfies Vi*(s1,7) — Vi (s1,7) <
O(B/HAT (K, \; ker,,) + log(K H)| /K + H?Bu) with © = 5K72HYSm=11210g"* m, after
exploration for K episodes with Algorithm 6.

In Theorem 5.5, there is an error term H?2. that depends on m~/'2. In the regime of overpa-
rameterization, when m is sufficiently large, this term can be extremely small and ¢« — 0, ker,,, —
ker,., if m — oo. Here T'(K, \; ker,,,) and N (s*; Ry, 2/3) characterize the intrinsic complexity
of the function class. In particular, when m is large, the overparamterized neural function setting

can be viewed as a special case of RKHS with a misspecification error. If the eigenvalues of the
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kernel ker,, satisfy finite spectrum or exponential spectral decay, we know that 3, ['( K, A; ker,,),
and log N (¢*; Rk, 2(3) are of the same orders to the ones in the discussion after Theorem 5.3.
Moreover, if m is sufficiently large such that H23: < e, we obtain an O(1 /%) sample complexity
to achieve an O(g)-suboptimal policy.

Overall, the above results show that with the kernel function approximation and overparameter-
ized neural function approximation, Algorithms 8 and 9 guarantee O (1/£%) sample complexity for
achieving =-suboptimal policy, which matches existing O (1/€?) results for the single-agent MDP

for the tabular case or with linear function approximation in terms of ¢.

5.4 Markov Game Setting

In this section, we introduce the algorithms under the Markov game setting with kernel and neural

function approximations. We further present their theoretical results on the sample complexity.

5.4.1 Kernel Function Approximation

The exploration phase and planning phase for the zero-sum game are summarized in Algorithm 8
and Algorithm 9.

Specifically, in the exploration phase, the exploration policy for both players is obtained by tak-
ing maximum on Q-function over both action spaces. Thus, Algorithm 8 in essence is an extension
of Algorithm 6 and performs the same exploration steps, if we view the pair (a,b) as an action
a = (a,b) on the action space A x B and regard the exploration policy pair (7} (s), vk (s)) as a
product policy (7% @ vF)(s). Thus, the approximator ff(2) and the bonus term uf(z) share the
same forms as (5.3) and (5.4) if we slightly abuse the notation by letting z = (s, a, b).

In the planning phase, the algorithm generates the policies for two players in a separate
manner. While maintaining two optimistic Q-functions, their policies are generated by find-
ing NE of two games with payoff matrices ) and @Q respectively, namely (7,(:|s), Do(:]s))
is the solution to max, min, Eqwm p [Q4(5,a,b)] and (Dy(-|s),vu(+|s)) is the solution to
max, miny Eewm pour (@, (s, a, )], which can be solved efficiently in computation by many ex-
isting algorithms (e.g., Koller et al. [1994]).

Moreover, we construct the approximation functions for Player 1 and Player 2 similarly via
(5.5) by letting z = (s, a, b) and placing the value function with V' and V separately such that we

have

Fr(2) = Mo [n(2) T (A T+ Ki)~'y],
£, (2) =M mn(z) T (A - T+ Kn) "'y, ],
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Algorithm 8 Exploration Phase for Zero-Sum Markov Game

1: Initialize: 6 > 0 and ¢ > 0.

2: forepisode k =1,..., K do

3 LetVI’}H()—OandQ’}IH(, ,-) =0.

4 for steph = H, H — ,1do

5: Construct bonus term uﬁ( )

6 Exploration reward rf (-, -, -) = uf(-,-,-)/H.
7 Compute approximation function f7(-, -, -).
8 Qi(7’) :H[O,H][(ff]f+rl’f,+ulfi)<'7'7')]'

9: th() = MaXge AbcB Qﬁ(-,a,b).
00 (), V) = argmax,e upes Qh(a,b).
11: end for
12:  Take actions following af ~ 7%(sf) and also b ~ vi(sk),Vh € [H] .
13: end for

14: Return: {(s¥, a¥ uf)}mermx(x)-

where y,, := [Vh—&-l(s}lwrl)v T vvh+1(3£(+1)]T and Y, = [Kh+1(5llz+1)a sV (Sflli‘rl)]T' Then,
for the bonus term, Players 1 and 2 share the one of the same form, i.e., @y, (2) = u,(2) 1= up(2) =
min{S - wy(z), H} with

wi(2) = A2 [ker(z, 2) — n(2) T + Kn) " Hoon(2)]2.

5.4.2 Neural Function Approximation

For the neural function approximation, the exploration and planning phases follow Algorithm 8
and 9. In the exploration phase, following the same discussion for the exploration algorithm with
kernel function approximation, Algorithm 8 with the neural approximator is intrinsically the same
as Algorithm 6. Thus, one can follow the same approaches to construct the neural function ap-
proximator f7(z) = IIjo m[f(2; W})] and the bonus uj(z) as in (5.6) and (5.7) with only letting
z = (s,a,b).

For the planning phase, letting z = (s, a,b), we construct approximation functions separately

for Player 1 and Player 2 via solving two regression problems

K

W), = argmin > [V () — f(z WP+ AW = WO,
WeR2md —
K

W, = argmmz Vier (sin) = FGR WP+ AW = WO,

WeR2md

such that we let f,(z) = I [ f(2; W)] and f, (2) = Ijo,m[f(2; W,,)]. The bonus terms %, and
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Algorithm 9 Planning Phase for Zero-Sum Markov Game

1: Initialize: Reward function {ry, },c(n] and exploration data {(s}, af, uf) }(n.kye(mxr]-
2: forsteph=H,H—1,...,1do
3: Compute bonus term @y (-, -, -) and w, (-, -, ).

4: Compute approximations f (-, -, -) andf, (-, ).

5 Quly) = Mo [(fr +ra+)(, )]

6 Qo) = Mom[(f, +ro—w)(0).

7: Let (m,(+]s), Do(-|s)) be NE for (s, -, ), Vs € S.
8: Let (Dy(+|s), vn(:]s)) be NE for @, (s,-,-), Vs € S.
9: Vh(S) = anﬂh(~|s),b~§0(~|s) [Qh(s, a, b)], Vs € S.
10: V3(8) = Eanny(-ls)bova(-ls) [Qh(s, a,b)],Vs € S.
11: end for

12: Return: {Wh}he[H]7 {Vh}he[H}-

wy, for Players 1 and 2 are uy,(z) := min{f - wy(z), H} and u,(2) := min{3 - w, (), H} with

where we define the invertible matrices Aj, := Alppq + Zle 02T W)z W) T and A, =
Moma + 370 @ (27 W)@ (2 W)

5.4.3 Main Results for Markov Game

In this subsection, we present the results for the zero-sum Markov game setting. Particularly,
we make the same assumptions as in Section 5.3.3 with only letting z = (s,a,b). Moreover,
we also use the same Q-function class Q as (5.8), such that we can see in Algorithms 8 and 9,
QF € Q(0,R,(1+ 1/H)B) for some R, and Q,, € Q(ry,, R, 3) for some R'. To characterize the
space which @ , lies in, we define a specific Q-function class Q9 of the form

Q(c, R, B) = {Q : Q satisfies the form of Q"}, (5.9)

where Q°(z) = min{c(z) + Hp 1 [(W, ¢(2))n] — g(2), H}T for some w satisfying ||w|y < R
and also g(z) = B - max{||¢(z)||A51,H/B}+. Thus, we have @, € Q(ry,, V', 3). As we show in
Section 5.7, Q(c, R, B) and Q(c, R, B) have the same covering number upper bound w.r.t || - ||oc.
Then, we can use the same notation N, to denote such upper bound. Thus, we have the following

result for kernel approximation.

Theorem 5.6. Suppose that 3 satisfies the condition that 16H? | R + log No(s*; Rk, 23) +
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2I'(K, A\; ker) + 6log(4KH) + 5] < 2. Under the kernel function approximation setting with
a kernel ker, letting A = 1+ 1/K, Rx = QHW, and ¢* = H/K, with probabil-
ity at least 1 — (2K2*H?)™!, the policy pair generated via Algorithm 9 satisfies Vlbr(y)’y(sl, r) —
Vi sy ) < O(B/H (K, \; ker) + log(K H)|/VK), after exploration for K episodes
with Algorithm 8.

We further obtain the result for the neural function approximation scenario.

Theorem 5.7. Suppose that (3 satisfies the condition that 8H*[10 + 12log(4K/d) + R (1 +

N/ d)? + 4log Noo(s*; Ric, 28) + AL (K, X; kery, )] < B2 with m = Q(KYH"log®m). Under
the overparameterized neural function approximation setting, letting A = C(1 + 1/K) for some
constant C > 1, Rx = HV'K, and ¢* = H/K, with probability at least 1 — (2K>H?)~! —
2, the policy pair generated via Algorithm 9 satisfies Vlbr(y)’y(sl,r) - Vf’br(ﬂ)(sl,r) <
O(By/HHT (K, \; ker,,) + log(K H)|/VK + H?B1) with © = 5K HYSm=1"21og!* m, after

exploration for K episodes with Algorithm 8.

4dm~

Following the same discussion as in Section 5.3.3, the above results show that with the kernel
function approximation and overparameterized neural function approximation, Algorithms 8 and 9
guarantee an (5(1 /&%) sample complexity to achieve an e-approximate NE. In particular, when our
problem reduces to the Markov game with linear function approximation, the algorithm requires
O(H%93/<%) sample complexity to achieve an e-approximate NE, where 9 is the feature dimen-
sion. This also complements the result of the reward-free RL for the Markov game with the linear
function approximation. For the tabular case, Bai and Jin [2020] gives an O(H®|S|2|.A||B|) sample
complexity and Liu et al. [2020] gives an O(H*|S||.A||B|) sample complexity. Our analysis gives
an O(H®|S]|A]*|B|?/¢) sample complexity by simply letting 0 = |S||.A||B|, which matches the
existing results in terms of €. Though the dependence on H, |S|, |.A|, |B] is not as tight as existing
results, our work in this chapter presents a more general analysis for the function approximation

setting which is not fully studied in previous works.

5.5 Theoretical Analysis

5.5.1 Proof Sketches of Theorem 5.3 and Theorem 5.5

We first show the proof sketches for Theorem 5.3. Our goal is to bound the term V{*(sy,r) —
V" (s1,7). By the optimistic updating rule in the planning phase, according to Lemma 5.16, we
have Vi*(s1,7) < Vi(s1) such that Vi*(sy,7) — V" (s1,7) < Vi(s1) — V" (s1, 7). Then we only need

125



to consider to upper bound Vi (s1) — Vi (s, r). Further by this lemma, for any h € [H], we have

Vi(s) = Vi (s,7)
< rp(s, mh(8)) + PpViga (s, mh(s)) + 2un(s, mn(s)) — Qf (s, mr(s),r) (5.10)
= PpVis1(s, mh(s)) = PuVi (s, (), 1) 4 2un(s, mh(s)).

where we use the fact that QF (s, m,(s),7) = (s, m(s)) + PuV)7 1 (s, m(s), 7). Recursively

applying the above inequality and also using V7, (s,7) = Vg41(s) = 0 give
Vis1) = Vi (s1,7) < Be[3050, 2un(sn, mn(sn))|s1] = 2H - Vi¥(s1,u/H).

Moreover, by Lemma 5.17, we build a connection between the exploration and planing phase,
which is V[ (s, u/H) < K} Z,le V*(s1,7%). Therefore, combining the above results together,

we eventually obtain

Vi (s1,m) = Vi (s1,7) < 2H/K - 350 Vy (s1,7%) < O(By/HID(K, Asker) + log(KH)]/VE),

where the last inequality is by Lemma 5.14 and the fact that > H. This completes the proof of
Theorem 5.3. Please see detailed proof in Section 5.8.2.

Next, we show the proof sketches of Theorem 5.5. By Lemma 5.22, we have V{*(s1,7) <
Vi(s1) + H e by optimism, such that Vi*(s1,7) — V" (s1,7) < Vi(s1) — V" (s1,7)+ HPe. Note that
different from the proof of Theorem 5.3, there is an extra bias term H 3¢ introduced by the neural

function approximation. Further by Lemma 5.22, and using the same argument as (5.10), we have
Vi(s) — Vil (s,1) < 2up(s, mh(s)) + Be + PpVisa (s, ma(s)) — PV (s, m(s),7),

which introducing another bias .. Recursively applying the above inequality with V7, (s,r) =

Vii1(s) = 0 gives
Vi(s1) = V" (s1,7) = 2H - V" (s1,u/H) + Hpu.

Thus, with Lemma 5.23 connecting the exploration and planning such that V"(s;,u/H) <
K1 Zszl Vi*(s1,7") 4+ 2/, combining all the above results eventually yields

Vi'(s1,m) = Vi (s1,7)
<2H/K - K Vi(s1,r%) + 4HpL
< O(Bv/HAT (K, \; ker,,) + log(K H)|/VE + H*Bu),
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where the second inequality and the last inequality is by Lemma 5.20 and the fact that 5 > H.

This completes the proof. Please see detailed proof in Section 5.9.2.

5.5.2 Proof Sketches of Theorem 5.6 and Theorems 5.7

In the proofs of Theorem 5.6 and Theorems 5.7 and the corresponding lemmas, to simply the
notations, we let E, ., p~., ss~p, to denote the expectation with a ~ m,(-|s),b ~ v(-|s), s ~
Py (+|s, a, b) given the current state s and arbitrary policies 7y, v, at the h-th step.

For the proof sketch of Theorem 5.6, we decompose V;""" (s1, ) — V""" (s, ) into two
terms V,f (s1,7) — V""" (s1,7) and V)" (s1,7) — V{(s1,7) and bound them separately. To
bound the first term, by Lemma 5.27, we have V; (s1, 7) = V"™ (s1,7) < Vi (s1) =V (51, 7).
Note that by the updating rule for V;, in Algorithm 9, we have

Vh(s) = Hil/n EaNﬂ'}HbNV’ [@h(S’ a, b)] < ECLNﬂh,bNbr(ﬂ’)h [@h(sﬁ a, b)]v
such that further by Lemma 5.27, there is

Valsn) = Vi (sn,7)
< Eaporm ey (Ba Vi1 + 11 + 2up) (sn, an, b)] — Vhﬂ’br(ﬂ)(sh, r)

= Eahwwh,bhwbr(w)h,sh+1wph [vh+1(5h+1) - Vhwﬁr(w)(shﬂ, 7’) + 2Uh(8h, Qp,, bh)]~

where the equality uses Vhﬂ’br(”) (Shy7) = Eaqpymp bp~br(rn Ta(Sh, @n, bp) +IP’th7rﬁr(ﬂ) (Shy an, b, 7)].

Recursively applying the above inequality yields

Vi(s1) = Vi sy, r)

S Ew,br(ﬁ),P[Zthlzuh<8h7 Qp, bh)|81]
= 2H - V""" (s, u/H).

Combining the above results eventually gives

K
r(7m .br(m 2H *
Vi s1,7) = VI sy, ) < 2 VO sy, 0/ H) < S5 STV (s1,%)
k=1

< O(By/HA[L(K, X ker) + log(KH)]/VE),

where the second inequality is due to Lemma 5.28 and the last inequality is by
Lemma 5.25. The upper bound of the difference Vi (s;,r) — V"™ (sy,7) is also
O(B+/H T (K, \; ker) + log(K H)]/v/K) with the similar proof idea. This completes the proof
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of Theorem 5.6. Please see Section 5.10.2 for details.

The proof of Theorem 5.7 follows the same argument as above. The only difference is that the
neural function approximation introduces bias terms depending on ¢ as we discussed in the proof
sketch of Theorem 5.5. Thus, the final bound is O(8+/HA[T (K, \; ker,,,) + log(K H)]/VEK +
H?pL). Please see Section 5.11.2 for the detailed proof.

5.6 Conclusion

In this chapter, we study the reward-free RL algorithms with kernel and neural function approxima-
tors for both single-agent MDPs and zero-sum Markov games. We propose efficient exploration
and planning algorithms incorporating the kernel and neural function approximators. We prove
that our methods can achieve O (1/£%) sample complexity for generating an e-suboptimal policy

or c-approximate NE.

5.7 Discussion of Function Space Complexity

To characterize the function space complexity, we first introduce the notions for the eigenvalues
of the RKHS. Define £%(Z) as the space of square-integrable functions on Z w.r.t. Lebesgue
measure and define (-, -) 2 as the inner product on the space £?(Z). According to Mercer’s The-
orem [Steinwart and Christmann, 2008], the kernel function ker(z, z’) has a spectral expansion
as ker(z,2') = Y o0, 0i0i(2)0i(2') where {g;};>1 are a set of orthonormal basis on £?(Z) and
{0:}:>1 are positive eigenvalues. In this chapter, we consider two types of eigenvalues’ properties

and make the following assumptions.

Assumption 5.8. Assume {0;};>1 satisfies one of the following eigenvalue decay conditions for

some constant v > 0:
(a) -finite spectrum: we have o; = 0 for all 1 > ~;

(b) ~-exponential spectral decay: there exist constants Cy > 0 and Cy > 0 such that o; <
Cyexp(—Cy - 1Y) foralli > 1.

Covering Numbers. Next, we characterize the upper bound of the covering numbers of the Q-
function sets Q(c, R, B) and Q(c, R, B). For any Q1, Q- € Q(c, R, B), we have

Qi(2) = min {e(2) + My [(wr, 6(20)] + B - max{6(=)]l .1, H/BY H}
Qa(2) = min {e(2) + M. [(wa, 6(2))] + B - max{6(=)l a1, H/BY H
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for some w1, wy satisfying |w |3 < R and ||ws||% < R. Then, due to the fact that the truncation

operator is non-expansive, we have

1Q1() = Q2(llee < sup [(W1 = W2, (2))n| + Bsup |[[@(2)llazy — l6(2)laz:] -

The above inequality shows that it suffices to bound the covering numbers of of the RKHS norm
ball of radius R and the set of functions of the form ||¢(2)|| Azt~ Thus, we define the function class
Fr o= {loO)llr : [|T]lop < 1/A} since ||[A5|op < 1/) according to the definition of Ap. Let
N so(€; R, B) be the e-covering number of Q W.r.t. || - ||os, Nao (€, H, R) be the e-covering number
of RKHS norm ball of radius R w.r.t. || - ||, and N (e, F, 1/)\) be the e-covering number of F),

w.rt. || - [loo. Thus, we have
No(& R, B) < Nuo(€/2, 1, R) - Nu(e/(2B), F, 1/\).
We define the upper bound
Noo(e&; R, B) := Noo(e/2,H, R) - Noo(€/(2B), F, 1/ ).
Then, we know
log N (€; R, B) = log Noo(€/2, 1, R) + log N (¢/ (2B), F, 1/X).
Moreover, for any Q1, Qs € Q(c, R, B), we have
Qi(2) = min {c(2) + T l(w1, 6(2))] — B max{ (=)l H/BY H
Qo(z) = min {c(2) + T [(wa, 6(2))] = B - mas{ (=) |y H/BY H |

which also implies

1Q1(-) = @2(+)lloe < sUp[(W1 — W2, ¢(2))3| + Bsup lo(2)lagr — lo=) a5

z

Thus, we can bound the covering number N _(¢; R, B) of Q(c, R, B) in the same way, i.e.,
N (&R, B) < N,(¢; R, B).

According to Yang et al. [2020], we have the following covering number upper bounds
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(a) ~y-finite spectrum:

log No(€/2,H, R) < Csy[log(2R/€) + C4],
log Nao(€/(2B), F,1/X) < Csy*[log(2B/e€) + Cg;

(b) y-exponential spectral decay:

log Noo (/2. H, R) < Csllog(2R/€) + Cy 117,
log Nao(€/(2B), F,1/X) < Cs[log(2B/e) 4+ Cg) /7.

Maximal Information Gain. Here we give the definition of maximal information gain and discuss

its upper bounds based on different kernels.

Definition 5.9 (Maximal Information Gain [Srinivas et al., 2009]). For any fixed integer € and any
o > 0, we define the maximal information gain associated with the RKHS # as

1
(€, \; ker) = sup ilog det(I + Kp/N),

DCZ

where the supremum is taken over all discrete subsets of Z with cardinality no more than €, and
KCp is the Gram matrix induced by D C Z based on the kernel ker.

According to Theorem 5 in Srinivas et al. [2009], we have the maximal information gain char-

acterized as follows

(a) ~y-finite spectrum:
(K, \; ker) < Crylog K
(b) y-exponential spectral decay:
I'(K, \; ker) < Cr(log K)' /7,

Sample Complexity. Given the above results, for the kernel approximation setting, according to
the discussion in the proof of Corollary 4.4 in Yang et al. [2020], under the parameter settings in

Theorem 5.3 or Theorem 5.6, we have that for y-finite spectrum setting,

B =O(H\log(vKH)), logNwo(s*; R, 26) = O(v* log(vK H)),
['(K, \; ker) = O(ylog K),
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which implies after /' episodes of exploration, the upper bound in Theorem 5.3 or Theorem 5.6 is

0 (\/ HO~3 log?(vK H) /K) .

This result further implies that to obtain an e-suboptimal policy or e-approximate NE, it requires
(5(H 6~3 /€2) rounds of exploration. In addition, for the y-exponential spectral decay setting, we

have

B8 = O(H+/log(KH)(log K)'/7), log Nuw(s™; Ric, 28) = O((log K)'**/7 + (loglog H)'**/7),
T'(K, \; ker) = O((log K)*/7),

which implies that after K episodes of exploration, the upper bound in Theorem 5.3 or Theorem
5.6is

O (\/ H6log?™3/"(KH) /K) .

Then, to obtain an e-suboptimal policy or ec-approximate NE, it requires
O(H®C log"t%(e71) /e?) = O(H®C,/e%) episodes of exploration, where C. is some
constant depending on 1/7.

The above results also hold for the neural function approximation under both single-agent MDP
and Markov game setting if the kernel ker,,, satisfies the y-finite spectrum or y-exponential spectral
decay and the network width m is sufficiently large such that the error term H?/3: < . Then, we
can similarly obtain the upper bounds in Theorems 5.5 and 5.7.

Linear and Tabular Cases. For the linear function approximation case, we have a feature map
¢(s) € R?, where 0 is the feature dimension. Therefore, the associated kernel can be represented
as ker(s, s') = ¢(s) T d(s') = S0, ¢i(s)¢i(s"). Thus, we know that under the linear setting, the

kernel ker has 0-finite spectrum. Thus, letting v = 0 in the y-finite spectrum case, we have

B=00H\logdKH)), logNs(s*; Rg,28) = O(0*log(dKH)),
(K, A\ ker) = O(dlog K),

which further implies that to achieve V;*(s1, ) — Vi (s1,7) < ¢, it requires O(H%0%/£2) rounds
of exploration. This is consistent with the result in Wang et al. [2020a] for the single-agent MDP.
This result also hold for the Markov game setting.

For the tabular case, since ¢(z) = e, is the canonical basis in RIZl, we have v = | Z| for the

above ~y-finite spectrum case. Therefore, for the single-agent MDP setting, we have | Z| = |S||A

)
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which implies

B = O(H|S|| Al log(|S[|AIK H)), T(K,\ker) = O(|S]| Al log K),
log Noo (5™ R, 28) = O(ISI| AJ* log (IS A| K H)).

Then, the sample complexity becomes O(H®|S|3|.A|?/2) to obtain an e-suboptimal policy. For

the two-player Markov game setting, we have | Z| = |S||.A||B|, which implies

B = O(H|S||AllB|\/1og(|SIAIIBIK H)), T(K, X ker) = O(|S||A||B|log K),
log No(s"; Ric, 28) = O(IS*|AP|BJ* log(|S||Al| B K H)).

Then, the sample complexity becomes O(H®|S|*|.A[*|B|?/¢2) to obtain an e-approximate NE.

5.8 Proofs for Single-Agent MDP with Kernel Function Ap-

proximation

5.8.1 Lemmas

Lemma 5.10 (Solution of Kernel Ridge Regression). The approximation vector ﬁf € H is ob-

tained by solving the following kernel ridge regression problem

k-1
mirflier?r{lize Z[thH(SZH) — FGYn)* + AN I
=1

such that we have

FE(2) = (6(2), s = k(=) T (A~ T+ K5) 'k,
where we define

Uh(2) = Pho(z) = [ker(z, 2,), -+ ker(z, 2,7 1)),

@5 = [6(z), d(z0), -, Bz ]

Vi = Vi1 (Shen)s Visa (Shaa)s - ,Vh’“ﬂ(Sﬁﬂ)]T,
ker(z},2}) ... ker(z}, 2t

Ky = D(@h) " = : : :

ker(zyt z0) ... ker(zp Tt 2F )

(5.11)
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with denoting z = (s,a) and z] = (s}, a}), and ker(z,y) = (¢(2), 9(2'))3, V2,2 € Z2 =8 x A

Proof. We seek to solve the following kernel ridge regression problem in the RKHS

k—1

/\k' T T
fn = r)ggimz Vh+1 (She1) — f(sh, ap))ul? + A £l
=1
which is equivalent to
k—1

fi = argmin » [V (sh41) = (f, 6(sh, aR))al + M F, Fae

feH

T=1

By the first-order optimality condition, the above kernel ridge regression problem admits the fol-

lowing closed-form solution
fi = (AR (@) Ty

where we define

k—1
Ap =" o(sh.a3)(sh,a7) " + A+ Ty = X~ I + (f) ",

=1

with I being the identity mapping in RKHS. Thus, by (5.12), we have

(FE,d(2))3 = (AN (@) Tyk, 6(s,a))n,  V(2) €S x A,

which can be further rewritten in terms of kernel ker as follows

(TR 0(2))m = (AF) (@) vk, 6(2))n
= ¢(2) [\ I+ (€5) 93] 7H(D) Tyn
= ¢(2) (@) A T+ @5(@h) "]y
= Un(2) (A T+ KG) My,
The third equality is by

(@3) T[T+ PR(PF) 1] = [A- I + (®F) T 5] (DF) T,
such that
- Ly + (@) TR H(@F) T = (@) T[N - 1 + @y (@) 1]
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where [ is an identity matrix in R*~1*(*=1) " The last equality in (5.13) is by the definitions of
Y% (2) and KF in (5.11). This completes the proof. O

Lemma 5.11 (Boundedness of Solution). When A > 1, for any (k,h) € [K] x [H], f¥ defined in
(5.12) satisfies

17l < H\J2/ - log det(I + K /A) < 2H \/T(K, X er),
where K¥ is defined in (5.11) and T'( K, \; ker) is defined in Definition 5.9.

Proof. For any vector f € ‘H, we have

[F, FEvl = |F T (AR 1 (@F) Ty
k—1

FTANTS " d(sq,ap) Vil (s74)
T=1

k—1

<HY [fT(A}) " 6(sh ap)
T=1

9

where the last inequality is due to |V;F,; (s7., ;)| < H. Then, with Lemma 5.36, the rest of the proof
is the same as the proof of Lemma C.5 in Yang et al. [2020], which finishes the proof. U

Lemma 5.12. With probability at least 1 — ¢', we have ¥(h, k) € [H] x [K],

k—1 2

> o(sh, ap) Vit (sher) — PaVilyy (7, ap)]

T=1

(Ap)~*

< 4H’T(K, \; ker) + 10H? 4+ 4H? log Noo (*; Ry, Bx) + 4H? log(K/§'),

where we set * = H/K and A =1+ 1/K.

Proof. We first define a value function class as follows
VO,R,B)={V: V()= max Q(-,a) with Q € Q(0, R, B)},
ac

where Q is defined in (5.8). We denote the covering number of V(0, R, B) w.r.t. the distance
dist as VY, (¢; R, B), where the distance dist is defined by dist(V;, V5) = sup,.s |Vi(s) — Va(s)].
Specifically, for any kx h € [K|x[H]|, we assume that there exist constants Ry and By that depend
on the number of episodes K such that any V¥ € V(0, Ry, Bx) with Ry = ZHW
and By = (1+1/H)8 since Q(2) = W[} + uf + £2)(2)] = oM [(FY 6(2))2a] +
(1 +1/H)B - min{|¢(2)| ax)-1, H/B}] (See the next lemma for the reformulation of the bonus
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term). By Lemma 5.35 with ¢’/ K, we have

b 2

Z ¢ (s, ar,) Vh+1(3h+1) thhk—s—l(sz—wa;)]

—1 (Af)~1
k-1 2
< sup Z d(sp,ap) [V (shi1) — PuV(sy, ap)]
VeV(0,Rk,Bk) || r=1 (Af)~t

< 2H*logdet(I + Ky /N) + 2H?k(A — 1) + 4H?log(KNY. (€; Ri, Bi)/8') + 8k%€* /A
<4HT(K, A\;ker) + 10H? + 4H? log Noo (¢*; Ry, Bre) + 4H? log(K /),

where the last inequality is by setting A = 1 4+ 1/K and ¢ = ¢* = H/K. Moreover, the last

inequality is also due to

dist(V3, Vo) = sup |Vi(s) — Va(s)| = sup mzﬁch(s,a) - meaj(QQ(s,a)

SES sES | ac
S sup ’Ql(saa)_QZ(Saa” = HQl_QZHaM
(s,a)ESX A

which indicates that ./\/'dlst( *: Ry, B ) upper bounded by the covering number of the class Q w.r.t.
|| - |00 such that

d1st( RKvBK) <N ( *,RK,BK)

Here N (¢; R, B) denotes the upper bound of the covering number of Q(h, R, B) w.r.t. {o-
norm, which is characterized in Section 5.7. Further by the union bound, we know that the above
inequality holds for all £ € [K] with probability at least 1 — §’. This completes the proof. 0

Lemma 5.13. We define the event £ as that the following inequality holds ¥z = (s,a) € S X
AV (h, k) € [H] x [K],

[PaViia(2) = fii (2)] < wjp(2),

where fF(z) = HOH][ﬁf( )] and uf(2) = min{wf(2), H} with wi(z) = A" 2[ker(z, z) —
YF(2)T (N 4 KRk (2)]Y2. Thus, setting 3 = By /(1 + 1/H), if By satisfies

167 R} + 2D(K, X; ker) + 5 4 log Noo (¢*; Ry, Bre) + 2log(K/¢')] < Bj,Vh € [H],
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then we have that with probability at least 1 — ¢/, the event £ happens, i.e.,
Pr(&)>1-14".

Proof. We assume that P,ViF, (s, a) = <ﬁf, ®(s,a))y for some ﬁ’f € ‘H. Then, we bound the

difference between f;(z) and P, V¥, | (s, a) in the following way

PAVE (s, 0) — f(s,a)]
< [(fF dls,@))a — i (s,a) T (A- T+ Kf) Ly
— (A5, @) (M) FE (s, a) TN - T4+ )T BEFE — (s, a) (M- T+ )y
— [Ad(s,a) T (AL) U+ 0 (s,a) TN T+ K (@5 F — yi)l,

where the first inequality is due to 0 < PthkH(S, a) < H, non-expansiveness of the operator
o, [-] :== min{-, H}", and the definition of ﬁf(z) in Lemma 5.10, and the first equality is due to

= MAE) (s, a) + (A})H(@)) T Pro(s, a) 5.14)
= MAR) T (s,a) + (@F)T (A - T+ KF) T fg(s, a) '
= MAR) ' o(s,a) + (F) (A - T+ KJ) gy (s, a).
Thus, we have
PRV (s, a,m%) = £ (s @) < Mlé(s, @) T (M)l - 1l
Term(I) N ( 5 1 5)
+ |Yh(s,a) (N T+ K) " @y — i)l
Te;rr:(II)
For Term(I), we have
Term(l) < VARGH\/¢(s,a)T(A))~1 - AT - (AF)~16(s, a)
< VARGH [ 0(s,0)T(Af)~1 - Af - (AF) (s, a) (5.16)

< VARQH \[$(s,a)T(AE) (s, a) = VARQH|6(s, a)l| ag 1.

where the first inequality is due to Assumption 5.2 and the second inequality is by 67 (®F) T ®F0 =
|®%6]]2 > 0 for any 0 € H.
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For Term(II), we have

k—1
Term(Il) = |¢(s,a) " (A}) ™ {Z 357, ) Vi (5h1) — PaVisi (57, af)] } ‘
=1

k—1
= ¢<s,a>T<Ai)‘”Q<AZ>‘W{Z¢(sz,az>[vh’11<sz+1)—Pth‘fﬂ(sz,amH (5.17)

=1
k—1
< lo(s, a)llary-1 || D @k ai) Vil (s701) = BaVidy (7, 03]
T=1 (AZ)—l

By Lemma 5.12, we have that with probability at least 1 — ¢’, the following inequality holds for all
ke K]

k—
Z (sh ap,) Vh+1 (She1) — thhk+1(s;—l,7a;—l,)]

=1

(gt
< [4H?T(K, X; ker) + 10H? + 4H? log Nao (s*; Rk, Bi) + 4H* log (K /8")]Y/2.

Thus, Term(II) can be further bounded as
Term(Il) < H [4T(K, X; ker) + 10 + 4log Noo (¢*; Ric, Brc) + 41og(K/8")] [l ¢(s, a) | (ar) 1.
Plugging the upper bounds of Term(I) and Term(II) into (5.15), we obtain

|thhk+1 (87 a, Tk) - ff]f(sa a>|
< H[VARq + [AT(K, s ker) + 10 + 4log Noo(s™; Ric, Bic) + 41og(K/8)]"*][|6(s, @) | ag) -+
< H[2AR + 8T(K, A ker) + 20 + 41og Noo (6" Ric, Bic) + 810g(K/8)] | é(s, @) | ar)
< Bllg(s, a)ll gy = BAT2[ker(z, 2) — (s, a) T(AT + Kj) g (s, a)],

where ¢* = H/K,and A = 1+1/K as in Lemma 5.12. In the last equality, we also use the identity
that

(s, @) [Easy-1 = A7 0(s,a) "o(s,a) = A7 Mg(s,a) TN 1+ KF) T (s, a)

_ 1 y—1,k T ky—1, .k (5.18)
= A" ker(z,2) — ATy (s,a) (A + K) 7 1y (s, a).
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This is proved by

l6(s, a)l3, = (s, a) " [A(AR) (s, a) + (@) (A T+ KG;) ™' Dl (s, a)]
= Ag(s,a) " (AR) 7' (s, @) + ¥y (s,a) " (A T+ K5) T (s, a),

where the first equality is by (5.14).

According to Lemma 5.11, we know that J?,’f satisfies ||J?,’f]|H < H\/2/X-logdet(I + KF/X) <
2H /T (K, \; ker). Then, one can set Ry = 2H /T (K, \; ker). Moreover, as we set (1+1/H)3 =
Bk, then § = Bk /(1 + 1/H). Thus, we let

[2AR%H? + 8HT (I, A; ker) 4+ 20H? + 4H?log N (s*; R, Br) + 8H? log(K/8")]
< B =Bg/(1+1/H),

which can be further guaranteed by
16H? Ry + 2D (K, A; ker) + 5 + log Nio (¢*; R, Bi) + 2log(K/¥")] < Bj;

as (1+1/H)<2andA\=1+1/K <2.

According to the above result, letting wi = Bll¢(s,a)l|ar) = BAYV2[ker(z,2) —
YF(s,a) TN+ KF)~1k(s,a)]V/?, we have —wf < P, V¥ (s,a) — fF(s,a) < w}. Note that
we also have [P, V)" (s, a) — fF(s,a)] < Hdueto 0 < fF(s,a) < Hand 0 < P,V (s,a) < H.
Thus, there is |P, V)" 1 (s, a) — fF(s,a)] < min{w}’, H}. This completes the proof. O

Lemma 5.14. Conditioned on the event £ defined in Lemma 5. 13, with probability at least 1 — ¢/,

we have

K K
S V(s ) < S Vi) <0 (\/H3K10g(1/5’) + BVEPK T(K, \; ker)) .
k=1 k=1
Proof. We first show the first inequality in this lemma, i.e., S 0, Vi*(s1,7%) < T8 ViF(s1). To
show this inequality holds, it suffices to show V;*(s, %) < Vi¥(s) forall s € S, h € [H]. We prove
it by induction.
When h = H + 1, we know V};_,(s,7*) = 0 and Vi, (s) = 0 such that V;;,,(s,7*) =

VE L1 (s1). Now we assume that V¥, | (s, %) < V/E | (s). Then, conditioned on the event & defined
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in Lemma 5.13, forall s € S, (h, k) € [H] x [K], we further have

QZ(Sa a, Tk) - Qi(sv CL)

< max{P,V;\, (s, a,7%) — ff(s,a) — uj(s,a),0} (5.19)
< maX{Pthk-i—l(sv a) - fflf(sa a) - ui(sv a)? O}
<0

where the first inequality is due to 0 < rj(s,a) + P,V (s,a,7%) < H and min{z,y}* >
min{z, y}, the second inequality is by the assumption that V;*,, (s, r*) < V/F, | (s), the last inequal-
ity is by Lemma 5.13 such that P, V}" ;(s,a) — fF(s,a) < uf(s,a) holds for any (s,a) € S x A
and (k, h) € [K] x [H]. The above inequality (5.19) further leads to

Vi (s, 7%) = max Qi (5,0, %) < max Qf (s, @) = ViH(s).

Therefore, we obtain that conditioned on event £, we have

Next, we prove the second inequality in this lemma, namely the upper bound of Zle VE(sy).

Specifically, conditioned on £ defined in Lemma 5.13, we have

Vi (sh) = Qh(shy ai) < fi(sh, ap) + 74 (sh, ay) + up(sy, ay)
< PViy i (shy a) +up(sh, ap) + 74 (sh, ai) + up(sy, ay)
<P ViE(sF,af) + (2 + 1/H)wy
= Gy + Vit (she1) + 2+ 1/H) Bl ¢(sy ap) | aky -1

where the second inequality is due to Lemma 5.13 and in the last equality, we define
G = IP’thkH(SZ, ay) — th+1<3§+1)'

Recursively applying the above inequality gives

H H
ViF(s)) < de +(2+ 1/H)5Z (s}, aﬁ)H(A’;)*lv
h=1 h=1
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where we use the fact that V5| (-) = 0. Taking summation on both sides of the above inequality,

we have

]~

K H K H
VE(s) =) ) G+ Q4 1/H)BY Y 6(sh, ap)llaty-1-
k=1 h

k=1 =1 k=1 h=1

By Azuma-Hoeffding inequality, with probability at least 1 — ¢’, the following inequalities hold

On the other hand, by Lemma 5.36, we have

K H K H
SO otk af) oy = 30571/ Blsh ab) T (AR 1o (sk, af)

k=1 h=1 k=1 h=1

IN

M= 1=

K
K'Y o(sh,af)T(Af)"o(s}, af)
k=1

<3 \2K logdet(I + MCE) = 2H /K - T(K. \; ker).

1

>
Il

where the first inequality is by Jensen’s inequality. Thus, conditioned on event £, we obtain that

with probability at least 1 — ¢, there is

Y Vis) <O (\/H3Klog(1/5’) 4 BVEPK T(K, N ker)) ,

which completes the proof. 0

Lemma 5.15. We define the event € as that the following inequality holds ¥z = (s,a) € S X
A, Vh € [H],

Py Vii1(2) = fa(2)] < un(2),

where uy,(z) = min{wy,(2), H}* with wy,(2) = BAY2[ker(z, 2) — n(2) T (A + Kp,) " abn(2)] V2.
Thus, setting 5 = Br, if By satisfies

AH?[RY + 2D (K, A ker) + 5 + log Noo (s%; Ry, Bie) + 2log(K/0')] < B%,Vh € [H],
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then we have that with probability at least 1 — ¢/, the event £ happens, i.e.,

Pr(&)>1-14".

Proof. The proof of this lemma is nearly the same as the proof of Lemma 5.13. We provide the

sketch of this proof below.

We assume that the true transition is formulated as P,Vi,41(2) = (fn, d(2))n =: fu(2). We

have the following definitions
(I)h = [‘b(sflw a}t)? ¢(Si7 a’i)? ) ¢<ShK7 a}lz()]—rv
K
Ah - Z (b(S;-u a;;)(b(‘s;-u a;-z)—r + A [7-[ =\ IH + ((I)h)T(I)h7
T=1
Yo = Va1 (sh1)s Vara(siin), - Vi (sig )] Ko = @a®f, ¢u(s,a) = no(s, a).

Then, we bound the following term

[PhViia(s, a) = fa(s, a)l
< (fnnb(s.0))2 — Un(s,a) (M- T+ Kp) Myl
= |Ad(s,0) A fu A+ Un(s,a) TN T+ Kp) ' Oufi — Yn(s,a) T (A T+ KCn) "yl
= A, 0)TAL o+ i (s. )T (N T+ Kn) TN (@nfu = ),
where the first inequality is due to 0 < P,V},1(s,a) < H, the non-expansiveness of the operator

o, 1), and the definition of fAh(s, a) in (5.5), and the first equality is by the same reformulation as
(5.14) such that

O(s,a) = AN, 6(s,a) + (Pn) T (A~ T+ Kp) " n(s, a).

Thus, we have

[PuVisa(s,a) = fuls, @) < Mlo(s, @) AL e - | Fullae

Term(l)

+ [nls,a) TN T+ 1K) (@ — )]

NV
Term(II)

(5.20)

Analogous to (5.16), for Term(I) here, we have

Term(D) < VARG H | ¢(s, )|,
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Similar to (5.17), for Term(II), we have

K
> (57, ap) Viei (s741) — PuVisa (s, af)]

T=1

Term(I) < ||¢(s, a) ”A;I

—1
Ah

Then, we need to bound the last factor in the above inequality. Here we apply the similar argument

as Lemma 5.12. We have the function class for V}, is
V(rh; ﬁK) EK) = {V : V() = Iarleaf}l(Q(.7 (l) with Q € @(Tha EK; §K>}

By Lemma 5.35 with ¢’, we have

2

K
> é(sh, ai) Vi (shi1) — PuVisa (s7, ap)]
=1 (Ap)~t
K 2
< swp D o(sh ap)[V(san) = PaV(sh,ap)]
VeV(rn,Ri,Br) || r=1 (Ap)~1

< 2H?logdet(I + K/A) + 2H*K (A — 1) + 4H?log(NY. (¢; Ri, Bx) /') + 8K2¢%/\
< 4H?T(K, X ker) + 10H? + 4H? log Noo (¢*; Ry, Brc) + 4H?log(1/6'),

where the last inequality is by setting A = 1+ 1/K and e = ¢* = H/K, and also due to
Ndvist(g*; §K7 EK) < Noo(g*; EK, EK)

We have that with probability at least 1 — &', the following inequality holds for all k& € [K]

K
> 0(sh an) Vi (s7.1) = PuVilis (s, 7))

=1

ALY
< [AH?D(K, \; ker) + 10H? + 4H? log Noo (s*; Ric, Bi) + 4H? log(K /6")]'/2.

Thus, Term(II) can be further bounded as

Term(Il) < H [AT(K, A; ker) + 10 + 41og Noo (6" R, Bre) + 4log(K/6)]' (s, a) | ag) -
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Plugging the upper bounds of Term(I) and Term(II) into (5.20), we obtain

[PrViri(s; a) = fu(s, a)l
< un(s,a) < Bllo(s, a)l|y-1 = BA Y2 ker(z, 2) — n(s, a) (AT + KCp) " abu (s, a)]V/?,

where we let z = (s,a),¢* = H/K,and A = 1 4+ 1/K. In the last equality, similar to (5.18), we

have

l6(s.a)l31 = A7'¢(s,0) "é(s,a) = A7 (s, a) " (@n) ' [A] + ©1(D1) '] Pai(s, a)

(5.21)
= A tker(z, 2) = A (s, a) TN+ Kp) T n(s, a).

H+/2/X -logdet(I + KF/\) < 2H/T(K, \; ker). Then, one can set Ry = 2H\/T(K, \; ker).

Moreover, as we set § = B . Thus, we let

Similar to Lemma 5.11, we know that the function f, satisfies ||fAh||H <

H[2AR% + 8T(I, A; ker) + 20 + 4log No (s™; Ruc, Bic) + 8log(K/8)]""* < 8 = By,
which can be further guaranteed by
AH?[RY + 20 (K, A;ker) + 5 + log Noo (s™; Ry, Bi) + 2log(K/8')] < B2
as (1+1/H) <2and A =1+ 1/K < 2. This completes the proof. O
Lemma 5.16. Conditioned on the event £ as defined in Lemma 5.15, we have
Vii(s,r) < Vi(s) < (s, mh(s)) + PuVigi (s, mh(s)) + 2up (s, mh(s)), Vs € S,Vh € [H],

where ,(s) = argmax,c 4 Qn(s, a).

Proof. We first prove the first inequality in this lemma. We prove it by induction. For h = H + 1,
by the planning algorithm, we have Vy;_(s,7) = Vy11(s) = 0 for any s € S. Then, we assume

that V;*  (s,7) < Vi11(s). Thus, conditioned on the event £ as defined in Lemma 5.15, we have

Qn(s,a,1) = Qn(s, a)
=ry(s,a) + PV (s, a,r) — min{ry(s,a) + fu(s,a) + up(s,a), H}*
< max{P,V;" (s,a,7) — fu(s,a) —up(s,a),0}
< max{P,Vi11(s,a) — fu(s,a) — up(s,a),0}
<0
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where the first inequality is due to 0 < 7(s,a) + P,V)Y,  (s,a,7) < H and min{z, H}* >
min{x, H}, the second inequality is by the assumption that V;* (s, a,7) < Vj41(s,a), the last
inequality is by Lemma 5.15 such that |P,Vj,11(s,a) — fr(s,a)| < ux(s,a) holds for any (s,a) €
S x Aand (k, h) € [K] x [H]. The above inequality further leads to

* — * < — .
Vh (57 T’) r;leaj( Qh(sa a, T) = I}Bg:i( Qh(57 CL) Vh(8>
Therefore, we have
Vii(s,r) < Vi(s),Yh € [H],Vs € S.
In addition, we prove the second inequality in this lemma. We have

Qn(s,a) = min{r,(s,a) + fu(s,a) +un(s,a), H}*
< min{ry(s,a) + Py Viy1(s, a) + 2up(s,a), H}*
< rp(s,a) + PpVisi(s,a) + 2up(s, a),

where the first inequality is also by Lemma 5.15 such that |P,V,11(s,a) — fa(s,a)| < up(s,a),
and the last inequality is because of the non-negativity of 7,(s,a) + Py Vi11(s,a) + 2u(s, a).

Therefore, we have

Vi(s) = I?Sf\(@h(s’ a) = Qn(s, mh(s))
< rp(s,mh(8)) + PrViia (s, mh(s)) + 2up(s, mh(s)).
This completes the proof. 0
Lemma 5.17. With the exploration and planning phases, we have the following inequality

K
K- ‘G*(Slvu/H) < ZVI*(Slark)'

k=1

Proof. As shown in (5.21), we know that

-1

K
wn(s, a) = Bllo(s, a)lly-1 = By| 0(s,)T [ A+ D d(sh ap)o(spap)T | o(s,a).
T=1
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On the other hand, by (5.18), we similarly have

-1

k-1
wi(s,a) = Bllé(s,a)llary-1 = By | 0(s,a)T [ Ay + > ¢(sh, ap)d(sh, ap)T | 6(s,a).
T=1
Since k — 1 < K and f"¢(s],a})é(sh,al)" f = [fT¢(sh,a})]* > 0 for any 7, then we know that

K k—1
A=A+ ) 657, a)o(si, ap) T o= M+ > (57, 7)o (s7, a7) T = Aj.

=1 =1
Weuse A = B (or A = B)todenote fTAf > fTBf (or fTAf > fTBf), Vf € H, for two
self-adjoint operators A and B. Moreover, if a linear operator A satisfies A > 0, we say A is a
positive operator.

The above relation further implies that (A¥)~! = A,' such that ¢(s,a)" A é(s,a) <
#(s,a)T(AF)"1¢(s,a), where (A¥)~! and A, are the inverse of A¥ and A, respectively. Here
we use the fact that A, = AF implies (A¥)~! = A;', which can be proved by extending the
standard matrix case to the self-adjoint operator. For completeness, we give a short proof below.

Let A\ > 0 be a fixed constant. Since A, = AZ = Aly > 0, then there exist the inverse A,:l,

(A¥)=! and square root A}/?, (AK)/2, which are also positive self-adjoint and invertible opera-

tors. We also have A,/ := (A)/%)~1 = (A;1)Y2 and (AF)=1/2 = [(AR)V2]1 = [(AF)-1)V/2,
Thus, for any f € H, we have f'f = fTA;1/2A,i/2A,IL/2A,:1/2f = fTA,Zl/ZAhA,Zlﬂf >
FTAPARAY? f where the inequality is due to A, = AF and A,"? = (A, /*)T. Then,
we further have fTf > fTAVPAEN2F = fTAVP(ARV2(ARY2NA VP F = fTATAS if
we let A = (AK)Y/2A /% where we use the fact that (A¥)!/2 and A, '/* are self-adjoint oper-
ators. Then, we know that ||f|l; > ||Af||3 holds for all f € 7, indicating that ||A|., :=
sup o [|[Af|7/|1fllz < 1, where || - ||op denotes the operator norm. Since ||Allo, = [[AT]|op,
we have [|[AT|o, < 1 or equivalently |||l > ||A"fll2,Vf € H, which gives fTf >
FTADY2AL 2N (AR Y2 = fT(AR)Y2A, N (AF)Y2 f. Forany g € H, letting f = (A}) V2,
by f1f > fT(AR)2A N (A)' 2, we have g7 (Af)™'g > g A 'g, which gives (A}) ™" = A}
The above derivation is based on the basic properties of the linear operator, the (self-)adjoint op-
erator, the inverse, and the square root of an operator. See Kreyszig [1978], Schechter [2001],
MacCluer [2008] for the details.

Thus, by the above result, we have
wy(s,a) < wh(s,a).

Since rf = 1/H - uf(s,a) = 1/H - min{w; (s, a), H} and uy(s,a) = min{wy(s,a), H}, then we
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have

up(s,a)/H < ri(s,a),

such that
V1*<517 U/H> < ‘/1*(817 Tk)v
and thus
K
K- V?(Shu/H) < Z ‘/1*(517 rk)'
k=1
This completes the proof. 0

5.8.2 Proof of Theorem 5.3

Proof. Conditioned on the event £ defined in Lemma 5.13 and the event £ defined in Lemma 5. 15,

we have
‘/1*(3177”) _‘/171—(8177") S ‘/1(81) _‘/lﬂ(slar)’ (522)
where the inequality is by Lemma 5.16. Further by this lemma, we have

Vi(s) = Vi (s,7) < 1u(s,mn(8)) + PrVasa(s, ma(s)) + 2un(s, m(s)) — Qi (s, m(s), 1)
+ P Vira(s, () + 2un(s, m(s))
- Th(SﬂTh S)) - IP’th+1(3 7Th( ),7")

= PuVira(s,7n(5)) = PaViliy (5, mn(s),7) + 2un(s, ma(s)).

)
= (s, m(s)
(

Recursively applying the above inequality and making use of V7, ,(s,7) = Vi41(s) = 0 gives

|

Vi(s1) = V" (51,7) < Evne[H): spir~Ph(-lsnmn(sn) [Z 2up(Sh, mh(s1))|s

=2H -V (s1,u/H).
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Combining this inequality with (5.22) gives

K
* ™ H§ : *
‘/1(51,7’)—‘/1 (51, ) <2H V (Sl,U/H < _K kil‘/l S1,T

< %0 <\/H3Klog(1/5’) + B H2K -T(K, A ker))

=0 ([\/Hf’ log(1/8') + B/ H* - T(K, A;ker)]/ﬁ) ,

where the second inequality is due to Lemma 5.17 and the third inequality is by Lemma 5.14.
By the union bound, we have P(E A £ ) > 1 — 2§ . Therefore, by setting §' = §/2, we obtain
that with probability at least 1 —

Vi (s1,m) = Vo) < O (IV/H10g(2/8) + /H - T(K i ken)] V)

Note that £ A € happens when the following two conditions are satisfied, i.e.,

AH?[RY + 2D(K, A ker) + 5 + log Noo (s*; Ric, Bi) + 2log(2K/6)] < B%,
16H? R + 2'(K, A;ker) + 5 + log Noo (%5 Ry, B ) + 210g(2K/6)| < B}, Vh € [H],

where 5 = By, (14 1/H)3 = Bg, A\ = 1 +1/K, Rk = Rx = 2H+/T(K, X; ker), and
¢* = H/K. The above inequalities hold if we further let 3 satisfy

16H? R + 2T(K, X; ker) 4 5 + log Noo (¢*; Rk, 28) + 210g(2K/6)] < 5%, Vh € [H],

since 28 > (1 + 1/H)B > B such that Noo(s*; R, 28) > Noo(™; Ric, Bx) > Nao(<*; R, B).
Since the above conditions imply that 3 > H, further setting § = 1/(2K?H?), we obtain that

Vi (s1,7) = Vi(s1,r) < O (8y/HID(K Xiker) + log(KH)]/VE)

with further letting
16H? R} + 2I(K, A; ker) + 5 4 log Noo (¥ R, 28) + 6log(2K H)| < 8%, Vh € [H].

This completes the proof. 0
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5.9 Proofs for Single-Agent MDP with Neural Function Ap-

proximation

5.9.1 Lemmas

Lemma 5.18 (Lemma C.7 of Yang et al. [2020]). With KH? = O(mlog ®m), then there exists
a constant F > 1 such that the following inequalities hold with probability at least 1 — 1/m? for
anyz € S x Aandany W € {W : |W — WO, < H\/K/\},

F(z W) = oz WO T (W = WO < KPHYm~%/logm,
lo(z: W) — p(z; W ||o < F(KH?/m)Y5\/logm,  [lo(z;W)|2 < F.

Lemma 5.19. We define the event £ as that the following inequality holds ¥(s,a) € S X
A N(h, k) € [H] x [K],

|thhk+1(57 CL) - f]lf(S, CL)| S Ui(S, CL) + Bba

oz Wi llaky— = oz WO gey - | < o,
where . = 5K /W2 {16 ~1/12 10g1/4 m and we define
k—1 N k—1
Aj =D (st ap Wi)e(sh, ais W) T+ ML A=) o(sh,ap: W)e(s], als WO) T 4 AL
=1 =1

Setting (1+1/H) = Bg, Rx = HVK, ¢* = H/K, and A\ = F?(1 + 1/K), ¢* = H/K, if we

set
3% > H?[8Rp(1 + VA/d)? + 32T (K, X kery, ) + 80 + 32log Noo (s*; Rk, Bxe) + 321log(K /0],
and also
m = Q(K"YH"1og® m),
then we have that with probability at least 1 — 2/m?* — &', the event £ happens, i.e.,

Pr(€) >1-2/m? -
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Proof. Recall that we assume P, V}, ;1 for any V' can be expressed as

Ve (2) = / act/(w2) - 2T a(w)dpo(w),

R4

which thus implies that we have

PaVia(e) = [ act'@w2) 2 afw)dm(e),

Rd

for some af (w). Our algorithm suggests to estimate P, V;F, | (s, a) via learning the parameters W}

by solving

k-1

Wit = avgmin y _[Vify, (sha) = f sk aps WP + AW = WO, (5.23)

T=1

such that we have the estimate of P, V;* (s, a) as f(z) = ILjg g f(z; W})] with
k L& KT
fEW) = = ;v cact (W] 2).

Furthermore, we have

Wy = w3 < Vi (sh0) = f(sh, afs Wi)J2 + MW — W(O)H%)

1 <
A T=1
1 k—1
=X ( (Vi (5Tan) = F 55 afs WO + X - W<°>||§)
T=1
1 k—1
= 1 WA < HER
=1

where the second inequality is due to W}" is the minimizer of the objective function.

We also define a linearization of the function f(z; 1) at the point W), which is
Fraa(z:W) = f(z W) + (p(z W), W = WO) = (=, W), W = W), (5.24)
where
p(z:W) =V f(zW) = [Vw, f(z: W), Vi, f(z; W)].

Based on this linearization formulation, we similarly define a parameter matrix Wlkin,h that is
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generated by solving an optimization problem with the linearied function f;,, such that

k—1
Wlkin,h = argvaninZ[thH(sﬁﬂ) — frin(8h, aj; W)]2 + AW — W(O)Hg' (5.25)
=1
Due to the linear structure of f;,(z; W), one can easily solve the above optimization problem and

obtain the closed form of the solution W7, ,, which is

WE = WO 4 (A)H(@h) Tk, (5.26)

inh T

where we define A, ®F, and y} as

Az - ZSO Sh7ah7W 0 )SO(S;—uath ) + >\ I= )\ I+ ((I)k)T(I)Za
T=1
YZ = [th+1(3ill+1)» th+1(5%+1) Vh+1(3h+1)]T'

Here we also have the upper bound of ||[WF, , — W[5 as

k—1
1 T T
HWlkin,h X (Z Vh+1 Shi1) — frin(sh, ap; Wlkin,h)]z + >\HW1kin,h - Wm)”%)
=1
W=
=X ( [Viia(Sher) = Fran(sf aps WO+ AW — W“”H%)
=1
=
= X [th+1(52+1)]2 < H2K//\,

1

T

where the second inequality is due to Wlkin, , 1s the minimizer of the objective function. Based on

the matrix Wlkim »» We define the function
ffin,h(z) := o, [frin(2; Wlkin,h)]a

where 1Ijo ;1[-] is short for min{-, H}*.

Moreover, we further define an approximation of P, V), | as

f() H[OH] \/——Z ZTOéz' )
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where ||a;|| < RgH/+v/dm. According to Gao et al. [2019], we have that with probability at least
1 — 1/m? over the randomness of initialization, for any (h, k) € [H] x [K], there exists a constant
C,cc such that Vz = (s,a) € S x A, we have

1 m
P VE L (2) — N Z act’(VVi(O)Tz)zTa,- < 10C, o RoH+/log(mK H) /m.
i=1

which further implies that

IP,VE L (2) = f(2)] < 10Cacc RogH A/ log(mEK H)/m, ¥z = (s,a) € S x A. (5.27)

This indicates that f(z) is a good estimate of P, ViF, | (z) particularly when m is large, i.e., the
estimation error 10C, .. RoH+/log(mK H)/m is small.

Now, based on the above definitions and descriptions, we are ready to present our proof of this

lemma. Overall, the basic idea of proving the upper bound of | P, V}* ;(z) — f¥(z)] is to bound the

following difference terms, i.e.,

R ) = (@) and [fE4(2) = F(2)]. (5.28)

As we already have known the upper bound of the term [P,Vi" | (z) — f(z)] in (5.27), one can
immediately obtain the upper bound of |P, V¥, | (z) — f(z)| by decomposing it into the two afore-
mentioned terms and bounding them separately.

We first bound the first term in (5.28), i.e., | ff(2) — f1in(z; WF,, )|, in the following way

1fh(2) = flan(2)]
< |f(z W) = (p(z W) Wk, — WOy
< (W) = (ol W), WE = WO+ [(p(z; W), W =W o 629
< FEPHPm Y flogm + 1 W =Wl

TV
Term(I)

where the first inequality is due to the non-expansiveness of projection operation Iljg g7, the third

2

inequality is by Lemma 5.18 that holds with probability at least 1 — m~“. Then, we need to

bound Term(I) in the above inequality. Specifically, by the first order optimality condition for the
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objectives in (5.23) and (5.25), we have

k—1
AWy = WO) =3 Vi (si) = Fi Wil (= Wi) = (@) T (v — £),
=1
k—1
)\(Wlklnh W(O)) - Z[th+1(52+1) - <90(Zl77,—7 W ) Wlln h W(O)>]¢<ZI77:7 W(O))
T=1
= (®f) vk — (@F) TOR(WE,, - W),

where we define

O = [p(sp, ap; WE), - skt ap WHIT,
1

Thus, we have

Term(D) = A7 (@F) (yf — £5) — (F) Ty} + (@) TOE(WE,, — W),
)T (yk — £F) — (B8) Tyk + (@) T (WE,, — WO,
<A@ T = (@) vkl + AT (@) T[EF — F (W, — WO,

AR = (@) )RR (W = W) 2.

in,h

According to Lemma 5.18, we can bound the last three terms in the above inequality separately as

follows

AR = @0 )bl < XK ma [lp(7 W) — (7 W) - i

S FA71K7/6H4/3m71/6 logm

and similarly,

AR TIEE = @R WL = WOl < AP HY im0 log m,
>\71||(((I)I;L>T N (Eﬁk) )(I)k<Wl (0))”2 < >\73/2F2K5/3H4/3m71/6 log m

inh
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Thus, we have
Term(I) < A (F K7/¢ + 2P 2K°3YHY3m Y% /logm < 3K*3HY3m~1/%\/logm

where we set A = F2(1 + 1/K), and use the fact that A > 1as F > 1 as wellas F2/\ € [1/2,1]
and F /X € [1/2,1]. Combining the above upper bound of Term(I) with (5.29), we obtain

|fR(2) = flon(2)] < AF KPPHYPm~Y5 /logm. (5.30)

Next, we bound the second term in (5.28), namely | 7., ,(z) — f(2)|. Note that we have

Z act z Qo

Lo~ ™? O ) . WO
= L act/ (W T2)2 Ty + Z act 2)z oy
»me;vﬁ Z -
L~ @ o T e (v@ )’ )
= ———act (W, 2oy + —— et/ (W T2 Ty
v2m 121 V2 ( ?) V2m f= V2 ( ) "
Lm0 O L S @) o
= act' (W7 2)z ay + — L act' (W22 ey
V2m V2 ( ) V2m i:zm;rl V2 ( )
1
V2am

where we define

(0) 1)(0) . .
W 4% —i—\l@ai,lflgzgm,
E I OB
W+ = 7

Q, ifm 41 <4< 2m.
Then, we can reformulate f(z) as follows
f(z) = Mo (02 W), W = WO)].

Since ||av;||s < RoH/+/d, then there is W — WO, < RoH/+/d. Equivalently, we further have

(p(z; WO W — WO = wuwmnﬁﬂﬁﬁﬂwW»
= (p(z; WO NAD) (W — W) (5.31)
+ {p(2; vv“”><K£y*<5z>T52<ﬁ7—-wf@»>,
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since A¥ = A + (®%)T®*. Thus, by the above equivalent form of f(z) in (5.31), and further with
the formulation of f¥, _,(z) according to (5.24) and (5.26), we have

fEn(2) — f<z>|
< (= W), W — W)
< [z W >,A<A§> YW - W)
Term(II)
+ [z WO, (M) @) T[yk — BE(W — WO

J/

~
Term(III)

The first term Term(II) can be bounded as

Term(Il) = |{p(z; W), AAF) (W — WO)))
< All(z Wl gy IW = WO 7
< VAllp(z; WOl iy W = WO,
< VARQGH/VA - || (2 W)l g1

where the first inequality is by ||V — W(O)H(Kﬁ),l = \/(W — WO (AR -L(W — WO)
1/VA|W — WO, since (AF)~! < 1/ - I and the last inequality is due to ||V — WO,
RoH/Vd.

Next, we prove the bound of Term(III) in the following way

IA A

Term(IID) = |(p(z; W), (A}) (@) " [y} — @h(W — WO)))|
< [{p(z W), (K) (@) T [ — @h(W — WO)))]
+ [{p(z W), (A) (@) [y — ¥3])]
< lle(z W

)H(K;j)—l : H(@Z) 7 — (I)]fi(W - W(O))M(Kﬁ)—
+ ez WO gy - 1R v = Filll xe)-

< 10C.ce RoH /K log(mK H) /m||p(z: W) | )
+ [l WO Gy -1 '\H@ﬁ)T[yZ = ¥illl &gy

TV
Term(IV)

where we define y = [P,V (st 1), PV (s2,1), -+ PpViF (si11)] 7. Here, the last inequal-
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ity is by

(@) T [7% = @V = W) 7y

= 5k — BV — WO)TBS + () TBE (@) [k — BV — WO)]

— /I3 — BEOV — WO TR (@) T[N + BB T] [k — BT — W)

< \/ v — <1>“’(W — WONTINL + @ (BF)T| (AL + §F(DF)T]-L[¥k — Bf(W — WO)]
— ||y — B (W — WO)||, < 10C.e. RoH /K log(mKH) /m,

where the second equality is by Woodbury matrix identity, the first inequality is due to [A +
@k () T]~1 » 0, and the second inequality is by (5.27) such that

I5% — SHW = WO) ||y < VE 1|55 — &5V = W)

=Vvk—-1 S{l;p } P Vi1 (57, a7) = f(sh,ap)|
Telk—-1

< 10C, o RoH+/ K log(mK H) /m

In order to further bound Term(IV), we define a new Q-function based on WY, ,, which is

]fll’l h( ) - H[(),H} [T]fin,h(z> + ffin,h(z) + ulfin,h(z)L

where ryi(s,0) = ub,,(2)/H, and ub,, ,(z) = min{g(zWO)| g, H}. This Q-

function can be equivalently reformulated w1th a normalized representation ) = ¢/F as follows

Qinn(2) = min{Tlp s [(9 (= W), £ (W = WO))]

+ (14 1/H) - min{ B9 (z; W) || @)1} HY (5.32)

where we have
== AF2 I+ (00Ter, ef =0/,

Note that £ ||WF, , — WO, < FH/K/X < HVK since A = [2(1 + 1/K). Thus, we can
see that this new Q-function lies in the space @(O, Ry, Bk) as in (5.8), with Ry = H V'K and
Bk = (14 1/H)$ with the kernel function defined as l?e}m(z, 2') = (¥(z),9(2")).

Now we try to bound the difference between the Q-function Q% () in the exploration algorithm
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and the one Q% ;(z), which is

Q1 (2) = QY1 (2)]
< |fr(2) = flann@+ Q+ L H)B oz Wil gy - — oz W @6y

where the inequality is by the contraction of the operator min{-, H}*. The upper bound of the
term | f¥(2) — f1, ,(2)] has already been studied in (5.30). Then, we focus on bounding the last

term. Thus, we have

‘II@O(Z; Willag-r = ez W)l Gy

< \/‘SO(Z; WE)T(Af) "Lz W) — oz WO)T (AF)Lp(2; W(og‘

< /[lpte W) — e WO () e W+ [t WO ()1 = (Bt W)

n \/ (25 WO T(RE) i W) — (25 WO

Conditioned on the event that all the inequalities in Lemma 5.18 hold, we can bound the last three

terms above as follows
[ (2 W) — (2 WONT(AR) oz W)
< oz Wi) = (2 W [[(AR) 2 llo(z; Willa < A7 (K H? /m)Y%\/log m
oz WO (RE) il W) — ol WO | < A2 (KB m) V0 flog m
(WO (AR = (R el )|
< llp(z; WO [ | (AF) 1 (AR — AR AR T lallo(z; W) 2
< AZEP(@F) TR — (BF) B llro < AT2FA([(@F — ) RF 5o + (DF)T(DF — ) l10)
< )\_2F4K7/6H1/3m_ /6 /1Ogm’

which thus lead to

< 3KT2HY6p /12 logl/4 m, (5.33)

lo (2 Willlaty -+ — oz WO Gy
and thus

Q5 (2) — Q% (2)| < AF KPPHYBm ™%\ /logm + 3(1 + 1/H)BK™ > H'/*m ="/ 10g"* m,
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where we use the fact that A\ = F2(1 + 1/K) € [F?,2F ?]. This further implies that we have the

same bound for [V;F(s) — V5, (s)]. ie.,

V() = V(9] < max|Qh(s,0) — Q% (5, a)] (534)

<AF KPPHYPm =5 logm + 3(1 + 1/H)BK ™ HY%m =2 1og!/* m,
where we define V', (s) = max,e4 Q. , (s, a).
Now, we are ready to bound Term(IV). With probability at least 1 — ¢’, we have

Term(IV)
k—1

= Z[Vh’“+1(82+1) - Pth’il(Z;Z)]sa(z,Z; W(O))

T=1 (Kﬁ)—l
k—1
< Z[Vlkin,hﬂ (She1) — thlkin,h—i—l(’z;)]@(z;;; W(O))
=1 (KZ)—l
k—1
D AV (7)) = Vi (570)] = BalViliey = VE (5703 (21 W)
=1 (Kﬁ)_l

< [AH?T (K, X ker,,) + 10H? + 4H?1og N (s*; Ry, Bic) + 4H?log (K /8')]"/?
+ 8FK8/3H4/3m—1/6@ + 12ﬁK19/12H1/6m*1/12 log1/4 m.

Here we set \' = \/f?2 = (1+1/K), ¢* = H/K, Rx = HVK, Bx = (1 + 1/H)g, and
l;evrm(z, 2') = (9(z),9(2')). Here the second inequality is by (5.32), and also follows the similar
proof of Lemma 5.12. The last inequality is by (5.34) and Lemma 5.18, which lead to

k—1
Z{[thﬂ(szﬂ) - Vlkin,h+1<s7z+1)] - ]P)h{vhkﬂ - Vlkin,h+1(37l;+l)]}(p(2}:; W(O))
=1 (Kﬁ)—l
k—1
<Y BEKPHPmTYlogm + 126K HYom™ " log!* m] |0 (27 W) | sy -+
=1

< KF /VASF K HYm=0 flog m + 128K/ 2o =112 10g" /4y
S 8FK8/3H4/3m—1/6 /logm + 12ﬁK19/12H1/6m_1/12 10g1/4 m,

where we use F2/A=1/(1+1/K) <1land (1+1/H) < 2dueto H > 1. Now we let 3 satisfy

VARQH/Vd + 10C.c. RoH /K log(mK H)/m + H[AT (K, N: ker,,,) + 41og Noo(s*; Ry, Bi)
+ 10 + 4log(K /)% + 8F K3 HY3m =%\ /logm + 128 K*¥/12 HYSm=1/12 1ogt/4m < 3.
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To obtain the above relation, it suffices to set
m = Q(K"H"log® m)

such that m is sufficient large which results in

10C, .. RoH+/K log(mK H)/m + 8F K HY3m =5, /logm
128K/ 2 Y0112 00y < ROH + B2,

Then, there is

VARQH/Vd + RoH + /2
+ 2H[T(K, \; kery,) 4+ 5/2 4+ log Noo (¢*; Ric, Bi) + log(K /6")]Y? < 8,

where (K, \; ker,,) = (K, X;ker,,) with ker,,, == (p(z; W©®), o(2/; W©)). This inequality

can be satisfied if we set [ as
3% > H?[8R}H(1 4 \/A/d)* + 32T (K, A; kery,) + 80 + 32log Noo (s*; Ric, Bi) + 321log(K/4")].
If the above conditions hold, we have

[frinn(2) = F()] < Bl WO zg)1 < w + BEKTEZHY m 12 log! m),

where the inequality is due to (5.33). Since [}, ,(z) € [0, H] and f(z) € [0, H], thus we have

| fFon(2) = f(2)| < H, which further gives

fion(z) = f(2)] < min{uwf, HY + BEETHY m™1og!* m)

5.35
— u;cl + 5(3K7/12H1/6m_1/12 10g1/4 m) ( )

Now we combine (5.30) and (5.35) as well as (5.27) and obtain

|thhk+1(z) - fi]f(z)|
< PWVi(2) = F@) + 155 (2) = Foan@] + [ Fan(2) = £(2)]
< 10C.0t RoHA/Tog(mK H)/m + 4F K**HY3m=5,/logm
+ U’Z + 5(3K7/12H1/6m71/12 log1/4 m)
< u/]lcl + ﬁ<5K7/12H1/6m—1/12 log1/4 m),
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with m are sufficiently. We also have ‘Hgo(z; Wil am-1 = lle(z; W(O))H(Kﬁ)_l’ <+ according to
(5.33). The above inequalities hold with probability at least 1 — 2/m? — ¢’ by the union bound.
This completes the proof. 0

Lemma 5.20. Conditioned on the event £ defined in Lemma 5.19, with probability at least 1 — ¢/,

we have

]~

K
Vi(s1, %) <) VE(s1) + BHKCL,
k=1

k=1

]~

Vis1) < O (VHIK 1og(1/8) + 3/ HK -T(K, N ker,,) ) + BHE,

e
Il

1

where o = 5K /12 [J1/64,—1/12 10g1/4 .

Proof. We first show the first inequality in this lemma. We prove V;*(s, %) < ViF(s)+(H+1—h)

forall s € S, h € [H] by induction. When h = H +1, we know V}7, (s, %) = 0and Vi, (s) =0
such that V;_,(s,7%) < V[, (s1). Now we assume that V" (s, %) < ViE (s) + (H — h)Be.
Then, conditioned on the event £ defined in Lemma 5.13, for all s € S, (h, k) € [H] x [K], we

further have

Qh(s,a,1%) = Qji(s,a)
=1} (s,a) + PRV (s, a,7%) — min{rf(s,a) + f7(s,a) + uf(s,a), H}*
< max{PyVi, 1 (s, a,7%) — fi(s,a) — uj(s,a),0} (5.36)
< max{P,V{f, (s, a) + B(H — h)e — ff(s,a) — u}(s,a),0}

<BH+1-h),

where the first inequality is due to 0 < 7f(s,a) + P,V (s, a,7%) < H and min{z,y}" >
min{z, y}, the second inequality is by the assumption that V;*, (s,7*) < VI (s) + (H — h)pu,
the last inequality is by Lemma 5.19 such that [P, V)", (s, a) — ff(s,a)| < uf(s,a) + Bt holds for
any (s,a) € S x Aand (k, h) € [K] x [H]. The above inequality (5.36) further leads to

Vi (s, r*) = max Qi (s,a,7") < mzﬁchL(s,a) =VF(s)+B(H +1—h)w.
ac ac

Therefore, we obtain that conditioned on event £, we have
K K
D Vils,rf) <Y Vif(s) + BHEL
k=1 k=1

Next, we prove the second inequality in this lemma. Conditioned on £ defined in Lemma 5.19, we

159



have

Vi (s) = Qi(sh, ap) < max{0, fy(si, ap) + 13, (sh, a) + uy(sh, ap)}

S IEDh‘/hk+1 (Sia ai) + U§(5£7 aﬁ) + Tfli(sza ai) + Ui(sfw al;;)

< G+ Vit (Shya) + 2+ 1/H) Bl (s, ai; W) [l agy
where we define
(h = thh—l—l(‘sfmah) Vh+1<52+1)

Recursively applying the above inequality gives

H H
<D G+ @+1/H)BY sk als Wiy

h=1 h=1

where we use the fact that V5 | (-) = 0. Taking summation on both sides of the above inequality,

we have

K K H K H
D VEGs) =D D G+ @+ 1/H)BY Y lle(sh ap Wil agy -
k=1

On the other hand, by Lemma 5.36, we have

K H K H
SN 6tk af) gy = S0 elsk, ks W (AR o(sk, af: W)

k=1 h=1 k=1 h=1
K H
h=

where the first inequality is due to Lemma 5.19, the second inequality is by Jensen’s inequality.

\/(70 Shaahv (Ak) (waaﬁ;w(o)) +HKL

1

IA
i

1

K
K o(sF, ak; WON)T (Ak) o(sk,ak, W)+ HK.
k=

—

IA
= WMm

(K, \; ker,,) + HK.

160



Thus, conditioned on event £, we obtain that with probability at least 1 — ¢’, there is

M)~

Vi(s1) < O (VHK 10g(1/8') + By/H?K - T(K, Xker) ) + BHK,
k=1

which completes the proof. U

Lemma 5.21. We define the event & as that the following inequality holds ¥/(s,a) € S x A,Vh €
[H],

|]thh+1(57 CL) - fh(87 CL)’ S Uh(S, a’) + ﬁl’7
s Wa)lan -+ = oz W),y

<

Y

where . = 5K7/2 HYSm 112100 4 1, and we define

K K
A= o Wi)e(es W) "+ A1, Ay =Y oz W)o(zh; WO)T + X 1.
T=1

=1
Setting 8 = B, Rx = HVEK, <" = H/K, and A\ = F2(1 4+ 1/K), <* = H/K, if we set
B2 > HY[SRY (1 + \/AJd)* + 32T (K, \; ker,,) + 80 + 32log Noo (6*; Ric, Bie) + 32log(K /&),
and also

m = Q(K"YH"1og® m),
then we have that with probability at least 1 — 2/m?* — &', the event £ happens, i.e.,

Pr(&) >1—2/m?>— ¢

Proof. The proof of this lemma exactly follows our proof of Lemma 5.19. There are several
minor differences here. In the proof of this lemma, we set B = 3 instead of (1 + 1/H)j
due to the structure of the planning phase. Moreover, we use N (¢; Ry, Br) to denote covering
number of the Q-function class Q(ry,, R, Bx). Since the covering numbers of Q(ry,, Rx, Br)
and Q(0, Ry, By) are the same where the former one only has an extra bias 7, we use the same
notation N, (¢; Ri, Bx) to denote their covering number. Then, the rest of this proof can be

completed by using the same argument as the proof of Lemma 5.19. [
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Lemma 5.22. Conditioned on the event € as defined in Lemma 5.21, we have

Vir(s,r) < Vi(s)+ (H+1—h)Bt,Vs € S,Vh € [H],
Vh(S) S Th(S, 7Th(8>) + thh+1(87 7Th<8)) + 2uh(5, 7Th(8>) + BL,VS c S,\V/h € [HL

where m,(s) = argmax,c 4 Qn(s, a).

Proof. We first prove the first inequality in this lemma by induction. For h = H + 1, we have
Vii1(s,7) = Vaga(s) = Oforany s € S. Then, we assume that V,*, ; (s,7) < Vi1 (s)+(H—h)Be.

Thus, conditioned on the event € as defined in Lemma 5.21, we have

Qn(s,a,1) = Qn(s, a)
=rp(s,a) + PyVy (s, a,7) — min{ry(s,a) + fu(s,a) + un(s,a), H} T
< max{P, V", (s,a,7) — fu(s,a) —up(s,a),0}
< max{PyVii1(s,a) + (H — h)Be — fu(s,a) —up(s,a),0}
<(H+1-h)p,

where the first inequality is due to 0 < 74(s,a) + P,V 1(s,a,7) < H and min{z,y}*t >
min{z, y}, the second inequality is by the assumption that V', , (s, a,7) < Vi41(s,a)+(H —h)Se,
the last inequality is by Lemma 5.21 such that |P, V11 (s, a) — fu(s, a)| < un(s,a) + Be holds for
any (s,a) € S x Aand (k, h) € [K] x [H]. The above inequality further leads to

Vii(s,r) = Te%i(Qz(s’ a,r) < Ic{le%z}l{Qh(S’ a)+(H+1—-h)Be=Vu(s)+ (H+1—h)be.

Therefore, we have
Vii(s,r) < Vi(s)+ (H+1—h)Be,Vh € [H]|,Vs € S.
We further prove the second inequality in this lemma. We have

Qn(s,a) = min{ry(s,a) + fu(s,a) +un(s,a), H}*
< min{r,(s,a) + PpVii1(s, a) + 2un(s,a) + B, H}*
< rp(s,a) + PV (s, a) + 2up(s, a) + B,

where the first inequality is also by Lemma 5.21 such that |P,V},11(s, a) — fr(s, a)| < up(s, a)+ 0B,
and the last inequality is because of the non-negativity of ry, (s, a) + P Vi 11(s, a) + 2up(s, a) + fe.
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Therefore, we have

Vi(s) = 151652( Qn(s,a) = Qn(s,m(s)) < 1r(s,mh(8)) + PpVisa (s, mh(s)) + 2upn(s, mr(s)) + Be.
This completes the proof. 0
Lemma 5.23. With the exploration and planning phases, conditioned on events £ and 5 we have
the following inequality

K
K-V (s, u/H) <Y Vi (s, ") + 2K 8L,
k=1
where . = 5K /12 /6y —1/12 logl/4 m.

Proof. The bonus for the planning phase is up(s,a) = min{Swy(s,a), H} where wy(s,a) =
(s, a3 Wh)llx1. We also have H - ri(s,a) = uf(s,a) = min{Bwk(s,a), H} where wf(s,a) =

o (s, a; WE)|| ax)-1. Conditioned on events £ and £, according to Lemmas 5.19 and 5.21, we have
hJN(AR)

<,

o, a5 W) gy o — N, a5 W)l -

(s, s Wil = N, W) g, | <o

)

such that

Buwn(s, a) < Blle(s, a; WOz, + B,
Bu+ Bup(s,a) = Blle(s, a; W) gy -1

Moreover, we know

(s, a; W(O))||(/~\h),1

K —1
= | p(s,a; WO)T /\I+Zw(szaaﬁsW(O))w(SIL,aﬁ;W(O))T] (s, a; W),

=1

and also

(s, a; W(O))H(K;g)—l

k-1 -1
M+ (st ap; WO)p(sh, af; W(O))T] ols, a; W),

T=1

= \| (s, a; WO)T
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Since k — 1 < K and 2" ¢(s], a})o(s], at) "o = [T d(s],a})]? > 0, Vz, then we know that

K
Ap =M+ o(sh,ap; WO)p(sq, ap; WO)T
T=1

k—1
= AT+ S (T af; WO)p(sF, af WO)T = RE.

=1

The above relation further implies that A; ' < (A¥)~! such that
s, a; WO TA o(s,0, W) < (s, a; WO T(AF) Mo, a; ).

Thus, we have

Bwn(s,a) < pwy(s,a) + 2B,
such that

min{Bwy(s,a), H} < min{pw} (s,a) + 28t, H} < min{pw} (s,a), H} + 25,
which further implies that
up(s,a) < uf(s,a) + 281 =H-ry(s,a)+ 2B
Then, by the definition of the value function, we have
Vi(s1,u/H) < Vi(sy,r*) + 281,

which thus gives

K
K- V(s u/H) <Y Vi (s, ") + 2K B
k=1

This completes the proof.

5.9.2 Proof of Theorem 5.5

Proof. Conditioned on the event £ in Lemma 5.19 and the event £ in Lemma 5.21, we have
Vi'(s1,m) = V" (s1,7) < Va(s1) — Vi (s1,7) + Hp,
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where the inequality is by Lemma 5.22. Further by this lemma, we have

Vi(s) = Vii (s, 1) < rul(s, ma(s)) + PrVasa (s, ma(s)) + 2un(s, mu(s)) — Qi (s, mals), ) + B
=rp(8, () + PrVii1(s, mh(8)) + 2up(s, mh(s)) — ru(s, mn(s))
— PV (s, m(s), ) + Be
= PV (s, ma(s)) — PVl (s, ma(s), ) + 2un(s, mh(s)) + Be.

Recursively applying the above inequality and making use of V7, ,(s,7) = Vi41(s) = 0 gives

‘/1(81) - ‘/vlﬂ-(817 ) < EVhG[H} Sh+1~]Ph |Sh 7Th sh [Z 2uh 8h77Th Sh ) + H/Bl’

=2H - V{"(s1,u/H) + Hpu.

Combining with (5.37) gives

K
2H
Vi(si,r) = Vi (s, 7) < 2H - Vi'(s1,u/H) + 2HBL < — > Vi(si,r") +4HB

< go <\/H3Klog(1/(5’ )+ BV HAK -T(K, \ kerm)> + HBu(H + 4)

< O(x/HE’log 1/8") + B/H - T(K, )\;kerm)]/\/_+H25L>,

where the second inequality is due to Lemma 5.23 and the third inequality is by Lemma 5.20.
By the union bound, we have P(€ A g) > 1 — 2§ — 4/m? . Therefore, by setting &' =
1/(4K*H?), we obtain that with probability at least 1 — 1/(2K?H?) — 4/m?
Vi(s1,7) — Vit (s1,7) < O ( [/H 1og(1/8") + By/H* - (K, \; ker,)| /VE + H%)
<0 (6\/H4[F(K, X ker,,) + log(K H)]/VEK + H26L> ,

where the last inequality is due to 5 > H. Note that £ A £ happens when the following two

conditions are satisfied, i.e.,

3% > H*BRH (1 + /A/d)* 4 32T (K, A; ker,,,) + 80 + 321log Noo (<*; R, Bi) + 321og (K /d")],
B > H?[8RS(1+ v/A/d)? + 32T (K, \; ker,,) + 80 + 321log Noo (s*; R, Bic) + 32log(K /&),

where 8 = By,(1+1/H)8 = Bk, A= F (1+1/K), Rx = Rx = HVK, and ¢* = H/K. The
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above inequalities hold if we further let J satisfy
3% > H?[8R} (14 \/A\/d)* + 320 (K, A; kery,) + 80 + 32log Noo (¢*; Rk, 28) 4 96 log(2K H)],

since 28 > (1+ 1/H)B > B such that Noo (¢*; R, 28) > Noo(s*; Ric, Bi) > Noo(s™: Ry, Bx ).
This completes the proof. [

5.10 Proofs for Markov Game with Kernel Function Approxi-

mation

5.10.1 Lemmas

Lemma 5.24. We define the event £ as that the following inequality holds ¥(s,a,b) € S x A X
B.¥(h, k) € [H] x K],

Py Vi (s, a,b) — fr(s,a,b)| < uj(s,a,b),

where uf(s,a,b) = min{wf(s,a,b), H}, wi(s,a,b) = BAXY2[ker(z,z) — (s, a,b)T (A +
Ki) =1k (s, a,b)]Y% with 2 = (s,a,b), and fF(z) = o m[Yk(z) " (A - T + KF) " 'yF] with

w}’§<z) = (I)’Z¢(Z> = [ker(27 zill)v T ,ker(z, Zﬁ—l)]T’

O = [o(2), 6(z1) - oz

yﬁ = [th+1(5llz+1)a th+1(3%+1)7 T thkH(Szj)}Tv

ker(z},2}) ... ker(z},zt)

K = 25(25) " = : : :

ker(z7 7 zh) ... ker(zp Tt 2f )
Thus, setting f = Bk /(1 + 1/H), if Bx satisfies
16H? R, + 2T(K, X; ker) 4 5 + log Noo (¢*; Rk, By ) + 2log(K /6')] < By, Vh € [H],
then we have that with probability at least 1 — 0, the event £ happens, i.e.,
Pr(&)>1-14".

Proof. According to the exploration algorithm for the game, we can see that by letting @ = (a, b)
be an action in the space A x B, Algorithm 8 reduces to Algorithm 6 with the action space A x BB
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and state space S. Now, we also have a transition in the form of P, (s|a) and a product policy
(7 ® vF)(s) such that a ~ (7} @ vF)(s) at state s € S for all (h,k) € [H] x [K]. Similarly,
we have Q% (s, a,b) = Q%(s,a) and Vi (s,a,b) = V¥(s, a) as well as uf (s, a,b) = uf(s,a) and
uf(s,a,b) = uf(s,a) and rf(s,a,b) = r¥(s,a). Thus, we can simply apply the proof of Lemma

5.13 and obtain the proof for this lemma. This completes the proof. [

Lemma 5.25. Conditioned on the event £ defined in Lemma 5.24, with probability at least 1 — ¢/,

we have

W

Vi(s,r) <3 VEs) <0 <\/H3K10g(1/5’) + BVIPK T(K,\; ker)) .

k=1 k=1

Proof. By the reduction of Algorithm 8 to Algorithm 6, we can apply the same proof as the one
for Lemma 5.14, which completes the proof. [

Lemma 5.26. We define the event € as that the following inequality holds ¥(s,a,b) € § x A X

B,Vh € [H],
Py V hi1(s,a,0) — fr,(s,a,b)| < un(s,a,b), (5.38)
PV} 41 (s,a,b) — ih(s, a,b)| < up(s,a,b), (5.39)
where up(s,a,b) = Tu(s,a,b) = wu(s,a,b) = min{wy(s,a,b),H}, wp(s,a,b) =

BAYV2[ker(z, 2) — ¥n(s,a,b) T (N + Kp) " (s, a, b)Y/ with z = (s,a,b), Ky, = ®,®,, and
Yn(s,a,b) = ®po(s, a,b) with ®, = [¢(2}), p(22), -+, ¢(2F)]". Moreover, we have

Th(sa a, b) = H[O,H] [wh(sa a, b)T()‘ I+ ,Ch)_lth
ih(sv a, b) = H[O,H] [wh(sa a, b)T<)‘ I+ Kh)ilzh]a

where'y, = [Vh+1(S}L+1)7 e ,Vh+1(3hK+1)]T and Y, = [Kh+1(slll+1)7 e azh+1(ShK+1)]T'

Thus, setting § = By, if By satisfies
AH?[RY + 2T (K, A;ker) + 5 + log Noo(s™; Ry, Bx) + 2log(2K/0')] < B%,Vh € [H],
then we have that with probability at least 1 — ¢§', the event £ happens, i.e.,

Pr(&)>1-14"

Proof. According to the construction of u; and f,, the proof for the the first inequality in this

lemma is nearly the same as the proof of Lemma 5.15 but one difference for computing the covering
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number of the value function space. Specifically, we have the function class for V/;, which is

V(’I“h, EK, §K) = {V . V() = maxminEﬁ/y,/Q(-,a,b) Wlth Q € @(Th,éK,EK)}.

ar~mw! b~v!

By Lemma 5.35 with ¢’ /2, we have

2

K
Z o(sh, ah, i) Vi1 (sh 1) — PuVisa(sh, af,, 03)]
T=1 (Ap)~t
p 2
< s |60k aq BV (sh) — BV (s7, o, b7)
VeV(ry,Ri,Bxk) || r=1 (Ap)—t

< 2H?logdet(I + K/X) + 2H?K (A — 1) + 4H?1og(NY,, (e: Rk, Bk)/8') + 8K2€% /A
< AH?T (K, \;ker) + 10H? + 4H? log N (s*; R, Bi) + 4H?1og(2/6"),
where the last inequality is by setting A\ = 1+ 1/K and e = ¢* = H/K. Here N, (gst is the covering
number of the function space V w.r.t. the distance dist(V;, V5) = sup, |Vi(s) — Va(s)|, and Ny,
is the covering number for the function space Q w.r.t. the infinity norm. In the last inequality, we

also use
which is in particular due to

dist(V3, V2) = sup |Vi(s) — Va(s)|

seS

= sup | max min Eq vy [Q1(8, @, 0)] — maxmin Egwrr ppr [Q2(s, a, b)]|
ses . v oy (5.40)

< supsupsup |Q1(s, a, b) — Q2(s, a,b)|
seS acA beB

- ||Q1(7 "y ) - QQ('? " ')“007

where we use the fact that max-min operator is non-expansive. Thus, we have that with probability
at least 1 — ¢’/2, the following inequality holds for all £ € [K]

K
> é(sq,ap b)) Vi (shyy) = PaViga(sh, af,, b))

T=1

-1
Ay

< [AH?T(K, \; ker) + 10H? + 4H?log Noo(s*; Ric, By ) + 4H?log(2K /8')]"/?.
Then, the rest of the proof for (5.38) follows the proof of Lemma 5.15.
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Next, we give the proof of (5.39). We define another function class for V;, as

X(Th, EK, §K) = {V . V() = ma),(gnirllE,T/’,/Q(, a, b) with Q € Q(Th, EK, EK)}
Note that as we can show in the covering number for the function spaces Q and Q have the same
covering number upper bound. Therefore, we use the same notation N, for their upper bound.
Thus, by the similar argument as (5.40), we have that with probability at least 1—0"/2, the following
inequality holds for all k£ € [K]

K
> é(sh,ap )V (sha0) = PV (55, a7, b))

T=1

A
< [AH?T(K, \;ker) + 10H? + 4H?log Noo (s*; Ric, Bt ) + 4H?log(2K /8')]'/?,

where we use the fact that

The rest of the proof are exactly the same as the proof of Lemma 5.15.

In this lemma, we let

1/2

H[2)R% + 8T (K, \;ker) + 20 + 4log Noo (s*; Ryc, Bc) + 8log(2K/8")]" < 8 = B,

which can be further guaranteed by
AH? (R} + 2D(K, A;ker) + 5 + log Noo (6*; Ry, Bx) + 2log(2K/9')] < B

as (1+1/H) <2and A =1+ 1/K < 2. This completes the proof. O

Lemma 5.27. Conditioned on the event & as defined in Lemma 5.26, we have

V,j(s,r)
V,j(s,r) >

IA
< =

h(S) < anﬁh,bwbr(w)h[(thh+l + 7y + Quh)(s, a, b)],VS € S, Vh € [H], (541)
h(S) > anbr(u)h,bwuh[(PhKh+1 —Tp — 2uh)(8, a, b)],Vs - S,\V/h - [H] (542)

Proof. For the first inequality of (5.41), we can prove it by induction. We first prove the first
inequality in this lemma. We prove it by induction. For h = H + 1, by the planning algorithm,
we have VIEH(S, r) = Viy1(s) = 0 for any s € S. Then, we assume that V,Ll(s, r) < Viga(s).
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Thus, conditioned on the event € as defined in Lemma 5.26, we have

Qh(5:0.b,7) — Ty(5,0,b)
=rn(s,a,b) + ]P’thTH(S, a,b,r) — min{ry(s,a,b) + f,(s,a,b) +uu(s,a,b), H}"
< maX{IP’thTH(S, a,b,r) — fr(s,a,b) —up(s,a,b),0}
< max{P,Vyi1(s,a,b) — f,(s,a,b) — ux(s,a,b),0} <0,

where the first inequality is due to 0 < 74(s,a,b) + IP’thTH(s, a,b,r) < H and min{z,y}* >
min{z, y}, the second inequality is by the assumption that V,JH (5,a,b,7) < Vi5i1(s,a,b), the last
inequality is by Lemma 5.26 such that |P,V ;1 (s, a,b) — f,(s,a,b)| < ux(s,a,b) holds for any
(s,a,b) € S x A x Band (k,h) € [K] x [H]. Thus, the above inequality leads to

Vi(s,r) = max min Eq o poy Q! (s,a,b,7)] < max min Eq o poy [Q,(5,a,b)] = Vi(s),
Th Vn Th  Vh

which eventually gives
Vii(s,r) < Vi(s),Yh € [H],Vs € S.
To prove the second inequality of (5.41), we have

Vh(s) - Hli/n ]EaNWh,bNV’@h(S, a, b)

< Eomomy pbr(n), @n (8, a, b)

= Eomrmy pobr(my, 0in{ (fp, + s +up)(s,a,b0), H}*

< Egmmy pmbr(n), min{ (P, Vi1 + 75 + 2up) (s, a,b), H}"
< anwh,bwbr(ﬂ)h[(ththl + rp + 2up)(s, a, b)],

where the first and the second equality is by the iterations in Algorithm 9, the second inequality is
by Lemma 5.26, and the last inequality is due to the non-negativity of (P, V1 +74+2us) (s, a, b).

For the inequalities in (5.42), one can similarly adopt the argument above to give the proof.
From the perspective of Player 2, this player is trying to find a policy to maximize the cumulative
rewards w.r.t. a reward function {—ry(s,a,b)} ne(m)- Thus, the proof of (5.42) follows the proof of
(5.41). This completes the proof. [
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Lemma 5.28. With the exploration and planning phases, we have the following inequalities
K K
K-V (s u/H) <3 V(s ), K-V (s, uf/H) <Y Vi(se, ).
k=1 k=1

Proof. First, we have K- V"™ (s, u/H) < K-V (s1,u/H), as well as K - V""" (s, u/H) <
K - Vi*(s1,u/H) due to the definition of V{*(-,u/H). Thus, to prove this lemma, we only need to
show

Since the constructions of uy, and r} are the same as the ones for the single-agent case, similar to

the proof of Lemma 5.17, we have
up(s,a)/H < ri(s,a),

such that

and thus

Therefore, we eventually obtain
K
K-V (s, u/H) < K - Vi (s, u/H) gz (s1,7%),

K
K-V (s u/H) < K-V (s,u/H) <Y Vi(sy,r
k=1

This completes the proof. 0
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5.10.2 Proof of Theorem 5.6

Proof. Conditioned on the event £ defined in Lemma 5.24 and the event £ defined in Lemma 5.26,

we have
V(s1,m) = Vi (s1,7) < Vals) = V0 (s1,7), (5.43)
where the inequality is by Lemma 5.27. Further by this lemma, we have

Valsn) = Vi@ sy, )
< Eap oy bmbr(m)y (Ba Vg1 + 10+ 2up) (sn, an, b)] — Vhﬁ’br(w)(sh, r)

- EahNﬂh,thbr(ﬂ)h [(Th + ]P)hvh—l-l + 2Uh)(8h, Qp,, bh) - Th(sfu Qp, bh) - thhﬁblr(ﬂ)<shu Qp, bh7 7”)]

= Eopmomy op~tor(m)n PRV ht1 (Shy any bp) — thhwﬁr(ﬂ)(sm an, b, ) + 2up(sp, an, by)]
= By bnbr(m)msn i ~Pn V1 (Shi1) — Vhﬂﬁr(ﬂ)(shﬂ, ) + 2up(sn, an, by)].
Recursively applying the above inequality and making use of V1 (s) = ngi(w) (s,r) = 0yield

Vi(sy) = Vi (s, 7)
H

S EV}‘LE[H}: ahNﬂh,thbr(ﬂ')h,sthlNPh [ § 2uh(sh7 Qp, bh)
h=1

4

= 2H - V"™ (51, u/H).

Combining this inequality with (5.43) gives

K
r(7m 7r,br(m 2H "
Vi(s1,m) = Vi1, ) < 2H VO sy, u/H) < 23 Vi (s )
k=1

< %o <\/H3Klog(1/5’) + BVI2K T(K, \; ker))
< 0 ([VH 1og(1/8) + BV/H T(K, A ken)] /VK )

where the second inequality is due to Lemma 5.28 and the third inequality is by Lemma 5.25.

Next, we prove the upper bound of the term V,""(s1,7) — Vi (s1,r). Conditioned on the

event & defined in Lemma 5.24 and the event & defined in Lemma 5.26, we have

‘/lbr(u),l/<81, T) — ‘/1’[<817 T) < ‘/vlbr(u),V(Sl’ T) - Kl(sh T'), (544)
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where the inequality is by Lemma 5.27. Further by Lemma 5.27, we have

VO (s, m) = V()
< Vhbr(y)’y(sh, ) — Eambrw)nbrovn [(PhY hin — i — 2us) (S, an, by)]
= Ea)~br(w)n,bp~vn [thhbil “(Shy an, ba, ) — PrVo 1 (Shy an, bn) + 2un (s, an, by)]

br(v),v
= ]EahNbr(V)hathVhash+1NPh [Vh+(1 ) (Sh—i-lv T) - thh+1(5h+1) + QUh(Sha Qp,, bh)]-
Recursively applying the above inequality yields
Vlbr(y)’y(sl,r) —V,(sp,r) <2H - \Gbr(u)’y(sl,u/H).

Combining this inequality with (5.44) gives

VPO (1Y _ V(s r) < 2H - VIO () u/H) < —ZVl S1,7

< %0 <\/H3Klog(1/(5’) + 82K - T(K, A;ker))

< 0 (VH og(1/8) + Bv/HT-T(K X en) V),

where the second inequality is due to Lemma 5.28 and the third inequality is by Lemma 5.25.
Since Pr(€ AE) > 1— 20’ by the union bound, by setting &' = 1/(4H2K?2), we obtain that with
probability at least 1 — 1/(2H*K?)

Vi (s1) = V7 (s1,7) < O (/217 10g 2HEK) + By/HT - T(K, A ker)] VK )
VO (s1,7) = Vi(s1,7) < O (1V2H log(2HK) + 8y/H' - T(K, Asker)] /VE )

such that

VIO (51 0) — VPO (s, ) < O (W2H5 log(2HK) + B+/H* - T (K, \; ker)] /JE)
< 0 (BVHIT(K Xker) + log(HK)/VE )

where the last inequality is due to 8 > H. The event £ A £ happens if we further let 3 satisfy
16H? [ R + 2T (K, A ker) + 5 + log N (¢*; Ry, 28) + 6log(2HK)| < 8%, Vh € [H],

where A = 1 + 1/K, Rx = Rix = 2H+/T(K, X ker), and ¢* = H/K. This completes the
proof. 0
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5.11 Proofs for Markov Game with Neural Function Approxi-

mation

5.11.1 Lemmas

Lemma 5.29 (Lemma C.7 of Yang et al. [2020]). With TH? = O(mlog °m), then there exists
a constant F such that the following inequalities hold with probability at least 1 — 1/m? for any
2€SxAxBandanyW € {W : |[W — WO, < H\/K/)\},

F(z W) = oz WO T (W = WO < F KPHYm~%/logm,
lo(z: W) — p(z; W ||o < F(KH?/m)Y5\/logm,  |lo(z:W)|2 < F,

with F > 1.

Lemma 5.30. We define the event £ as that the following inequality holds ¥z = (s,a,b) € S X
A x B,Y(h, k) € [H] x [K],

|]P>hvhk+1<s7 a, b) - fl]f(sa a, b>| S qu(S7 a, b) + 5L’

[0z Wl agy-1 = ez WO ey | <
where . = 5K /P2 [0 ~1/12 logl/4 m and we define
k—1 N k—1
A=) eGR W W+ A1, A=) o W)p(zp WO T + A - 1.
T=1 =1

Setting (1+ 1/H) = By, Rx = HVK, ¢* = H/K, and A = F?(1 + 1/K), ¢* = H/K, if we
let

3% > 8RHH*(1 4 \/A/d)? + 32HT' (K, \; kery,) + 80H
+ 32H?log N (s*; Ric, Bi) + 32H? log(K /4'),

and also
m = Q(K"YH"1og®m),

then we have that with probability at least 1 — 2/m?* — &', the event € happens, i.e.,
Pr(€) >1-2/m* -9
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Proof. By letting a = (a,b) be an action in the space A x B, Algorithm 8 reduces to Algorithm
6 with the action space A x B and state space S. We have Q(s,a,b) = Qf(s,a), Vi¥(s,a,b) =
Vik(s,a), uk(s,a,b) = uf(s,a), uf(s,a,b) = uf(s,a)and rf(s,a,b) = r¥(s, a). Simply applying
the proof of Lemma 5.19, we have the proof of this lemma. 0

Lemma 5.31. Conditioned on the event £ defined in Lemma 5.30, with probability at least 1 — &',

we have

K

§ 317
k=1 =
K
k

31 )+ BHK.,

\Mw

S VEs) <0 <\/H3Klog(1 16 + B/ HPK -T(K, A, kerm)> + BHEK.,

=1

where . = 5K7/Y2HY/ S ~1/1216g1 /4 iy,

Proof. By the reduction of Algorithm 8 to Algorithm 6, we can apply the same proof for Lemma
5.20, which completes the proof. [

Lemma 5.32. We define the event £ as that the following inequality holds ¥(s,a,b) € § x A X
B,Yh € [H],

[PAV i1 (5, a,0) = Fu(s,a,b)] < n(s,a) + B,
PuVa(s,0.0) = £, (5.0,6)] < wy(s,0) + B,
[0 Tl = ez WOl g,

oz W) s = el Wl g,

<

<.

where 1 — 5KT/12 fJ1/6,,~1/12 log1/4 m, and we define f,(z) = o, 11 [f(z;W})] and ih(z) =
o m[f(z; W,,)] as well as

K K
Ap = Z o Wh)e(zs Wh) T+ X1, A, = Z oz W )o(2h; W)+ A -1

=1 =1
A=Y ol W )p(27; WO+ X T.
=1
Setting 8 = By, R = HVK, ¢* = H/K,and A = F*(1+1/K), ¢* = H/K, if we set

3% > 8RLHH?(1+\/A/d)* + 32H? + T(K, \; keryy,)
+ 80H? + 32H? log Noo (s*; Ry, Bi) + 32H? log(2K/d"),
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and also
m = Q(K"YH"log®m),

then we have that with probability at least 1 — 2/m?* — ¢', the event g happens, i.e.,

Pr(€) >1-2/m? -

Proof. The proof of this lemma follows our proof of Lemmas 5.19 and 5.21 and apply some similar
ideas from the proof of Lemma 5.26. Particularly, to deal with the upper bounds of the estimation
errors of PthH and P,V . |, we define the two value function space VY and V and show their
covering numbers similar to the proof of Lemma 5.26. Then, we further use the proof of Lemma
5.21, which is derived from the proof of Lemma 5.19, to show the eventual results in this lemma.
In the proof of this lemma, we set B = /3 instead of (1 + 1/H)A due to the structure of the
planning phase. This completes the proof. ]

Lemma 5.33. Conditioned on the event € as defined in Lemma 5.32, we have

Vil(s.r) < Vi(s) + (H +1 = h)Bu.Vs € 8.Vh € [H], (5.45)
S

h( ) S anwh,bwbr(ﬂ')h[(thh—i—l +rp+ QUh)(Sv a, b)] + BL,\V/S € Sa Vh € [H]a

<l =

Vil(s,r) = V,,(s) — (H +1— h)Bu,Vs € S,Yh € [H],

(5.46)
Kh(s) > ]ECLNbr(l/)h,bNVhK]P)hKh-i-l —Th = QQh)(Sa a, b)] - BL,VS € S,Vh € [H]

Proof. We prove the first inequality in (5.45) by induction. For h = H + 1, we have V;I La(s,r) =
Vigsi(s) = 0 forany s € S. Then, we assume that V,LTH(S, r) < Vipi(s) + (H — h)fBe. Thus,

conditioned on the event £ as defined in Lemma 5.32, we have

Q},(s,a,b,1) = Qy(s,a,b)
= ru(s,a,b) + PthTH(s, a,b,r) —min{[ry(s, a,b) + f,(s,a,b) + up(s,a,b)], H} "
< max{ [IP’thTH(s, a,b,r) — f.(s,a,b) — (s, a,b)],0}
< max{[P,Vhi1(s,a,b) + (H — h)Be — fin(s,a,b) —Tup(s,a,b)],0}
< (H+1-h)p,

where the first inequality is due to 0 < 74(s,a,b) + IP’hV,Ll(s, a,b,r) < H and min{z,y}* >

min{z, y}, the second inequality is by the assumption that V,LTH(S, a,b,1) < Viysi(s,a,b)+ (H —
h) B, the last inequality is by Lemma 5.32 such that |P,V .1 (s, a,b) — f,(s, a,b)| < (s, a,b) +
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S holds for any (s,a,b) € S x A x Band (k,h) € [K]| x [H]. The above inequality leads to

Vi(s,r) = max min Eqr pewr Q! (s,a,b,7)]

Tho Vh
< maxminEyorf pouy [@Qn(s,a,b)]+ (H+1—h)Be
Tho Vh

=Vu(s)+ (H+1-h)pe.
Therefore, we have
Vi(s,7) < Vu(s) + (H + 1 — h)Bu,Vh € [H],Vs € S.
We further prove the second inequality in (5.45). We have

@h<37 a, b) = min{[rh(s7 a, b) + 7h(87 a, b) + ﬂh(sa a, b)]’ H}+
S min{[rh(s7 a, b) + ]P)hvh—i-l (87 a, b) + 2ﬂh(s7 a, b) + 547 H}+
S T’h(S, a, b) + ththl(Sa a, b) + 2ﬂh(37 a, b) + 557

where the first inequality is also by Lemma 5.32 such that [P,V 1(s,a,b) — f,.(s,a,b)| <
up(s,a,b) + B, and the last inequality is because of the non-negativity of (s, a,b) +
PpVii1(s, a,b) + 2u(s, a, b) + Si. Therefore, we have

Vh(S) = Ini/Il EGNWh,bNV’@h(S, a, b)
< anwh b~br(m Qh(s a, b)

S EaNﬂmbNbr(W)h [rh(‘S? a, b) + ]P)hvthl(Sa a, b) + 2ﬂh<57 a, b)] + BL-

For the inequalities in (5.46), we can prove them in the same way to proving (5.45). From the
perspective of Player 2, this player is trying to find a policy to maximize the cumulative rewards
w.rt. a reward function {—7r,(s, a,b)}repm). Thus, one can further use the proof technique for
(5.45) to prove (5.46). This completes the proof. 0

Lemma 5.34. With the exploration and planning phases, conditioned on the event £ defined in
Lemma 5.30 and the event £ defined in Lemma 5.32, we have the following inequalities

K
K-V (s, w/ H) sz (s1.7%) + 2K B,

K
K-V (s, u/H) < 30V (s1,7%) + 2K Bu.
k=1
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Proof. First, we have K - V""" ™ (s, u/H) < K -V (s1,u/H) as well as K - V""" (s1, u/H) <
K - Vi*(s1,u/H) according to the definition of V}*. Thus, to prove this lemma, we only need to
show

K-V (si,u/H) <Y Vi(s1,m") +2K8,

[M] =

k=1

K -Vi(s,u/H) < Vi (s1, ") + 2K .

]~

i

1

Because the constructions of the planning bonus %, and the exploration reward r} are the same as
the ones for the single-agent case, similar to the proof of Lemma 5.23, and according to Lemmas

5.30 and 5.32, we have the following results

Un(s,a,b) < H-ri(s,a,b) + 261, w,(s,a,b) < H-ri(s,a,b)+ 280
such that

Vi(s,@/H) < V' (s1,7") + 280, V' (s1,u/H) < Vi (s1,7%) + 26,

Therefore, we eventually obtain

K
K'Vﬂbrﬁ)<81,U/H><K V(Sl,u/H SZ 51; )+2KﬁL

K
K-V>W(s u/H) < K - Vi (s, u/H) < “(s1,7%) + 2K .
1
k=1

This completes the proof. ]

5.11.2 Proof of Theorem 5.7

Proof. Conditioned on the events £ and & defined in Lemmas 5.30 and 5.32, we have

Vi (s1,7) = VP (s1,m) < Vilsh) = VP (s1,7) + Hp, (5.47)
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where the inequality is by Lemma 5.33. Further by this lemma, we have

Valsn) = Vi (snr)
< EahWh,thbr(w)h[(thhH + 7h + 20n) (8, an, by)] — Vhﬂ’br(ﬂ)(sha )+ B
= Eap o bp~br(m)n [(Th + PV i1 + 2up)(sh, an, br) — m4(sk, an, by)
- PthTi ™ (s, an, bn, )] + Bu
= Ea, oy by ~br(m)n [PrV i1 (Sn, an, by) — ]P’th (sh, ap, bp, ) + 2Un(Sp, an, by)] + Be

= By b br(m)n,sn i P |V hs1(She1) — Vhﬁr( M(Sha1,7) + 2T (sn, an, bp)] + Bu.

m,br(mw

Recursively applying the above inequality and making use of V41 (s, 7) = V7, ( ) = 0 gives

|

H

Vl(sl) - ‘/17r,br(7r) (517 T) S IEVhE[H]: ap~Th,bp~br(m)p,Sh41~Pp [Z 2ﬂh(3h7 Qp,, bh) S1
h=1

= 2H - V""" (s, u/H) + Hpu.
Combining with (5.47) gives

Vi (s1,7) = VP 0 (s, 7)

Mw

<2H - V" (s u/H) + 2HBL < “(s1,7) + 4H Bu

k=1
< %(9 (\/H3K10g(1/5’)+B\/H2K'F(K,)\;kerm)) +(H+4)Hp

< O ([VH og(1/8) + Bv/HT - T(K, X ery )| /VE + H2B)

where the second inequality is due to Lemma 5.34 and the third inequality is by Lemma 5.31.
Next, we give the upper bound of V)" (sy, ) — V; (s1, ). Conditioned on the event € defined
in Lemma 5.30 and the event & defined in Lemma 5.32, we have

VI (s1,7) = Vi(s1,m) <V (s1,7) = Vi(s1) + HB, (5.48)
where the inequality is by Lemma 5.33. Further by this lemma, we have

V" (sp, ) = V()
< Vhbr(y)y(sh? r)— EaNbr(V)h:bNVhKPhKh—O—l — Th — 2uy,)(Sn, an, bn)] + Be
= Ea, ~br(w)n,bp~vn [thhbi(ly)’y(sh, an, bp, ) — PV, 1 (Sn, an, by) + 2wy, (s, an, by)] + Bt

br(v),v
= EahNbr(V)mthl/h,ShHNPh [Vh+(1 : (Sthlv T) - thh—&-l(sﬂl) + 2Qh<5h7 Qp, bh)] + ﬁL'
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Recursively applying the above inequality gives
VP (s1,7m) = Vi(s1) < 2H - VP (s, u/H) + Hpu.
Combining with (5.48) gives
2H
VIO (s10) = Vi (s1,7) < 2H - Vi (s1,u/H) + 2HBL < 7 Z Vi(s1,7) + 4HBL
k=1

<0 ([\/H5 log(1/0) + B+/HE - T(K, \; keryy)]/VE + H%) ,

where the second inequality is due to Lemma 5.34 and the last inequality is by Lemma 5.31. Thus,

we eventually have

‘/lbr(u),y(sl’ T) B Vvlﬂ,br(w) (81, 7”)

<0 ([\/Hf’ log(1/0") + Bv/H™ - T (K, s ker,,)] /VE + H%) .

Moreover, we also have P(E A E) > 1 — 26" — 4/m? by the union bound. Therefore, since 5 > H
as shown in Lemmas 5.30 and 5.32, setting &' = 1/(4K?H?), we obtain that with probability at
least 1 — 1/(2K2H?) — 4/m?,

Vi (s1,m) = Vi'(s1,7) < O (BY/HTT(K, A kery) + log(KH)]/VE + H231) .
The event £ A € happens if we further let 3 satisfy

3% > 8RLH?(1+ \/A/d)* + 32H?T'(K, \; ker,,,) 4+ 80H?
+ 32H?log Noo(6*; Ric, 28) + 96 H? log(2K H ).

where guarantees the conditions in Lemmas 5.30 and 5.32 hold. This completes the proof. [

5.12 Other Supporting Lemmas

Lemma 5.35 (Lemma E.2 of Yang et al. [2020]). Let {s,}°°, and {¢,}>°, be S-valued and
H-valued stochastic processes adapted to filtration {F,}°°, respectively, where we assume that
o\l < 1 forall 7 > 1. Moreover, for any t > 1, we let K; € R be the Gram matrix of
{¢+} ey and define an operator Ay : H — H as Ay = N + S brp] with X > 1. Let
V C{V : S — [0,H]} be a class of bounded functions on S. Then for any § € (0,1), with
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probability at least 1 — 9, we have simultaneously for all t > 1 that

¢ 2

sup
Vey

ng{V(ST) - E[V(Sr)|~FT—1]}

T=

At

< 2H?logdet(I + KC;/A\) + 2H?*t(X — 1) 4+ 4H?log(N./6) + 8t2e? )\,

where N is the e-covering number of V with respect to the distance dist(-,-) := supg|Vi(s) —
Va(s)l.

Lemma 5.36 (Lemma E.3 of Yang et al. [2020]). Let {¢;}1>1 be a sequence in the RKHS H. Let
Ao : H — H be defined as \I where A\ > 1 and I is the identity mapping on H. For anyt > 1, we
define a self-adjoint and positive-definite operator \; by letting Ay = Ay + 22:1 gb](ﬁ; Then, for

anyt > 1, we have

t
Zmin{l, @-Aj’_ll(bjT} < 2logdet(I 4+ K;/)N),

Jj=1

where K, € R"" is the Gram matrix obtained from {¢;} ;jcpy, i.e., for any j,j' € [t|, the (j, j')-th

entry of Ky is (¢}, ¢j)n. Moreover, if we further have sup,q{||¢¢||»} < 1, then it holds that

t
logdet( + K1 /A) <> o] AT ¢y < 2logdet(I + K,y /N).

J=1
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CHAPTER 6

Conclusion

Due to the huge empirical successes of RL in solving real-world decision-making problems, there
have been a large number of works studying the theoretical understandings of the RL algorithms.
Along such a research direction, this thesis focuses on two classes of RL methods, i.e., reward-
based online RL and reward-free RL, for both single-agent MDPs and Markov games. For the
reward-based online RL, this thesis investigates two concrete problems, namely online learning
for constrained MDPs and policy optimization for two-player zero-sum Markov games. Moreover,
within the framework of reward-free RL, this thesis proposes and analyzes novel algorithms for
both single-agent MDPs and Markov games incorporating the powerful nonlinear function approx-

imations. Specifically, the main contributions of this thesis are concluded as follows:

Online Learning for Constrained MDPs. Chapter 3 proposes a new upper confidence primal-
dual algorithm for constrained MDP online learning problems. The proposed algorithm estimates
the unknown transition model based on the trajectories and maintains a confidence set inspired by
the idea of UCB. It incorporates the confidence set into the online primal-dual method for learning
the policies. The proposed algorithm is proved to achieve (5(\/? ) upper bounds for the regret
and the constraint violation simultaneously. Moreover, the regret bound nearly matches the lower
bound of the regret for learning MDPs. The analysis incorporates a new high-probability drift
analysis of Lagrange multiplier processes into the regret and constraint violation proofs for the

proposed upper confidence algorithm.

Policy Optimization for Zero-Sum Markov Games. Chapter 4 proposes and analyzes new prov-
able optimistic PO algorithms for two-player zero-sum Markov games with two non-trivial special
transition structures, namely the factored independent transition and the single-controller transi-
tion. The proposed algorithms feature a combination of UCB-type optimism and policy optimiza-
tion updating rules adapted to the structured transitions in a multi-agent non-stationary environ-
ment. In order to handle the non-stationarity resulting from the opponent’s varying state, both
players in the factored independent transition setting and Player 2 in the single-controller setting

demand to make an estimation of the opponent’s state reaching probability. For both transition
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structures, this thesis provides O(v/K ) regret bounds after K episodes. The O(v/K ) regret bounds
in this thesis match the regrets of the value-based methods when translating their results in terms of
the regret definition here. This thesis also proposes novel value difference decomposition by taking

the transition structures and the state reaching probability estimation error into consideration.

Reward-Free RL with Kernel and Neural Function Approximations. Chapter 5 first proposes
sample- and computationally efficient reward-free RL algorithms with kernel and neural func-
tion approximations for single-agent MDPs. The proposed exploration algorithm is an optimistic
variant of the least-square value iteration algorithm incorporating kernel and neural function ap-
proximators. Further with the planning phase, which is a single-episode optimistic value itera-
tion algorithm, the proposed method achieves an 5(1 /€%) sample complexity to generate an e-
suboptimal policy for an arbitrary extrinsic reward function. Moreover, this thesis extends the
proposed method from the single-agent scenario to the two-player zero-sum Markov games, which
can achieve an O (1/£?) sample complexity to generate an e-approximate Nash equilibrium. Par-
ticularly, in the planning phase for Markov games, the proposed algorithm only involves finding
the Nash equilibrium of matrix games formed by Q-function that can be solved efficiently, which
is of independent interest. The above sample complexities match the O (1/€?%) results in existing

works for tabular or linear function approximation settings.

6.1 Future Direction

There are plenty of topics remaining to explore in the area of theoretical RL. This section provides

several lines of future research directions specific to the main problems studied in this thesis.

Extension to General Function Approximations. The problems of online learning for con-
strained MDPs and policy optimization for Markov games are only investigated in the tabular
case. However, when the state and action spaces are large, it is necessary to analyze the function
approximation scenario, especially the general (nonlinear) function approximation. On the other
hand, this thesis studies two specific nonlinear function approximators, i.e., kernel function and
1-layer neural network, for the reward-free RL problem. It is challenging to further investigate the
reward-free RL with a general nonlinear function approximator or a multi-layer neural network

approximator beyond the neural tangent kernel modeling.

Extension to General Multi-Agent Scenarios. While this thesis studies constrained single-agent
MDPs, it is interesting to see the exploration of new provable algorithms for multi-agent RL with
constraints, e.g., constrained Markov games. In addition, this thesis analyzes the policy optimiza-
tion algorithms for two-player zero-sum Markov games with special transition structures. How-

ever, whether the policy optimization for Markov games with a general transition can attain an
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O(v K) remains a challenging problem. Moreover, it is worthwhile to investigate how to extend
such analysis to multi-player general-sum games. For the reward-free RL, it is appealing to study
the extension of the analysis for two-player Markov games based on a joint environment explo-

ration to the multi-player game scenario where each player can explore the environment separately.

Toward Tighter Bounds. Recently, there have been a lot of works investigating how to sharpen
the upper bounds of the regrets or the sample complexities such that one can obtain tighter results
matching the lower bounds. It has been shown that employing the bonus terms based on Bernstein’s
inequality instead of Hoeffding’s inequality could lead to a better dependence on the episode length
H and the sizes of the action/state spaces |S|,|.A|,|B| or the feature dimension for the online
value-based RL algorithms in the tabular case or with linear function approximation. Thus, it is
an interesting research question that whether we can adopt such a technique to the constrained
RL, policy optimization methods, and reward-free RL or even these three aspects generally with

nonlinear function approximations under the multi-agent setting.
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