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Abstract

An a-Potential Game Framework for Non-Cooperative Dynamic Games:
Theory and Algorithms

by
Xinyu Li
Doctor of Philosophy in Engineering — Industrial Engineering and Operations Research
University of California, Berkeley

Professor Xin Guo, Chair

Multi-agent systems naturally arise in many real-world scenarios where multiple decision-
makers interact, such as autonomous driving, network design, and financial markets. Analyz-
ing multi-agent non-cooperative games is inherently challenging due to the asymmetry among
players and the diverse structures of the games. This thesis introduces a unified framework
to analyze N-player non-cooperative games in dynamic settings, considering both discrete-
time and continuous-time state transitions. Additionally, efficient reinforcement learning
(RL) algorithms and stochastic control techniques are proposed to identify strategies for
each player that lead to approximate Nash equilibria (NE).

The first part of this thesis introduces and analyzes a general class of dynamic N-player
non-cooperative games called a-potential games. In this framework, the change in a player’s
objective function resulting from a unilateral deviation from her strategy is equal to the
change in a common function, called the a-potential function, up to an error a. The existence
of an a-potential function simplifies the challenging task of finding a-Nash equilibria in
dynamic games to minimizing the a-potential function, as the optimizer of the a-potential
function is shown to be an a-Nash equilibrium of the game.

In Chapter [2, we focus on Markov games with finite state space, finite action space, and
Markovian policy. The state transition follows a discrete-time Markov decision process. In
this case, we establish the existence of an associated a-potential function. Additionally, we
provide a semi-infinite linear program to find « and its corresponding a-potential function
for any Markov game. We study two important classes of practically significant Markov
games, Markov congestion games and the perturbed Markov team games, via the framework
of Markov a-potential games, with explicit characterization of an upper bound for o and
its relation to game parameters. Furthermore, we study two equilibrium approximation
algorithms, namely the projected gradient-ascent algorithm and the sequential maximum



improvement algorithm, along with their Nash regret analysis, and corroborate the results
with numerical experiments using model-free RL algorithms.

In Chapter we study dynamic games with continuous-time state transitions, focusing
on general classes of states, actions, and controls/policies, with a particular emphasis on
stochastic differential games. An analytical characterization of the a-potential function is
established, with « represented in terms of the magnitude of the asymmetry of the second-
order derivatives of the players’ objective functions. For stochastic differential games in
which the state dynamic is a controlled diffusion, « is characterized in terms of the number
of players, the choice of admissible strategies, and the intensity of interactions and the level of
heterogeneity among players. Two classes of stochastic differential games, namely distributed
games and games with mean field interactions, are analyzed to highlight the dependence of «
on general game characteristics. To analyze the a-NE, the associated optimization problem
is embedded into a conditional McKean-Vlasov control problem. A verification theorem
is established to construct a-NE based on solutions to an infinite-dimensional Hamilton-
Jacobi-Bellman equation, which is reduced to a system of ordinary differential equations
for linear-quadratic (LQ) games. We conclude by case-studying an N-player LQ game on
a graph network, analyzing « under different graph structures, and deriving the explicit
solutions to the a-NE.

Since our framework reduces multi-agent games to a single optimization problem, the sec-
ond part of this thesis focuses on designing efficient algorithms for single-agent reinforce-
ment learning (RL). While much progress has been made in RL for discrete Markov decision
processes, continuous RL remains less explored. Therefore, in Chapter [4] we propose and
analyze two new policy learning methods: regularized policy gradient (RPG) and iterative
policy optimization (IPO), for a class of discounted linear-quadratic control (LQC) prob-
lems with continuous state space and continuous action space, over an infinite time horizon
with entropy regularization. Assuming access to the exact policy evaluation, both proposed
approaches are proved to converge linearly in finding optimal policies. Moreover, the TPO
method can achieve a super-linear convergence rate once it enters a local region around the
optimal policy. Finally, when the optimal policy for an RL problem in a known environment
is appropriately transferred as the initial policy to an RL problem in an unknown environ-
ment, the IPO method is shown to converge at a super-linear rate if the two environments
are sufficiently close. A model-free version of the policy-based methods is also discussed.
Performances of these proposed algorithms are supported by numerical examples.
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Chapter 1

Introduction

Game theory has framed our understanding of strategic interaction since the seminal work
of Von Neumann and Morgenstern [147] and the equilibrium concept of Nash [I15]. Over the
decades, it has become a foundational analytical tool across a wide range of fields, including
economics [127, [7, 123, finance [143)], 3], 35} 34, [70], transportation systems [159] 54, [83], and
evolutionary biology [79, 20, [42].

In parallel, reinforcement learning (RL) has emerged as a powerful data-driven framework
for sequential decision-making, particularly in settings where full information may not be
available [138]92]. Many successful applications of RL such as autonomous driving, the game
of Go, and algorithmic trading, involve the interactions of multiple agents, which naturally
fall into the realm of multi-agent RL (MARL). While classical MARL methods have achieved
promising empirical results [104) 62, 162], the theoretical understanding of aspects such as
convergence, stability, and equilibrium properties remain relatively limited in the literature.

In general-sum or unstructured environments, learning dynamics may fail to converge,
show cyclic behaviors, or exhibit high sensitivity to parameter tuning [102] 109, 12]. There-
fore, theoretical studies are often conducted on more structured classes of games, such as
two-player zero-sum games [130], mean-field games and their variants [70], 4], 68, [5 120], and
Markov potential games [10T], T3], 106, 163, 114]. While these formulations offer theoretical
tractability, they may not fully capture the diversity of strategic interactions arising in more
complex or heterogeneous real-world environments.

The gap between the rapid advancement of MARL algorithms and the limitations of
existing game-theoretic frameworks motivates the central objective of this thesis. Specifically,
this thesis proposes a new framework called a-potential games that aims to strike a balance
between generality and tractability. This framework enables the analysis of general-sum
games while supporting gradient-based learning and guaranteeing equilibrium convergence
under suitable conditions. The remainder of this introduction first reviews the foundations
of static, Markov, and stochastic differential games, and then introduces a-potential games
in the context of recent theoretical and algorithmic advances.
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1.1 Static Games

Definition of Static Games. Static games, also known as one-shot simultaneous-move
or normal-form games, are among the most fundamental models in game theory. In these
games, a finite set of players each selects a strategy simultaneously and independently, and
each player’s payoff depends on the full profile of strategies chosen by all participants.

A game G is defined by a tuple (V, (A;)ic[n]; (4s)icin)), where N is the number of players
and [N] = (1,2,---,N) denotes the set of player indices. For each player i € [N], A;
denotes the action space of player ¢. We denote the joint action profile of all players as
a = (a, - ,ay) € A = Hiem A;, and the joint action profile of all players except i as
a; € A_; = Hje[NLj# A;. The payoff function for player 7 is given by u; : A — R. Each
player ¢ aims to maximize their own payoff w; (or equivalently, minimize a cost function ¢;,

defined by ¢; = —u;).

Nash equilibrium. The central solution concept in game theory is the Nash equilibrium
(NE). Intuitively, a Nash equilibrium is an action profile in which no player can unilaterally
improve their payoff by deviating from their current action. In this sense, it characterizes
a stationary point of the game where each player’s choice is optimal given the choices of
others. We now introduce the formal definition of a Nash equilibrium in both pure and
mixed strategies.

Definition 1.1.1. A pure strategy Nash equilibrium (NE) is a joint action profile a* =
(af,...,ak) € A such that for every player i € [N/,

wi(al,a*;) > wi(a;,a*;)  for all a; € A;.

When pure strategy equilibria do not exist or are not guaranteed, one may consider mixed
strategy Nash equilibria instead, where each player randomizes over their action space.

Definition 1.1.2. Let P(A;) denote the set of probability distributions over A;. A mized
strategy profile o* = (of,...,0%) € Hie[N] P(A;) is a Nash equilibrium if for every player
Eqnor[ui(a)] > Eon(o, 00 yuila)]  for all o; € P(A;),

i

where the expectation is taken over the joint distribution induced by the mized strategies.

The classical result of Nash [I15] guarantees the existence of at least one mixed strategy
Nash equilibrium in any static game with a finite number of players and finite action sets.
However, computing and analyzing Nash equilibria can be challenging, especially with high-
dimensional action spaces. In particular, Daskalakis et al. [46] shows that even for two-player
games, the problem of finding a Nash equilibrium is PPAD-complete (short for Polynomial
Parity Argument on Directed graphs), a complexity class of problems whose solutions are
guaranteed to exist but are hard to find. This suggests that, without further structure, no
polynomial-time algorithm is known for computing equilibria.
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1.1.1 Static Potential Games

The computational complexity barriers in finding NE motivate the study of structured classes
of games, where equilibria are not only guaranteed to exist but can also be efficiently learned
via decentralized dynamics.

A prominent example of a tractable class of N-player games is the class of potential
games, introduced by Monderer and Shapley [113]. The key feature of potential games is
that any unilateral deviation in a player’s payoff aligns exactly with the change in a common
scalar function, known as the potential function.

Definition 1.1.3. A static game is called a static potential game if there exists a function
¢ A — R such that for all players i and for any a;,a; € A;,a—; € A_;, we have

wi(aj, a—;) — uia;, a_;) = ¢(aj, a_;) — ¢(as, a_;).

The function ¢ is referred to as the (static) potential function.

Characterization of the potential function. Under sufficient regularity assumptions,
i.e., when each payoff function wu; is twice continuously differentiable, u; € C?, and each
action set A; C R, the verification of whether a game is a potential game, as well as the
construction of a corresponding potential function if one exists, can be formulated in terms
of first- and second-order derivatives.

Theorem 1.1.1. [113, Theorem 4.5] Let G be a game in which u; € C* and A; CR. Then
G 1is a potential game if and only if
82ul- 82uj
= , i, j € [N]. 1.1

8(11'6(1,]' aaiﬁaj fOT cvery t.J [ ] ( )
Moreover, if the payoff functions satisfy (L.1), let z = (z1,---,2n) be an arbitrary (but
fizred) action profile in [ [,y A, and let p; : [0,1] x A; = A; be a continuously differentiable
reparameterization of A; such that for all a; € A;, pi(0,a;) = z; and p;(1,a;) = a;. Then a
potential function for G is given by

@) = [ 0u)plr. )0 i)

where p(r,a) = (pi(r, a;))icn-

Definitions [1.1.3| and |1.1.1| immediately imply that any local (player-wise) maximizer
(defined below) of ¢ is a pure strategy NE:

Proposition 1.1.1. Let G be a potential game with potential function ¢. If ¢ has a local
(player-wise) mazximum at a*, namely

¢(a*) > ¢(ai, a”;), for any a; € A;,i € [N],
then a* 1s an NE to G.
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As a result, it reduces the challenging task of finding NE to maximizing a single func-
tion. The structure of potential games ensures that various learning processes, such as best
response and fictitious play, are guaranteed to converge to NE [113, [112] 57, [124] [157].

1.1.2 Near-Potential Games

A key appeal of potential games is that many adaptive dynamics converge to a Nash equilib-
rium. This raises the question of whether such convergence extends to games that are close
to potential games. Candogan et al. [27] formalize the notion of near-potential games and
analyze the convergence behavior of various learning dynamics.

To quantify the distance between two static games Gand G , Candogan et al. [27] proposes
the following measure of “closeness” between the games:

Definition 1.1.4 (Maximum pairwise difference). Let G and G be two games with N players,
set of action profiles A, and collections of payoff functions {u;}, i) and {1; } ¢y respectively.
The mazimum pairwise difference (MPD) between these games is defined as

d(G.6) = max (g (a5, a—s) — wi (@i, a—;)) — (U (a3, a—s) — U (a;,a_;))| .
a;,al€A;,
a_;€EA_;i€[N]

We now formulate the problem of finding the closest potential game to a given game in
terms of the maximum pairwise difference defined in Definition 4] Suppose we are given
a game G with payoff functions wc[y). We seek a potential game Q with payoff functions
@it € [N] and a potential function ¢, such that the MPD from the original game is minimized.
This leads to the following optimization formulation:

min max  |(ui(aj, a—) — ui(a;, a—;)) — (@i(aj, a—) — @i(a;, a—;))|
dAtiticiny  aiai€A;,
a_;€EA_,i€[N] (1 2)
subject to  d(a;, a—;) — d(as, a—;) = U(aj, a—;) — Ui(a;, a—), '

for all i € [N], a;,a; € A;, a_; € A_,.

The optimization problem mentioned above is convex with linear constraints and can be
reformulated as a linear program. Therefore, when the action space is finite, the closest
potential game can be computed efficiently in polynomial time.

The near-potential games preserve the key properties of potential games, where efficient
algorithms are shown to converge to the NE. Candogan et al. [25 26] show that several
learning dynamics—such as best response, logit dynamics, and fictitious play—continue to
exhibit desirable convergence behavior in near-potential games. For example, for a game G
such that d(G, Q) < § with G being a potential game, the trajectory of action profiles using
the best response converges to a bounded neighborhood of a Nash equilibrium, where the
size of the neighborhood depends on ¢ continuously.
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1.2 Dynamic Games

This section reviews the setup and key models in dynamic games, where players’ instanta-
neous payoffs depend on an underlying state transition process. We consider both discrete-
time and continuous-time state dynamics, with a focus on structured game classes that
exhibit potential-like properties. These properties, analogous to static potential games but
extended to dynamic settings, provide a foundation for our development of a-potential games,
a central contribution of this thesis.

Open-loop, closed-loop controls, and Markovian policies. We consider a stochastic
dynamic system defined on a complete probability space (2, F,P), equipped with a filtration
(Fi)>0 that satisfies the usual conditions. This framework accommodates both discrete-
time Markov games, modeled via Markov decision processes (MDPs), and continuous-time
stochastic differential games, formulated through stochastic differential equations (SDEs).

Depending on the structure of available information, players may adopt different types
of control strategies. Let F}V := o(W7,s <t,j € [N]) denote the filtration generated by the
exogenous noise (such as Brownian motions in SDE), and let F;¥ := o(X7,s <t,j € [N])
be the filtration generated by the state process. A strategy is said to be open-loop if the
control process is adapted to F}V, i.e., the agent’s decision at time ¢ can depend on the initial
condition and the noise history. In contrast, a strategy is closed-loop if it is adapted to F;¥,
meaning that decisions can depend on the observed state trajectory [I53]. A particularly
important subclass of closed-loop controls is feedback control, in which the decision at time
t depends only on the current state X, typically taking the form «;(t) = ¢;(t, X;), where ¢;
is a measurable function [55]. Such a mapping ¢; is usually called a feedback policy.

In discrete-time settings such as Markov decision processes (MDPs) and Markov games,
Markovian policies constitute one of the most important classes of policies in the discrete-
time RL literature, due to their tractability and practical implementability. A Markovian
policy for player i is a mapping m; : S — P(A4;), where the action distribution at time k
depends only on the current state s, rather than on the full history. That is, for all k,
m(a; | 8% ..., s") = m(a; | s*). The analogue of Markovian policies in the continuous-time
RL literature can be found in a recent line of work on relazed control, which is used to model
exploration and exploitation in continuous-time reinforcement learning [148, [89], 90, 142, 69].

For an optimal control problem governed by an Ito-type SDE, it is well established that,
under appropriate regularity conditions, open-loop and closed-loop controls are equivalent in
the sense that they yield the same optimal value function, which coincides with the unique
viscosity solution to the associated Hamilton—Jacobi-Bellman (HJB) equation [153] 55, [154].
However, this equivalence may fail in general path-dependent control problems [I53] or in
game-theoretic settings; see, for example, Carmona et al. [34] for an N-player systemic risk
problem and Sun and Yong [132] for a two-player zero-sum linear-quadratic game. In an N-
player game, a closed-loop control of the form ¢;(¢, X}, ..., X}¥) introduces interdependence
between the players: if player j adjusts her strategy ¢;, this affects her state dynamics
th , which in turn influences player i’s control through its dependence on the full state
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vector. In contrast, under open-loop control, where strategies are adapted to the underlying
Brownian motions, such interdependence is absent. Therefore, in the context of N-player
games, the open-loop and closed-loop control strategies will lead to different equilibrium
characterizations. In Chapter |3| of this thesis, we investigate and quantify the impact of
control structures on the game dynamics and the equilibrium outcomes.

1.2.1 Discrete-Time Markov Games

For discrete-time dynamic games, we focus on Markov games, a foundational class of games
where both state transitions and players’ payoffs depend only on the current state and joint
actions, rather than the full history of play. Markov games serve as the primary framework for
multi-agent reinforcement learning (MARL) algorithms. Methods such as Nash Q-learning
[85] and policy gradient approaches [104] leverage the Markov structure to enable scalable
learning in dynamic environments.

We consider a Markov game defined by the tuple G = (N, S, (4:)icny, (ti)ieiny; P ),
where N is the number of players, S is a finite state space, A; is the finite action set of
player 7, and u; : S x A — R is the one-stage payoff function. The state transition kernel
P(s' | s,a) determines the probability of moving from state s to s under joint action a, and
v € [0,1) is the discount factor.

At each time step k, the system is in state s* € S, each player i selects an action a¥ ~
mi(- | s%), and the joint action a* = (af);e(n] determines the next state s*™ ~ P(- | s* a*).
The players follow stationary Markov policies, with m; : S — P(A;) € II;, and the joint
policy is denoted by ™ = (7;)iein) € I = Hie[N] II;. Each player ¢ wants to maximize her
expected discounted return (value function), which is defined as

Vils,m) o= Ex |3 tFulsh,ab) | = s
k=0

under policy 7 and initial state s, and V;(u, 7) := Ey,[Vi(s,7)] when the initial state is
drawn from distribution p € P(9).

Markov Potential Games. Leonardos et al. [I01] introduces a direct extension of static
potential games to dynamic settings, called Markov potential game (MPG), by assuming the
existence of a potential function that globally characterizes unilateral deviations in agents’
value functions.

Definition 1.2.1. A Markov game is called a Markov potential game if there exists a function
¢ : S x II-R such that for any s € S,i € [N],m;,m € I;,m_; € 11,

Vi(s,mi, i) = Vi(s,mh, ) = ®(s, m, my) — P(s, w1, 7). (1.3)

The MPG structure has enabled learning algorithms with convergence guarantees to NE,
including policy gradient-based methods [101], 49, 56} 136}, [163], 164] and best-response-based
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methods [106]. However, two main challenges remain: (1) the lack of real-world examples
that can be provably shown to be MPGs, and games where each state corresponds to a static
potential game may fail to be MPGs (see examples provided in Leonardos et al. [101]); and
(2) the difficulty of certifying games as MPGs and constructing potential functions, except
in special cases (e.g., state-independent transitions or identical payoffs [114], T0OT]).

Our solution: Markov a-Potential Games. In Chapter [2, we propose a framework
called Markov a-potential games that extends the notion of potential structure. Markov a-
potential games allow misalignment between incentive differences in the value functions and
those in a common function called the a-potential function. This misalignment is measured
through the notion of maximum pairwise distance between a Markov game and a real-valued
function defined on S x II:

Definition 1.2.2. Giwen any Markov game G and a function V : S X [I=R, the mazimum
pairwise distance d between ¥ and G is defined as

a<\1}7g) = sup ‘\Ij(&ﬂ-z{aﬂ-—i) - \P(S77riv7r—i) - (V; (Saﬂ-gaﬂ-—i) - V;(Saﬂ-hﬂ——i)) :
s€Si€[N],
Wi,W,EEHi,T('_iEH_i

Let F9 be a suitable class of bounded uniformly equi-continuous function. The precise
definition is deferred to Chapter 2l We then define Markov a-potential games:

Definition 1.2.3 (Markov a-potential games). A Markov game G is a Markov a-potential
game if R
a= inf d(¥,G).

weF9

Furthermore, any ® € F9 such that &(@, G) = a is called an a-potential function of G.
Next, we present a useful property due to Definition [1.2.3]

Corollary 1.2.1. Let G be a Markov a-potential game with a-potential function ®. Then,
for any s € S;i € [N],m,m, € ;,m_; € 11,

H/;‘(S,ﬂ'i,'ﬂ-_i) - ‘/;‘(87772/-,77-_2') - (@(S,ﬂ-i,ﬂ'_i) - ®<Syﬂ;7ﬂ-—i))| S Q.

Corollary shows that, compared to MPGs, Markov a-potential games allow for a
misalignment between V; and ® of at most «. In other words, the a-potential function &
approximately captures the change in player incentives when they unilaterally deviate, with
an error bounded by «. For any given game, upon identifying its a-potential function and the
corresponding «, we can conclude that any optimizer of ® induces an a-Nash equilibrium.
In Chapter |3 we prove the existence of the a-potential function. Moreover, similar to
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Section [1.1.2] the value of o and the corresponding a-potential function can be obtained by
formulating the problem as an optimization problem:

min
yER
¢:SxA—-R

s.t. ’ Z(ds(s', dim,m) —d(s d ) (0 —w) (s, d)| <y,

s',a’

(1.4)

Vs € S, Vi € [N], V’ﬂ'l‘,ﬂ'g e 11, Vrm_; € I1_;,
‘(b(S?a’)l SNmaXH“’Z“OOa VS€S7CL€A'
1€[N]

where d*(s',a’; ) is the occupation measure, defined as

nyk]l(sk =5)|s" = s] :

d*(s',a';m) = m(d|s)E,

k=0

Compared to (1.2), which has finitely many constraints and can be reformulated as a linear
program, features infinitely many constraints defined over the policy space. Therefore,
is a semi-infinite linear program. Several algorithmic methods have been developed to
solve such problems [141], 82].

In Chapter 2, we present two algorithms, one based on the policy-gradient method and
the other on the best-response method, to find approximate Nash equilibria for Markov
a-potential games. The resulting Nash regret explicitly depends on a.

1.2.2 Continuous-Time Stochastic Differential Games

Continuous-time games model systems where strategies and states evolve continuously. These
games are especially relevant in control-theoretic contexts such as differential games, and
have a wide application in financial modeling [77, 69, [70], trajectory planning [134) [135], and
autonomous systems [104] [103].

Consider an N-player stochastic game G over the time horizon [0, 7], defined on a com-
plete probability space (€, F,P) with an m-dimensional Brownian motion W = (W*)m_ .
For each player i € [N], let A; be the set of admissible controls u; taking values in A; C R™.
Denote the joint control by w = (uy, ..., unx) € AN =[],y Ai, and let X* = (X)X, be
the associated state process satisfying, for all i € [V],

dXy; = bi(t, Xy, wy)dt + 03 (t, Xy, we)dWy,  Xo,; = @,
where z; € R4, b; : [0,T] x RV x RV® — R and o; : [0,T] x RV x RNV — R¥™ are
measurable. The objective of player 7 is to minimize the cost functional

T
vi<u>=E{ /0 (X5 )t 4 g,(X)]

where f; : [0,T] x R4 x R — R and ¢; : RV — R are measurable.
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Tractable stochastic differential games. One classical approach is through mean-field
games (MFG), which simplify large-population stochastic differential games by assuming
homogeneity among agents and taking the limit as the number of players N—oo. This
framework reduces the problem to a representative agent coupled with a distributional flow,
typically characterized by a system of Hamilton—Jacobi-Bellman and Fokker—Planck equa-
tions [100), 87]. Another line of work studies graphon games, which model heterogeneous
interactions between agents through weighted graphs or graphons. These methods analyze
the limit behavior of games with complex network structures as N—oo [9, 23], 15, 52, 36].
For some more recent works with sparse graph and finite players, we refer to [96], 86].

a-potential games. Guo and Zhang [66] study potential games within the framework
of stochastic differential games, focusing on closed-loop controls in feedback form. They
provide two characterizations of continuous-time potential games: a probabilistic character-
ization and a PDE characterization. Moreover, Guo and Zhang [66] establish an analogous
characterization of the potential function ®, comparable to the static potential function
characterization in Theorem [[.1.1] by employing linear derivatives:

Definition 1.2.4. Let AW = [Ticin) Ai be a conver set and f AWM R, For eachi € [N],
we say [ has a linear derivative with respect to A;, if there exists % - AN x span (A4;) — R,
such that for all a = (a;,a_;) € AN, %(a; 1) is linear and

flait+e(af—ai),a)) = fla) _of

Ii = (a;a;, —a;), Va e A,.
51\1;% £ (5@1( 3 Ay al) a; g

Linear differentiability, as defined in Definition [1.2.4] is weaker than Fréchet or Gateaux
differentiability because it avoids imposing a topology on the strategy classes A;. This
provides greater flexibility in handling different types of control classes.

In Chapter , we extend Guo and Zhang [66] to propose a-potential games in stochastic
differential game settings.

Definition 1.2.5 (Guo et al. [T4]). We call a game an a-potential game, if there exists o > 0
and ® : AN) — R such that for all i € [N], a;,a; € A; and a_; € A(_Jp,
Vi (@i, a-:)) = Vi (0, ai)) = (@ (05, a-4)) = @ ((a5,0-4))) | < e,

: N
with AN) = Hiem A; the set of strategy profiles for gll players, and A(_Z-) = Hje[N]\{i} A;
the set of strategy profiles of all players except player i.

Such & is called an a-potential function for the game G. In the case of a = 0, we simply
call the game G a potential game and ¢ a potential function for G.
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Theorem 1.2.1. If the objective functions {V;}icin) of a game G admit second-order linear
derivatives, then under some mild reqularity conditions, for any fived z € AN, the function

ba) = [ 52 (e r(a- Doy - ) dr

da,
j=t

1s an a-potential function of G, with

N
52V, 52V,
<2 ! cal.d) — —2L (a:d”. d)|.
« sup Sarda, (a, az,aj) Sas00, (a7 aj,az)

iG[N],aQEAi,a,a”EA(N) j=1

This characterization generalizes existing results of potential games with finite-dimensional
strategy classes [113, [101], 84] to general dynamic games with arbitrary convex strategy
classes. In particular, it replaces the Fréchet derivatives used in earlier works with linear
derivatives, without requiring a topological structure on AW). Moreover, it quantifies the
performance of the a-potential function in terms of the difference between the second-
order linear derivatives of the objective functions.

We characterize games under both open-loop and closed-loop control structures and iden-
tify the corresponding value of a. Notably, due to the interdependence introduced by closed-
loop control, the a values for open-loop games are usually smaller than those for the cor-
responding closed-loop games. We illustrate this in Chapter |3 through several examples,
including network games, distributed games, and games with mean-field interactions.

With the a-potential function defined in Theorem we can find an NE by minimizing
the a-potential function, a* = inf, ®(a), which can be written as an equivalent conditional
McKean-Vlasov problem. In an open-loop linear-quadratic setting, it can be solved explicitly
by solving a set of ODEs.

Learning in a-potential games. In Chapter [2| we present two RL algorithms to learn
the NE in discrete-time Markov a-potential games, demonstrating their effectiveness through
model-free numerical examples. Learning in continuous-time a-potential games is more so-
phisticated than in discrete-time games, and designing efficient RL algorithms for continuous-
time games remains an open and challenging problem.

Since a-potential games reduce the task of finding a Nash equilibrium to solving a mini-
mization problem, a natural starting point is to draw inspiration from single-agent continuous
RL methods. As a preliminary step, we consider a linear-quadratic control problem in Chap-
ter [4] and study the convergence rate of policy gradient based and policy optimization based
methods in this setting. Several continuous-time RL methods have been proposed in recent
literature, including [148, 89, [90]. However, it remains an open and interesting question
how to effectively integrate RL methods to establish efficient algorithms with convergence
guarantees for continuous-time a-potential games.
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Chapter 2

Markov a-Potential Games

2.1 Introduction

Designing non-cooperative multi-agent systems interacting within a shared dynamic environ-
ment is a central challenge in many existing and emerging autonomy applications, including
autonomous driving, smart grid management, and e-commerce. Markov game, proposed in
[129], provide a mathematical framework for studying such interactions [162]. A primary
objective in these systems is for agents to reach a Nash equilibrium, where no agent benefits
from changing its strategy unilaterally. However, designing algorithms for approximating
or computing Nash equilibrium is generally intractable [I17], unless certain structure of
underlying multi-agent interactions are exploited. There is a rich line of literature on equi-
librium computation and approximation algorithms for Nash equilibrium in Markov zero-
sum games (see [125] and references therein), Markov team games (see [14] and references
therein), symmetric Markov games (see [I56]), and in particular, Markov potential games
(see [106], 163, 10T, 1T4] and references therein) and its generalization to weakly acyclic games
(see [6, 155] and references therein).

In this paper, we propose the Markov a-potential game framework, where changes in
an agent’s long-run utility from unilateral policy deviations are captured by an “a-potential
function” and a parameter a (Definition . We establish that any finite-state, finite-
action Markov game is a Markov a-potential game for some o > 0, and there exists an
a-potential function (Theorem [2.2.1). Furthermore, we show that any optimizer of an -
potential function, if it exists, is an a-stationary Nash equilibrium (Proposition .

Markov a-potential games generalize the framework of Markov potential games (MPGs).
MPGs, originally proposed in [105] and [I01], correspond to the special case of a = 0 and
extend a rich body of literature on static potential games (or static congestion games) [I13].
The MPG structure has enabled learning algorithms with convergence guarantees to Nash
equilibrium (e.g., [106], [49]). However, two main challenges remain: (1) the lack of real-world

IThis chapter is mainly based on work [71] entitled Markov a-Potential Games, coauthored with Xin
Guo, Chinmay Maheshwari, Shankar Sastry, and Manxi Wu from UC Berkeley.
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examples that can be provably shown to be MPGs, and (2) the difficulty of certifying games as
MPGs and constructing potential functions, except in special cases (e.g., state-independent
transitions or identical payoffs [I14] [I01]). Our a-potential game framework addresses both
challenges: it shows that any finite-state, finite-action Markov game is a Markov a-potential
game and provides a semi-infinite linear programming approach to certify MPGs (Section
21).

Our Markov a-potential games framework extends the static near-potential games, pro-
posed in |27, 24], to Markov games. Unlike static games, where the nearest potential function
always exists, the existence of an a-potential function requires additional analysis (Theo-
rem . Moreover, while finding the nearest static potential function involves finite-
dimensional linear programming, computing the o and its potential function requires solv-
ing a semi-infinite linear programming problem, as the a-potential function spans both state
and policy spaces, the latter being uncountable. We derive explicit upper bounds on the
parameter « for two classes of relevant games. First, we consider Markov congestion games
(MCGs), where each stage game is a congestion game (proposed in [I121]) and the state tran-
sition depends on agents’ aggregate resource utilization. This is equivalent to Markov games
where each stage is a static potential game, as static congestion games and static potential
games are equivalent [I13]. This class of games models applications like dynamic routing,
communication networks, and robotic interactions [45] [134], 135, 94]. We show that the up-
per bound on a for MCGs scales linearly with the state and resource set sizes, and inversely
with the number of agents (Proposition . Second, we consider perturbed Markov team
games (PMTGs), which generalize Markov team games by allowing utility deviations from
the team objective. We provide an upper bound for PMTGs that scales with the magnitude
of these deviations (Proposition [2.3.3). For both MCGs and PMTGs, we calculate an up-
per bound on « by using a specific candidate a-potential function to compute an analytical
upper bound on «. However, this upper bound can be loose. In such cases, the semi-infinite
linear programming method described in Section can be used to obtain tighter numerical
estimates of a.

We propose two algorithms to approximate stationary Nash equilibrium in Markov a-
potential games. We study the Nash-regret of both algorithms and characterize its de-
pendence on « (Theorems [2.5.1 and [2.5.2). First, we analyze the projected gradient-ascent
algorithm (Algorithm [2)), originally proposed in [49] for MPGs, in the context of Markov
a-potential games by bounding the path length of policy updates using changes in the a-
potential function and «. Following our proof technique, the analysis of many existing
algorithms for MPGs can be extended similarly to Markov a-potential games. Second, we
propose a new algorithm called the sequential maximum improvement algorithm (Algorithm
3) and derive its Nash-regret. The main technical novelty in the analysis is to bound the
maximum improvement of a “smoothed” Q-functions with respect to change in policies (aka
“path length of policies”), which in turn is bounded by cumulative change in a-potential
function (Lemma. For a = 0, this algorithm and its analysis are independently relevant
to MPGs. We numerically validate these algorithms on examples of MCGs and PMTGs.
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2.1.1 Additional Related Works

Our work on Markov a-potential games is related to the literature on weakly acyclic Markov
games, proposed in [6]. Weakly acyclic Markov games extend weakly acyclic static games to
Markov games, encompassing MPGs as a special case. Unlike MPGs, weakly acyclic Markov
games do not require the existence of an exact potential function, instead retain many
key properties of potential games, such as the existence of pure equilibria and finite strict
best-response paths. Just as MPGs, most games are not weakly acyclic, and determining
whether a game is weakly acyclic remains an open problem. On one hand, the introduction of
a Markov a-potential games allows for design and analysis of algorithms as a game diverges
from a MPG. On the other hand, if a game is weakly acyclic, it is an a-potential game with
the value of o not necessarily zero. Exploring the connection between these two approaches
and how they might be used together to analyze general Markov games is an interesting and
open direction for future research.

Our Algorithm [2] for Markov a-potential games is connected with a substantial body of
work on learning approximate Nash equilibria (NEs) in MPGs (see [106, 49, 108, 13T, 56,
136l 165]). The first global convergence result for the policy gradient method in MPGs was
established in [I01]. Additionally, these algorithms have been studied in both discounted in-
finite horizon settings [49, (56] and finite horizon episodic settings [108] [I31]. Other methods,
such as natural policy gradient [50, [136], [165] and best-response based methods [106], have
also been explored.

Our Algorithm [3] is reminiscent of the “Nash-CA” algorithm developed for MPGs in
[131], which requires each player to sequentially compute the best response policy using an
RL algorithm in each iteration; in contrast, our algorithm only computes a smoothed one-step
optimal deviation. One-step optimal deviation based algorithms has also been studied for
MPGs [106, B38]. Additionally, incorporating smoothness for better performance in Markov
games is also studied in [39, 51], 111].

Finally, a recent work [45] introduces an approximation algorithm for MCGs and inves-
tigates the Nash-regret. Their results and approach are tailored exclusively for congestion
games, whereas our work focuses on a broader framework of Markov a-potential games.

2.1.2 Notations

For any n € N, [n] :={1,2,3,...,n}. For a finite set X, P(X) denotes the set of probabil-
ity distributions over X. For any function f : X —R, the Ly-norm is defined by ||f|lc =

maxgex | f()|, the Li-norm s || f[[y = >, cy [f(z)], and the Lo-norm is || f|| = /> _.cx [f(2)[2
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2.2 Framework of Markov a-Potential Games

2.2.1 Setup: Markov Games

Consider a Markov game G as characterized by the tuple (N, S, (A;)icinys (Us)icing, P y),s
where N is the number of players, S is the finite set of states, A; is the finite set of actions
of player i € [N] and A := x;cn)4; is the set of joint actions of all players, u; : S x A — R
is the one-stage payoff function of player i € [N], P = (P(s'[s,a))s,ses.qca is the probability
transition kernel such that P(s'|s,a) is the probability of transitioning to state s’ € S given
the current state s € S and action profile @ € A, and v € [0, 1) is the discount factor.

The game proceeds in discrete time steps. At each time step kK = 0,1,2,---, the state
of the game is s* € S, the action taken by player i € [N] is a¥ € A;, and the joint action
of all players is a* = (a¥);epnv) € A. Once players select their actions, each player ¢ € [N]
observes her one-stage payoff u;(s*,a*) € R, and the system transits to state s**1 where
skt ~ P(-]s*,a¥). In this study, we assume that the action taken by any player is based on a
randomized stationary Markov policy, as in the Markov games literature [47, 10T], 49]. That
is, for any player i € [N], the action selected at time step k is a¥ ~ m;(-|s*), and the joint
policy of all players is ™ = (7;)ic(n] € II := X;eqILi, with II; == {m; : S — P(4;)}. The joint
policy of all players except player i is denoted as m_; = (7;)jevpfiy € Hoi = Xjenp a1l
Given 7 € II, the probability of the system transiting from s to ¢ is denoted as P7(s'|s) =
Eor[P(s'|s,a)].

Each player i aims to maximize the accumulated reward (a.k.a. the wutility function),
given the initial state s € S and the joint policy 7 € II,

Vi(s,m) :=E, kaui (s",a") | s =s], (2.1)
k=0

where v € [0,1) is the discount factor, a* ~ 7 (-\sk), and st! ~ P (‘|sk, ak). Denote also
Vi(p, ) = Egou[Vi(s, )], if the initial state follows a distribution p € P(S). Additionally,
define the discounted state visitation distribution as dj(s) := (1 — ) 3.2 7*P(s" = s]s° ~
i). To analyze this game, we adopt the solution concept of e-stationary Nash equilibrium
(NE).

Definition 2.2.1. (e-stationary Nash equilibrium). For any € > 0, a policy profile 7 =
(mf,7*;) is an e-stationary Nash equilibrium of the Markov game G if for any i € [N], any
mi € 1L, and any p € P(S), Vi(p, 7, 7;) > Vi(p, mi, 725) — €.

When € = 0, it is simply called a stationary NE, which always exists in our setup [57].

2.2.2 Markov a-Potential Games

In this section, we introduce the framework of Markov a-potential games. We show that any
Markov game can be analyzed under this framework. First, we introduce some preliminaries.
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We define a metric d on II as follows: for any 7, 7 € II,

d; (m;, ) = Jmax o (T (a; | s) — 7 (a; | s)|, Vie[N],

d(m, 7) :=maxd; (m;, 7;) . (2.2)
1€[N]
Evidently, the sets of policies {II, };c[n) are compact in the topology induced by the metrics
{d;}, e[V [T is compact in the topology induced by d, and the utility functions are continuous
with respect to 7 under the metric d [I56]. Next, we introduce the notion of maximum
pairwise distance between a Markov game and a real-valued function defined on S x II.

Definition 2.2.2. (Mazimum pairwise distance). Given any Markov game G and a function
U : S x [I—=R, the maximum pairwise distance d between ¥ and G is defined as

d(?,9) = sup ‘\If (5,7 7_5) — W (s, 7, 7)) — (Vi (s, 70, m_) — Vi (s, 7, 7)) |
s€S,ie[N],
my,miell,m_;€ll_;

Deﬁnition generalizes the concept of maximum pairwise distance from [27, Definition
2.3], extending it from static games (action profiles) to Markov games, where the distance
is measured over policies that map states to action distributions. Next, we introduce the
notion of a game elasticity parameter, which is useful for defining Markov a-potential games.
Intuitively, this parameter captures the smallest value of the maximum pairwise distance
between any function in a set F9 (to be defined shortly) and G.

Definition 2.2.3. (Game elasticity parameter). Given any game G, its game elasticity
parameter « s defined as

= inf d(V 2.3
o= inf d(V.) 23)
where F9 .= {¥ : S x I = R s.t. ||V < %maxiem |uillo} @s a class of bounded

uniformly equi-continuous function on IL. [[]

Our choice of the specific value of the upper bound on functions in F¢ is useful for the
proof of Proposition 4.1.

Clearly o < oo as one can take ¥ = 0 in to ensure a < 2||V; || oo <00.

Furthermore, the game elasticity parameter depends on variety of game parameters,
including the number of players, the action and state sets, the utility function values, the
Markov state transition dynamics, and the discount factor.

Next, we define Markov a-potential games.

LA set F of functions f : S x II=R is called uniformly equi-continuous on I1, if there exists 67 : Ry — R,
such that for every € > 0, |f(s,7) — f(s,7")| < eforall f € F,s €S, m,n" € II such that d(m, ') < dx(e).
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Definition 2.2.4. (Markov a-potential game). A Markov game G is a Markov a-potential

game if v is the game elasticity parameter. Furthermore, any ® € F9 such that a(q), g) =«
1s called an a-potential function of G.

Next, we present a useful property due to Definition [2.2.4]

Corollary 2.2.1. Let G be a Markov a-potential game with a-potential function ®. Then,
for any s € S;i € [N],m;,m, € ;,m_; € 11,

“/i(S? T, W—i) - ‘/i(57 7T£, W—i) - ((I)(Sa T, W—i) - (I)(Sa ’/T;, W—i))’ <o (24>
Next, we show the existence of an a-potential function.

Theorem 2.2.1. (Euxistence of a-potential function). For any Markov game G, there exists
® € F9 such that d(®,G) = infycre d(¥,G).

Proof. Define a mapping F9 x II x IT > (¥, 7, 7') = W(¥, 7, 7') := I§1a>[<N}|\I/ (s,mi,m_;) —
seSie

U (s,m,m) — (Vi(s,m},m_;) = Vi(s,m,7_;))| € R. Note that such & is continuous under
the standard topology induced by sup-norm on F9 x II x II. By Berge’s maximum theo-
rem, g(¥) = max, »enh(¥, 7, 7') is continuous with respect to W. Since F9 is uniformly
bounded and uniformly equi-continuous, the Arzelad—Ascoli theorem implies that F9 is rela-
tively compact in C!!, where C'' := {f : SxII - R | Vs € S, f(s,-) is a continuous function}
[122]. Finally, by the extreme-value theorem [122], there exists a function ® € F 9 such that

d(@, g) - inf\l'efg d(‘lja g) L

Corollary and Theorem [2.2.1] jointly show that for any Markov game G, an a-
potential function exists such that the gap between the change in the utility function of any
agent due to a unilateral change in its policy and the change in a-potential function is at
most a. Next, we show that any optimizer of the a-potential function with respect to policy
7 yields an a-Nash equilibrium (NE) of game G.

Proposition 2.2.1. Given a Markov a-potential game G with an a-potential function @, for
any € > 0, if there exists a 7 € II such that for every s € S, ®(s,7*) + € > sup,c P(s, 7),
then 7 € I is an (a + €)-stationary NE of G.

Remark 2.2.1. Note that Proposition holds for any function W€ F9 that yields an

upper bound for a. That is, given a Markov a-potential game G and a function U satisfying

\Vi(s, i, m_i) — Vi(s,mi, my) — (U(s, m, m_y) — U(s, m;, )| < &,
Vs € S, 7T7;,7TZ/~ ell;, m_; € I,

for some a € [a,00), then for any w* € II such that for every s € S, VU(s, %) + € >
SUpren Y(s,m), 7 is an (a + €)-stationary NE of G.
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2.3 Examples of Markov a-Potential Games

In this section, we present three important classes of games, Markov potential games, Markov
congestion games, and perturbed Markov team games, which can be analyzed through the
framework of Markov a-potential games.

2.3.1 Markov Potential Game

A game is a Markov potential game if there exists an auxiliary function (a.k.a. potential
function) such that when a player unilaterally deviates from her policy, the change of the
potential function is equal to the change of her utility function.

Definition 2.3.1 (Markov potential games [101]). A Markov game G is a Markov potential
game (MPG) if there exists a potential function ® : S x II=R such that for any i € [N],
se€ S, m,m e€lly, and m_; € I, (s, 7}, 7_;) — (s, m;, 7)) = Vi(s, 7, m_;) — Vi(s, mi, m_3).

Y 77

Proposition 2.3.1. An MPG is a Markov a-potential game with o = 0.

2.3.2 Markov Congestion Game

The Markov congestion game (MCG) Gneg is a dynamic counterpart to the static congestion
game introduced by [113], involving a finite number of players using a finite set of resources.
Each stage of Gmeg is a static congestion game with a state-dependent reward function for
each resource, and the state transition depends on the aggregated usage of each resource by
the players. Specifically, let the finite set of resources in the one-stage congestion game be
denoted as E. The action a; € A; C 2F of each player i € [N] represents the set of resources
chosen by player i. Here, the action set A; is the set of all resource combinations that are
feasible for player 7. The total usage demand of all players is 1, and each player’s demand is
assumed to be 1/N.

Given an action profile a = (a;);c[n], the aggregated usage demand of each resource e € £
is given by

we(a) = % 3 (e € a). (2.5)

1€[N]

In each state s, the reward for using resource e is denoted as (1/N) - ¢.(s,we(a)). Thus, the
one-stage payoff for player ¢ € [N] in state s € S, given the joint action profile a € A, is
ui(s,a) = (1/N) -3 e, ce(s,we(a)). The state transition probability, denoted as P(s'[s,w),
depends on the aggregate usage vector w = (we)eep, which is induced by the players’ action
profile as in . The set of all feasible aggregate usage demands is denoted by W.

The next proposition shows that, under a regularity condition on the state transition
probability, Gmcg is @ Markov a-potential game such that the upper bound of « scales linearly
with respect to the Lipschitz constant (, the size of state space |S|, resource set |E|, and
decreases as [N increases.
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Proposition 2.3.2. If there exists some ( > 0 such that for any s,s' € S,w,w’ € W,
|P(s'|s,w)—P(s'|s,w")| < (|lw—w'|1, then the congestion game Gpmeg is a Markov a-potential
game with o < 2¢y|S||E|sup, . (s, m)/(N(1 - 7)), where

>SS )] =

eelE j=1

qj(:“’a = ,u,7r

k

such that s° ~ u, the aggregate usage vector w* = (w¥)ecp is induced by a* ~ w(s*), and

sk~ P(-|sP wk ).

2.3.3 Perturbed Markov Team Game

A Markov game is called a perturbed Markov team game (PMTG) Gpmeg if the payoff function
for each player i € [N] can be decomposed as u;(s,a) = r(s,a) + &(s,a). Here, r(s,a)
represents the common interest of the team, and (s, a) represents player i’s heterogeneous
preference, such that ||&||L., < &, where £ > 0 measures each player’s deviation from the
team’s common interest. As kK — 0, Gpmtg becomes a Markov team game, which is an MPG
[101].

The next proposition shows that a Gpmie is a Markov a-potential game, and the upper
bound of « decreases as the magnitude of the payoff perturbation x decreases.

Proposition 2.3.3. A perturbed Markov team game Gpmeg is a Markov a-potential game

2.4 Finding an Upper Bound of «

The analysis of MCG and PMTG in Section utilizes a specific form of the Markov a-

potential function to obtain an upper bound on «. In this section, we provide an optimization-

based procedure to find an upper bound on « by also computing the a-potential function.
Our approach is based on changing the feasible set of the optimization problem in ([2.3))

to FY, defined as follows:

ﬁg:—{\lf(s,w)— Z ds(s/,a/;w)¢(s/,a/),Vs€S,?TEH‘(;ﬁ:SXA—HR

s'eS,a’€A
s.t. [|¢llc < N max ||ui!|oo}, (2.7)
1€[N]

where, for any s € S, d*(:;7) : S X A — R is the state-action occupancy measure induced
due to m, defined as follows:
r S] |

d*(s',d';m) = m(d|s)E kaﬂ
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where a* ~ W(Sk), and s*t1 ~ P(-|3k,ak). Intuitively, for any ¥ € FY. there exists
¢ : S x A— R such that ¥(s, ) represents the long-horizon discounted value of a Markov
decision process with state transition P, starting from state s, using policy = € II, and
one-step utility ¢.

Proposition 2.4.1. For any Markov a-potential game G, F9 C F9. That is, & > a with

a:= inf d(¥,Q). (2.8)

VeF9

Using Remark , we can conclude that any optimizer of ¥, where a(\ll, G) = a, can
be used to find a a-stationary NE for the game G.

Next, we provide an optimization based method to compute &. Note that can be
reformulated as follows:

min  y (2.9)
¢:SxA—R
s.t. ‘ Z(ds(sl, asmy, o) —d(sds ) - (0 —w) (8 d)| <, (C1)

Vs €S, Vi e [N], Va;, m, € I;, Vr_; € 1,
|o(s,a)] < Nmax ||u;||o, Vs €S ,a€ A
1€[N]

Here, we use

Vi(s, ) = Z d*(s',d;m)u(s',d’), and W(s, ) = Z d*(s', s m)o(s', '),

s'eS,a’eA s'eS,a’'eA

for some ¢ : S x A — R.

Note that is a semi-infinite linear programming where the objective is a linear
function with an uncountable number of linear constraints. Particularly, in (C1) there is one
linear constraint corresponding to each tuple (s, i, 7m;, 7, m_;). Moreover, the coefficients of
each linear constraint in (C1) are composed of state-action occupancy measures which are
computed by solving a Bellman equation. There are a number of algorithmic approaches to
solve semi-infinite linear programming problems [141], [82].

2.4.1 Algorithms to Solve Semi-Infinite Linear Programming

In this section, we present an algorithm based on the stochastic gradient method from [141]
to solve the semi-infinite linear programming problem (2.9)). Denote C' := N m[ajt\;](HulHoo and
1€
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define

(s dsmi ) = d(s sl mo)) (6 — w) (s, )| =,

s’,a’

el

g(¢,y;m, ') = max { max

Jax 9(s,a)| — }
(2.10)

which ensures that constraint (C1) in (2.9) can be rewritten as g(¢, y; m, 7') < 0,Vm, 7’ € II.
Let h: R — R be a convex differentiable function such that

h(z) =0 for all z <0, and h(z) > 0 for all z > 0.

A candidate choice of h is h(z) = (max{0,z})?. Finally, we consider step-size schedules
{ﬁt}fil and {615}?21 such that

hm By = o0 anﬁt < 00 Zm oo, and n > 0,3y < Pyyq for all t > 0. (2.11)

Theorem 4 in [I41] shows that with probability 1, (y(t),¢(t)) almost surely converges to a

solution of (2.9).

Algorithm 1 Algorithm to solve (2.9)) [141]

Input: y@ € Ry, ¢® € R4 {n,}2°, and {3}, satisfying (2.11)).
fort=0,1,2,....T —1do
Sample 7, 7’ in II from uniform distribution and calculate g(¢®,y™; 7, 7') in (2.10).
Update ¢ with

Y = 6Dy Bah! (g (0, 9w, 7)) - Vg (69,9057, 7)) (2.12)

and update y*) with

YD) — y® _ 77t+1<1 4 Bl (g (¢(t),y(t);7r,7r’)) V9 (qﬁ(t)’y(t)mﬂ,) )

end for

State-wise potential games. Algorithm [1] iteratively updates the variables y € R and
¢ € R¥4. However, this method may be slow as the dimension of ¢ scales with |S| - |A].
For MCGs, where each state is a static potential game, one can utilize the game structure
to accelerate the convergence of algorithm.

For an MCG G, there exists a function ¢* : S x A — R such that for every i € [N],s €
S,a;,a; € Ajya_; € Ay, |0%(s,ai,a-;) — ¢*(s,al,a—;) — (ui(s,aiya_;) — ui(s,al,a_y))| = 0.
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Markov Congestion Game: agents = 8
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Figure 2.1: Estimating « in a Markov congestion game
Note. The value of « is computed using Algorithmwith o0 = ¢, n =18 =049 vt > 1.
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Figure 2.2: Variation of a with the discount factor in the perturbed Markov team game
Note. The number of players is N = 3, and perturbation parameter is k = 0.1; The setup of this game is
same as that in Section 2.6 with Ay = A3 = 0.8, A\ = Ay = 0.2.

Then one can input ¢(¥) = ¢* and omit the update of ¢ in in Algorithm . Figure
2.1| shows the empirical performance of Algorithm [1| for the Markov congestion game. Note
that with the setting in Section , y® converges to 0, which suggests that GOmcg May be an
MPG, at least for some model parameters.

Perturbed team games. Figure[2.2]illustrates how « varies with different discount factors
v in a PMTG using Algorithm [l Note that the growth of the numerical estimate of « is
much more benign than the analytical characterization obtained in Proposition [2.3.3]
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2.5 Approximation Algorithms and Nash-Regret
Analysis

In this section, we present two equilibrium approximation algorithms for Markov a-potential
games: the projected gradient-ascent algorithm, proposed in [49] for MPGs, and the sequential
mazimum improvement algorithm, where each player’s strategy is updated based on a one-
stage smoothed best response. We also derive non-asymptotic convergence rates for these
algorithms in terms of Nash-regret, defined as Nash-regret(T) := S, maxe(n R where

R .= max,er, Vi (u,w{-,w@) — Vi (u, ), and 7® denotes the t-th iterate. Note that
Nash-regret is always non-negative; if Nash-regret(7") < € for some ¢ > 0, then there exists

¢ such that 7(") is an e-stationary NE.

2.5.1 Projected Gradient-Ascent Algorithm

First, we define some useful notations. Given a joint policy = € II, define player i’s Q-
function as Q7 (s,a;) = Ba_ s [wi(s, as, ai) +v > yeg P(8]5, a5, a_;)Vi(s', )], and denote
Q7 (s) = (QF (S, ai))a;ea,- Let k, denote the maximum distribution mismatch of 7 relative
to p, and let %, denote the minimax value of the distribution mismatch of 7 relative to p.
That is,

K, = sup [|d7 , Ky, := inf sup||d" /v s, 2.13
wi=supl|di/ull . Rui= infsup|ld]/v] (2.13)

where the division d /v is evaluated in a component-wise manner. The algorithm iterates for
T steps. We abuse the notation to use Ql(t) to denote Q?(t), and Qgt) to denote Q?m. In every
step t € [T'— 1], each player ¢ € [N] updates her policy following a projected gradient-ascent
algorithm as in ([2.14]).

Algorithm 2 Projected Gradient-Ascent Algorithm

Input: Step size 7, for every i € [N],a; € A;,s € S, set WZ(O)(CLZ'|S) = 1/]A;].
fort=20,1,2,....T —1do
For every i € [N], s € S, update the policies as follows

m () = Projy, (m”(s) + Q" (5)) (2.14)

where Projy;. denotes the orthogonal projection on II;.
end for

Remark 2.5.1. Algorithm 1 is not the standard policy gradient algorithm. The standard

policy gradient is given by %a(@) = 1/(1—7) - dy(s)QF (s,a;) [101]. The RHS in the this
equation scales with the state visitation frequency d;(s), which results in slow learning rate

for states with low wisitation frequencies under the current policy. To address this issue,
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[49] proposed to remove the term d5(s)/(1 —~) from the standard policy gradient update,
which accelerates the learning for states with low visitation probabilities. We adopted the
convention of [49] to call it “policy gradient-ascent algorithm”.

Theorem 2.5.1. Given a Markov a-potential game with an a-potential function ® and an
initial state distribution p, the policy updates generated from Algorithm[3 satisfies

_ A . .
(i) Nash-regret(T) < O ( v ”“AN (% + N2a)4) with n = (1-7)2%/Cq+N2aT

-yt T 2NAVT ’
iy min (k,,|S|)*NA 1 . 1 4
(ii) Nash-regret(T) < O < % (% + N2&)2) with 1 = 8mmeTL)q|) —

where A == max;e(ny |4i|, &, and &, are defined in [2.13)), and Cy > 0 is a constant satisfying
|(I)(IU’77T) o (I)(Mv 7T/)| < Cp fOT any 7T77T/ S Huu’ < P(‘S)

We emphasize that the Nash-regret bounds in Theorem [2.5.1] (also Theorem in the
next section) will hold even without knowing the exact form of ® and the game elasticity
parameter «. It is sufficient to have an upper bound & for a and an associated function ¥
for which this upper bound holds. In the special case of a = 0, the Nash-regret bound in
Theorem recovers the Nash-regret bound from [49] for MPG.

The proof of Theorem is inspired by [49] for the Nash-regret analysis of MPGs.
First, we state multi-player performance difference lemma (Lemma [2.5.1]), which enables
boundln% the Nash regret of an algorithm by summing the norms of pohcy updates, denoted
as ||7T || The main modification for our analysis is to bound the sum of these policy
update dlfferences by the game elasticity parameter a and the change in the a-potential

function ¢ (Lemma [2.5.2)).
Lemma 2.5.1 (Performance difference (Lemma 1 in [49])). For any ¢ € [N|, p € P(S),
7TZ{,7T1' S Hi, and T_; € H,i,
1 7r ST_g T,
Vil iy ) = Vi(p, mi, m—y) = — i (8) - (iagls) — mials)) Q7" (s, @) -

S,a;4

Lemma 2.5.2 (Policy improvement). For Markov a-potential game (2.3) with any state
distribution v€ P(S), the a-potential function ®(v,w) at two consecutive policies 1) and
70 in Algorithm |2 satisfies

(i) ® (v, 7)) — (v, 70 + N2

477214_12]\72 A <t> .
N L A
v €[N],seS

(i) ® (v, 7)) — & (v, 7)) + N?a
(H—l)mgg(s) ‘

1 477/@314_1]\[) !
> 1 - Y d}/l
~ 2n(1—7) ( (1 —y)* 2

1€[N],s€S

2

)

2

m () = m0(s)

(2
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Proof of Theorem Using the variational characterization of projection operation
in (2.14), we note that for any 7, € II;,

(7i(9) = ) mQf ) 7TV (s) +70(s)) <0
Therefore, for any 7 € I1;,
(7i(9) = 7(9.Q° ) | = (mi(s) =m (. Q5)) + (7 (s) =7l (5). Q" (5))
(mi(s) = m (o), m(s) = 7(s) )

L <7T£t+1)(5) . ﬂgt)(s), Qgt)(3)>A .

i

VAN
I |

Note that for any two probability distributions p; and po, ||[p1 — pol| < |lp1 — po|i < 2.
Therefore,

2
() =), Q) < || V) = o)+ 7000 = m0s)| @)
3
< - ’ 7ri(t+1)(s) - 7T£t)<8) , (2.15)
n
where the last inequality is due to ’Qgt)(s) < g and n < 1%. Hence, by Lemma [2.5.1

and (.15),

T - Nash-regret(T) = max Vi(p, 7, 7)) — Vi(p, 7®)

i€[N],x}
d K2 —1
=S max 3 2 (ae) - 7 (01)QL (5.0

0 (s) = 7(s)|

%

where in the second line we slightly abuse the notation 7 to represent arg max; and in the
last line we slightly abuse the notation 7} to represent arg max,, . Now, continuing the above
calculation with an arbitrary v € P(S) and using
o) o)
") di () S [/

PR P (7 B R

v
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to get:
T - Nash-regret(T)
_3y/stpren Hd”/ g5
- o= 532;

3\/Sup7r€HHd/ H T (t41) (t) 2

a1 - ZZ” {EIN) 3 3) ANl KRN

i
t=1 i=1 s

7, (t) (t+1) (f)

(2.16)

)

where the last inequality follows from the Cauchy-Schwarz inequality and replacing ¢ (arg max;)
by the sum over all players. There are two choices to proceed beyond -

1) Fix € > 0. Take v} € P(S) such that sup, Hd” — e < inf ep(s)
Then apply Lemmal[2.5.2] (i) and the fact |®(v, 7)— <I>(1/ T )| < Cy for any m, 7’ € I, Ve P(S)
to get

3
Nash-regret(T") Sf (

(Ry+€)T(Co + N?a- T) N 8(%, + )T A2N?\ ®
n(l—7)? (I=7)7

_N2.5. ) o
By letting € to 0 and taking step size n = 1=y Co tN7 T, we have

2NAVT
1
3-22\/k, AN (C. i
Nash-regret(T') < 2—@9 (—q) + N2oz> :
(1-mi AT

2) We can also proceed ([2.16|) with Lemma [2.5.2 (ii) and n < 5(;2;\/); to get

SUDrenr H%ZH (Cp + N2a- T)

Nash-regret(7T) < 6

nT'(1—~)?
We next discuss two special choices of v for proving our bound. First, if v = p,
4
then n < éi;]z]) 7. By letting n = élg ~7, the last square root term can be bounded by
i

O <\/ H?‘NAT((C;‘T;;\QQO&'T)) Second, if v = | S|1 the uniform distribution over S, then k, < %,

which allows a valid choice n = 8%'_37]\)[; < (IHQN) - Hence, we can bound the last square root
term by O <\/ 'S‘4N/;((ffj;§2“'”> . Since v is arbitrary, combining these two special choices

completes the proof.
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2.5.2 Sequential Maximum Improvement Algorithm

Let us first fix some notations. Associated with any Markov game G, we define smoothed (or
regularized) Markov game G, where the expected one-stage payoff of each player ¢ with state
s under the joint policy 7 is @;(s, m) = Eqn(s) [wi(s, @)l =T 325 (v vi(8, 7)), where v;(s, m;) =
ZajeAj 7j(a;|s)log(m;(a;|s)) is the entropy function, and 7 > 0 denotes the regularization
parameter. With the smoothed one-stage payoffs, the expected total discounted infinite
horizon payoff of player ¢ under policy 7 is given by

[i% (wi(s*, a* —TZVJS 7)) |s° _5] (2.17)

JE[N]

for every s € S. The smoothed (or entropy-regularized) Q-function is given by

Q?(s,ai) = Z m_ila_; \s)(uz(s aj,a_;) —T Z v;(s,m; —i—’yZP "Is,a)V; ))

a_;€A_; JE[N] s'eS

(2.18)
Algorithm [3] has two main components: first, it computes the optimal one-stage policy
update using the smoothed Q-function. Here, the vector of smoothed -functions is de-
noted by Q7 (s) = (Q7 (s, a;))a,ca,. Second, it selects the player who achieves the maximum
improvement in the current state to adopt her one-stage policy update, with the policy for
the remaining players and the remaining states unchanged. More specifically, the algorithm
iterates for T time steps. In every time step ¢ € [T — 1], based on the current policy profile
7", we abuse the notation to use Qgt) to denote Q?m and Qf.“ to denote Qfm. The expected
smoothed Q-function of player 7 is computed as Ql(»t)(s, Ti) = D qca, Wi(ails)Ql(-t)(s, a;) for all
s € S and all i € [N]. Then, each player computes her one-stage best response strategy by

maximizing the smoothed @Q-function: for every i € [N],a; € A;, s € S,

BR{" (ai[s) = (arg max (Qgt)(&?ﬁ{) - TVi(SaW§)>>

7TI-EH1'
a;

_ _ow(@7a)/r) (2.19)

Yarea, oxp(Q) (s, a}) /7)’

and its maximum improvement of smoothed ()-function value in comparison to current policy
is

Agt)(s) = max (Qgt)(s,ﬂg) — TVZ'(S,ﬂ';)) — <Q(t)(5,7r.(t)) — Tyi(s,wgt))) ., VselS. (2.20)

7 7
W;EHi

Note that computing Agt) is straightforward as the maximization in (2.20)) is attained at

M (s) (cf. @19)).
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If the maximum improvement A(t)( ) <Oforallie [N]andall s € S, then the algorithm
terminates and returns the current policy profile #®. Otherwise, the algorithm chooses a
tuple of player and state (i), 5 )) associated Wlth the maximum improvement value A ( ),
and updates the policy of player i® in state 5) with her one-stage best response strategyl
The policies of all other players and other states remain unchanged.

Remark 2.5.2. Using entropy regularization in (2.19) has several advantages: (i) unlike
Algorithm [9, it avoids projection over simplex which can be costly in large-scale problems;
(i1) it ensures that the optimizer is unique.

Remark 2.5.3. Algom'thm@ is reminiscent of the “Nash-CA” algorithnﬂ proposed in [131)],
which requires each player to sequentially compute the best response policy using an RL al-
gorithm in each iteration, while keeping the strategies of other players fized. Such sequential
best response algorithms are known to ensure finite improvement in the potential function
value in potential games [113], which ensures convergence. Meanwhile, Algorithm @ does
not compute the best response strategy in the updates. Instead, it only computes a smoothed
one-step optimal deviation, as per , for the current state. The policies for the remain-
ing states and other players are unchanged. The analysis of such one-step deviation-based
dynamics is non-trivial and requires new techniques, as highlighted in the next section.

Remark 2.5.4. While Algorithm[3 can be run independently by each player in a decentralized
fashion, Algorithm [3 is centralized as players do not update their policies simultaneously.
Comparing Nash regret in Theorems |2.5.1| and |2.5.4, it is evident that the coordination in
Algorithm [3 ensures better scaling of regret with respect to the number of players.

Theorem 2.5.2. Consider a Markov a-potential game with an a-potential function ® and
initial state distribution p such that fi *= mingeg p(s) > 0. Denote A := max;en |Ai| and
C = maxc(n] ||[till. Then the policy updates generated from Algorithm@ with parameter

N
o 1 ( (4)+ log(A /210g /E 21 — )log(A)) (2.23)
at GV (1= T 8CVA /o + S

has the Nash-regret(T) bounded by

VN3/2 Alog(A o o
o( T e { (o4 G) (o )}

where Cp > 0 is a constant satisfying |®(u, ) — ®(u, 7')| < Cq for any m, 7" € I, u € P(S).

2Any tie-breaking rule can be used here if the maximum improvement is achieved by more than one
tuple.

3Unlike this paper, the Nash-CA Algorithm in [I31] was proposed in the context of finite horizon Markov
potential games.
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Algorithm 3 Sequential Maximum Improvement Algorithm

Input: Smoothness parameter 7, for every i € [N],a; € A;, s € S, set 7.7 (a;|s) = 1/|Ay].
fort=0,1,2,....T —1do
Compute the maximum improvement of smoothed @Q-function {Agt)(s)}iem,ses as in
[2.20).
if A”(s)<O0forallic[N]andallsecS then
return 7®).
else
Choose the tuple (™, 5®) with the maximum improvement

(i®,59) € argmax A" (s), (2.21)
i€[N],s€S
and update policy
i (al5") =BRY) (a5"), Va € Az, (2.22)

7 () =rP () V(i 5) £ (i, 5Y).

7 [

end if
end for

In the special case of o = 0, Theorem provides a Nash-regret bound of Algorithm
[ for the case of MPGs.

To prove Theorem [2.5.2] we first develop a smoothed version of the multi-agent perfor-
mance difference lemma (Lemma [2.5.3). This lemma bounds the difference in the smoothed
value function V; by the changes in policy 7;, which is further bounded by the maximum
improvements Agt). Lemmam bounds the discrepancy between the value function V; and
the smoothed value function V;. Lemma [2.5.3 and [2.5.4] together implies that the Nash-
regret of Algorithm |3|is bounded by Agt) (2.20). Finally, Lemma [2.5.5| establishes AZ(-t) can
be bounded by policy updates, which in turn, are bounded by « and the difference in the
a-potential function ®.

Lemma 2.5.3 (Smoothed performance difference). For any i € [N|, p € P(S), m,m €
Hi7 T_; € Hfi;
~ ~ 1 ~
Vot m) Vil ) = 2 S dr() (') = )T - QF () + ol ) — (s ),
-7 s’'eS
where m = (m;, m_;), and 7' = (7w, m_;).

Lemma 2.5.4. Foranyi € [N],pu € P(S),m, m, € Wy, m_y € Uy, |Vi(p, i, m_i)—Vi(p, mhym_i)—
(‘71'(/%7%”—1') - ‘Z(u, Wg,ﬂ_i))‘ < 27N log(A)

1—y
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Lemma 2.5.5. The following inequalities hold:

_ VA(147
(1) AL (30 < AL NIEW) | 000 (500) — 70 (530)ly, for any t € [T,

27N log(A)

(2) S5 Il 60) = 7 5OV < 2 (190, 7D) = B0, 7)) + o + XD ),

Proof of Theorem “ First, we bound the instantaneous regret R( ) for any arbitrary
player i € [N] at time t € [T]. Recall that R(t V(M,wl,w(_tz)) Vi(p, 7)),  where e

arg max,cr, Vi(p, 7, 779) By Lemma [2.5.4]

- - 27N log(A
RO < Vi, nf, 2 = Vi, m0) 4 2 08U,

(1=7)
Next, note that for any ¢ € [N], u € P(S), by Lemma [2.5.3

T (0

¥ (7)< (7. 5) < 12 S0 (s ) = o )

-7 ses
pax 3 ((sllads) - 7 wl) @05 0) )
i a;€A;
a 1 TI'T 7T(t)
> d T (9)A(s)
1 _ (2
v sesS
(b) t () 1 B
S — Zd Z(t ( (t)):T (Ag(-g(s(t))) )
SES v

where (a) is by (2.20), (b) holds since Agt)(s) A<t)( )) for all i € [N],s € S. To

summarize,

1 t) _ -
R < = (Aé(t)(s(t)) + 27N log(A)) :

Then by Lemma [2.5.5] (1),

1 _
Nash-regret(T) < ———— Z (Agg( 5 + 27'N10g(A)>
Td-7 55
<27'N log(A) 4CVA(1+ TNlog Z ‘ (1) m(t) (5) ‘
27N log(A) 4CVA(1+7N log (t+1) ® =077\ 2
< + (E:‘zm ~ T (5 )>’ (224)
(1-=7) VT(1—7) 2
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where the last inequality follows from Cauchy-Schwarz inequality. For ease of exposition,

define D; == \/%?1—{5)2, Dy = +/a+ %, and Dj = Q(Iff(;)l). Then by Lemma [2.5.5( (2),

D;(1+ 7N log(A)) TN
[2:24)< NG D3+ TD% +7ND;

D;(1 + 7N log(A)) | TN 9
< D —D ND
< e 2 + T 3 + TNDs,

where the last inequality follows from the fact that for any two positive scalars x,y, v/r +y <
Vx4 /y. Setting 7 as per (2.23)) ensures that 7 < /7 as 7 < 1. Thus,

D1Dy N D1DsV'N
VT VT

Plugging in the value of 7 as per ([2.23)) we obtain,

Nash-regret(7T") <

_ . [N

DyDs/N
VT

- — Nt D\DsvV/'N
< Dy DyV' Ny [log(A) + D1/ DyD3log(A) Tf + /DDy DgV/N + 1\/3?\/__.

Note that D3 > 1 and additionally, we assume that D; > 1 (choose large enough C' that
ensures this). Then,

_ /N 2
Nash-regret(T) < m<DfD§ log(A) + DiD2D3log(A)4/ T+ D1D2D§> +

Nash-regret(7T)

- — N Dy D3N
< D1D2D3\/N\/log(z4) + D1 D3/ Dy log(|Al) T +v D2D1D3\/N+ 1\/3?\/_
4

< D1 D34/ N log(A) <D2 +vVD, <1 + (¥>4> + %)
< Dy D3y /log(A)NiO(max{Ds,/Ds}).

The proof is finished by plugging in Dy, Dy and Dj.

2.6 Numerical Experiments

This section studies the empirical performance of Algorithms [2] and [3] for Markov conges-
tion game (MCG) and perturbed Markov team game (PMTG) discussed in Section [2.2.2]
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Although Section focuses on model-based algorithms, in our numerical study both Algo-
rithm [2] and Algorithm [3] are implemented in a model-free manner, where the Q-functions
are estimated from samples [49] [101]. Below are the details of the setup of the experiments.

MCG: Consider MCG with N = 8 players, where there are |E| = 4 facilities A, B,C, D
that each player can select from, i.e., |A;| = 4. For each facility j, there is an associated state
s;: mormal (s; = 0) or congested (s; = 1) state, and the state of the game is s = (s;)ep.
The reward for each player being at facility k is equal to w{*® times the number of players
at k = A, B,C,D. We set w$fe =1 < wle =2 < wife =4 < wile =6, ie., facility
D is most preferable by all players. However, if more than N/2 players find themselves in
the same facility, then this facility transits to the congested state, where the reward for each
player is reduced by a large constant ¢ = —100. To return to the normal state, the facility
should contain no more than N/4 players.

PMTG: Consider a game where each player votes for approving or disapproving a
project, which is only conducted if a majority of players vote for approval. The state of
excitement about the project changes between different rounds depending on the number of
players approving it. Mathematically, consider a game with N = 16 players, where there are
two actions per player: approve (a; = 1) or disapprove (a; = 0). There can be two states of
the project: high (s = 1) and low (s = 0) levels of excitement for the project.

The individual reward of player 7 is given by w;(s,a) = 1iy. a;>n/2) + Wil{e,=s) — Wi,
where the first term represents the common utility derived by everyone if the project is
approved, the second term represents the utility derived by a player in approving a high-
priority project or disapproving a low-priority project, and the third term corresponds to
the cost of approving the project. Here, we set w; = 10k - % and w, = K - % Here,
parameter x captures the magnitude of perturbation.

The state transitions from the high excitement state to itself with probability A; if more
than N/4 players approve it; otherwise, it transitions to itself with probability A;. In contrast,
the state transitions from the low excitement state to high with probability A3 if there are
at least N/2 approvers; if there are N/2 or fewer approvers, it transitions to high with
probability 4.

For both games, we perform episodic updates with 20 steps and a discount factor v = 0.99.
We estimate the @)-functions and the utility functions using the average of mini-batches of
size 10.  For MCG, Figures [2.3a] and illustrate the average number of players taking
particular action in different states at the converged values of policy. For example, in the
state (0,0,0, 1) (denoted by the yellow label in Figure and [2.3D)), facility D is congested,
while the other facilities remain in a normal state. In this scenario, only N/4 = 2 players
select facility D to restore it to a normal state. Simultaneously, N/2 players choose facility
C', which provides the second-highest reward after D. The number of players at C' is within
the congestion threshold (N/2), thus ensuring that it remains in a normal state.

For PMTG, we set Ay = A3 = 1, Ao = Ay = 0 and k = 0.1. Figures[2.4aland 2.4D]illustrate
the average number of players taking particular action in different states at the converged
values of policy. For example, in the “high” state of excitement about project (denoted by
the red label in Figure and , almost all players will select to approve as it will
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always remain in high state thereon. Meanwhile, if the state of excitement is “low”, then at
least half of the players select to approve it so that it transitions to “high” state in future.

Figures and [2.4d depict the L;-accuracy in the policy space at each iteration, defined
as the average distance between the current policy and the final policy of all players, i.e.,
Ly-accuracy = + > [lmi — ﬂ'i(T) ||1. Figures [2.3c{ and [2.4c| show that Algorithm [2| converges
faster for PMTG, while Algorithm [3] converges faster for MCG.

Policy Gradient: agents = 8, runs = 5, n = 0,01 ‘Sequential Maximum Improvement: agents = 8, runs =5, 7= 5
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©.0.0.1) ©.0.0.1) Agitiin=0.01
35 mm (0.1.1.0) 35 mm (0.1.1,0) -
., . & Ag 2 T=5
£30 230
g 8 5, |
% 25 525 g5 |
3 3
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05 05

° .

00 00

A 8 c ) 8 c o

Facity

A 0 250 500 750 1000 1250 1500 1750 2000
terations

g number of age

A
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(a) (b) (c)

Figure 2.3: Markov congestion game
Note. (a) and (b) are distributions of players taking four actions in representative states using 7(7) given
by (a) Algorithm [2] with step-size 7 = 0.01; (b) Algorithm [3| with regularizer 7, = 0.999" - 5. (c) is mean
Ll-accuracy with shaded region of one standard deviation over all runs

Remark 2.6.1. We note that the regret bound proposed in our analysis can be loose. In
Figure (2.5, we compare growth of regret bound obtained in our theoretical results with that
obtained in experiments, where we observe significant gap between the two quantities. This
suggests an interesting direction of future research to develop tighter regret bounds.

agents = 16, runs = 5
Polcy Gradient: agents = 16, runs =5, = 0.05 Sequential Maximum Improvement: agents = 16, runs = 5, 7 = 0.05 g

= Low 1 m—Low — Ag1:n=005
- High = Hin 29, — Alg2 1=0.05

Average number of agents

dsapprove approve. dsapprove approve o 500 1000 1500 2000 2500 3000
Iterations

(a) (b) (c)

Figure 2.4: Perturbed Markov team game
Note. (a) and (b) are distributions of players taking actions in all states: (a) using Algorithm [2[ with
step-size n = 0.05; (b) using Algorithm [3| with regularizer 7, = 0.9975" - 0.05. (c¢) is mean Ll-accuracy with
shaded region of one standard deviation over all runs.
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Figure 2.5: Variation of Nash regret with the discount factor for perturbed Markov team
game

Note. The perturbation parameter is £ = 0.1 The red curve plots the function 1/(1 —+)%* (as stated in
Theorem 6.1) and the blue shaded region show the Nash regret computed through 10 rounds of

experiments with random initialization. Note that the scale on y-axis is in log.

2.7 Proofs of Main Results

2.7.1 Proofs in Section [2.3]
Proof of Proposition [2.3.1

Let ® be a potential function of MPG G. Using Definition it suffices to show ® € F9.
First, we claim that for every s € S, 7, " € II,

N
‘(I)<8’7T) o (I)(S?’/T/)‘ < Z ’Vi(sﬁﬁ(i)) - %(S’ﬁ(i+1))‘> (2'25)

where for any i € [N], #® = (x|, 7, .7 |, 7, Tiz1, ..., 7y) with the understanding that
71 = 7 and #V*) = 7/, To prove this claim, note that

|®(s,7) — D(s,7')| = 70+) ‘ Z\v s, 70) — Vi(s, 70T,

which follows from Definition as 7 and 70D only differ at player i’s policy. By
(2.25)), for any s € S, w, 7" € H,

2N
|D(s,7) — D(s,7")] < 2N max || Vi]|oo < —— max [|t;|co-
i€[N] 1 — 7y ie[N]

Without loss of generality, we have min,cn ®(s,7) = 0 for every s € S. Therefore, ||| <
2N
1—5 MaXie[N] i o

To show that & lies in a uniformly equi-continuous set Fg, we next show that & is
uniformly continuous. Note that for each s € S and i € [N], V;(s,-) : II = R is a continuous
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function [156, Lemma 2.10]. Given that II is compact and |S| < oo, for every ¢ > 0 there

exists d(e) > 0 such that fjnv]ax S|V(5 ) — Vi(s,7m")| < €/N for any 7, 7' € II satisfying
1€ sE

d(m,7') < 6(e). Consequently, from (2.25)), we conclude that for any e > 0, [®(s,7) —
O (s, 7")| < € for any 7,7’ € I satisfying d(m, 7’) < d(€).

Proof of Proposition [2.3.2]

The proof of Proposition [2.3.2| relies on the following lemma.

Lemma 2.7.1. If there exists some ( > 0 such that for all s,s" € S, |P(s|s,w)—P(s'|s,w")| <
C|lw—=w'l|y. Then for anyi € [N],m;,m, € I;,m_; € 11,

| Pt — P < 2¢|S| max fagl /N (2:26)
a;€EA;

Proof. For any i € [N], m € II, 7} € II;, and s,5" € S,

PToTi(ss) — P’Té’“*i(s’\s)

= Bo_ins [P(s'[s, w(a;,a_;)) — P(s'|s, w(a;, a,i))]

< Eu o, | PS5 w(a 00)) = PS5 w(aga-))] (2.27)
where the first equation is due to the structure of transition function,

a; € argmax, ¢4 P(s'|s,w(a;,a_;)), and q; € argmin, 4. P(s'|s, w(a;, a_;)).

By (2.27) and the Lipschitz property of the transition matrix in Lemma [2.7.1]

T3, o ) C"S’l
Z|Pz7—1(3’|s)—Pl’ i(s]s)| < N W ZmeEaZ)—ﬂ(eeaﬂ]
s'eS ‘ ecE
2¢|S a;€A; | Qi
< C| |m2§)\;zeAz |7 Vses,
where (a) follows by (2.5]). O

Proof of Proposition[2.3.2] Recall that for any s 6 S, the stage game is a potential game
with a potential function ¢(s,a) = 1/N> . Zwe 9N ¢, (s,7/N). Under this notation, we
can equivalently write (2.6) as

U(s,m) = (s, m) +7 ) P(s/|s)U(s', 7). (2.28)

s'eS
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/

For the rest of the proof, fix arbitrary m;, 7} € II;, 7_; € I1_; and denote 7 = (m;, 7_;), 7’ =

7). By @.29),
U(s,m)—U(s,m')=p(s,m) — (s, )+~ Z (P”(s’|s)\1!(s',7r) — P”/(s’|s)\1!(s',7r')) .

s'€s
(2.29)
Additionally, recall that Vi(s,7) = u;(s,7) + 7> cq P7(5'|5)Vi(s', 7). Consequently,
Vi(s,m) — Vi(s, ') = wi(s, m) — w;(s, ") (2.30)
+71 Y (P 19Vils'm) = P (s]s) (s, 7))

s'esS
Subtracting ([2.29) from ([2.30]), we obtain
Vi(s,m) — Vi(s,m") — (VU(s,m) — U(s, 7))
37 PR s) V(s m) — B(m) — 4 3 P (s']s) (Vi(s', ) — W (s, 7))

vsézﬂ(s'm Vit 7) — Vit )+ 505, ) — 00
S—vgs(zﬂ P(s'ls)) (Vi 7') = W(s', 7).
Thus,
max |Vi(s, 7) = Vi(s, 7') = ((s,7) — W(s, )| (231)

< ’ymax\‘/;(s,ﬂ) —Vi(s,7') — (V(s,7) — U(s,7")) |

v ’P’r P .
+ymax [U(s', 1) — Vi(s', 7 |r§€a§<§ P (s|s)

Rearranging terms leads to

231 < %18113?’\1](5 7T) ‘/i(sl’ﬂ'/)mpﬂ' _ Pm“oo
|

29(¢|S| maxg,ea, .
— v ~ . 2.32
e a0 ) — V() (2.32)

where the last inequality follows from Lemma [2.7.1] Finally, since

ug(s*, a") = Zce(sk,wf)]l(e cal) < Zce(sk,wf) < (s, a"),

ecE eck
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then for any s’ € S,
|W(s' 7)) = Vi(s',7")| < En Zyk lo(s*, ") — uy(s", ak)’]
Lk=0

Eﬂ'/ Z Wk(tp(ska ak)]
L&k=0

Plugging the above inequality into (2.32)) finishes the proof.

< < sup ¥(s, ).

s,

Proof of Proposition [2.3.3]

Throughout the proof, let us fix arbitrary i € [N],m;, n, € II;,7_; € II_;, and define 7 =
(miy ), 7 = (m},7_;). We show that for every i € [N],m;, 7, € II;, 7_; € II_,

"= (V(s, ) — ¥(s, 7 2n
r?e%xl‘/i(svﬁ) - V;(Svﬂ-) (qj( ) ) \IJ( ) ))| < (1 _ 7)27
where W(s, ) = E, [Y 5o, v*r(s¥, a*)|s" = s]. Note that
U(s,m) =r(s,m) +7 > P(s/|s)¥(s, 7). (2.33)

s'eS
By (2.33)), for any s € S,

U(s,7r) —U(s, ") =r(s,m)—r(s,7)+7 Z (P”(s'\s)\ll(s/, m) — P (s|s)W(s, 7T/)) :

(2.34)
Similarly, for any s € S,

Vi(s,m) — Vi(s, ") = wi(s, m) — wi(s, 7))+~ Z P™(s|s)Vi(s',w) — P™ (s'|s)Vi(s', 7).
s'eS
(2.35)
Consequently,

Vi(s,m) — Vi(s, ") — (U(s

=u;(s,7) —wi(s, ) — (r(s,7) —r(s, 7))

=2 (P (s1s) = P(s')s) ) (Vals o) = W(s,)
s'eS

+y > P(Ss) (Vi(s' m) = Vi(s', @) + W(s, o) — W(s ).

s'es

K

|
K
w
ﬁ\
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Since |u;(s, ) — ui(s,7") — (r(s,m) —r(s,7'))| < 2||&||0 < 2k, then
max [Vi(s, m) = Vi(s, m) = (U(s,7) = W(s, 7)) | (2.36)
<25+ 2ymax V(s 1) = Vi(s', 7))
+ymax|Vi(s, m) = Vi(s,n') = (¥(s,m) = ¥(s, 7)) .

Rearranging terms in above inequality, we obtain

2 2
1 _K,Y 15 _77 max [W(s', 1) — Vi(s', ). (2.37)
Note that |U(s', 7)) =V;(s', 1) = | Yopeo V*&i(s, 7' (s¥))] < k/(1 — 7). Plugging this inequality

into (2.37)) completes the proof.

[2-36) <

2.7.2 Proofs in Section [2.4]
Proof of Proposition [2.4.1

To prove Proposition [2.4.1], we first need the following lemma.

Lemma 2.7.2 (Lemma B.1 in [I56]). Fiz ¢ € [N] and K € N. For any s € S and

w = (5’“,51’“)520 € (S x A)X the mapping I1 5 7 — B, [1((s*,d") ) =w) | s® = s]

18 continuous.

Proof of Proposition[2.4.1}  Fix ¢ > 0 and define M := N max;e(n) [|t]|oo. Choose K € N

large enough that 71K_']7V[ < {and € = m. Since IT is compact and S x A is finite,

Lemma ensures that there exists d(€) such that for any 7, 7" € II with d(m, 7") < d(e),
and w € (S x A)EFl se S,

E, [1((s*,a")i—g =w) | s" =s] —Ex [1((s", d")jy =w) | s* = 5]

< (2.38)

From (2.7), we note that for any ¥ € F9, there exists ¢ : S x A—R such that for any
m,m ell,s €8,

|\D(377T) - \II(S,TF/)‘

K

ka(b (sk,ak) | so=s
k=0

Define a function ¢ : (S x A)K*1 — R such that for every (5’“,&'“)2;0 € (S x A)KFL
¢ (80,a°,---,5%,a) = Zf:o v*¢ (5*,a*) . Thus, for any m € II,
s = s} :

ZW’% (s",a") | " = s] = Z o(w)E, {Il ((sk,ak)io = w)

we(SxA)K+1

K

kagb (sk,ak) | so=s

k=0

< |E, _E, + % (2.39)
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Thus, by applying the above equation and ([2.38]) to (2.39)), we obtain that for any s €
S,m, 7" € Il satisfying d(m, ") < d6(e),

M5K+1AK+1~
(5. 7) — W, 7)] < ol I A e 4 § < MIBLZHATTE €
-7

< e.

Since we chose arbitrary ¥ € FY9, and § is independent of the choice of U, then F9 is
equi-continuous. Thus, F9¢ C F9.

2.7.3 Proofs in Section [2.5.1]
Proof of Lemma 2.5.2]

To prove Lemma [2.5.2) we define 7;.; = {ﬂ'k} _i+1 as the joint policy for players from 4 + 1
to j—1; mey = {m},_;, and 7~ = {7k }r_;4, are defined similarly. Next, we recall a useful
result from [49].

Lemma 2.7.3 (Lemma 2 in [49]). For any function f : II — R, and any two policies
m,w e ll,

N
F@) = f(m) =Y (f(xh 7o) — f(w))
i=1
N N
+Z Z < T<i ZN]7W>]a7T7,77TJ) f<7T<i,i~j77T/>j77Tia7r;')
i=1 j=i+1
— f(T<iing 7T,>j7 7T§>7Tj) + f<7T<i,i~j77T/>j77Tia 7Tj)>~ (2.40)

Next, we state a result that lower bounds the improvement in value function of each
player in each step of Algorithm

Lemma 2.7.4. Consider a Markov game G with initial state distribution v, let 7D and
) be consecutive policies in Algorithm . Then we have,

(i) Vi(v, 7T(t+1)) — Vi(v, W(t))
4772/_12]\[2 LD (t)
> _ d ) g

— (1 _ 7)5 Z

2

I

D (s) — 7 (s)

S

€[N],seS

(i) Vi (v, 7 D) — Vi (v, 7®)

1 417/13[1N) al 20D (0
>— (1 - dy’ ‘(s
> (1) R e

i=1 seS

D (s) — 7 (s)
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Proof. This result directly follows from [49, Lemma 3|. Specifically, the proof of [49, Lemma
3] is established by lower-bounding the difference ®(v, 7+Y) — &(v, 7®) for a Markov po-
tential game with potential function ®. At its core, the proof relies on the key property of
Markov potential games, which allows the difference in potential functions to be expressed
as the difference in value functions for each player. The remainder of the proof focuses on
lower-bounding the difference in value functions at each step of the policy update process in
Algorithm[2] which is precisely what we require. We omit details due to space constraints. [

Proof of Lemma - For ease of exposition, let 7/ = 7Y and 7 = 7®. By
Definition 3 |Vi(v,wlym_y) — Vilv,miymy) — (P(v, wl, i) — (v, m, 7)) < a for any
v,i € [N],m,ﬁl € II; and m_; € II_;. Apply Lemma [2.7.3 with f(-) = V;(v,-) — ®(v,")
respectively. Since each term in only differs in one player’s policy, we obtain

Vil ) = Vi) = (@) — 0T S 3 ek 30 3 o

The proof follows by the above inequality and Lemma [2.7.4]

2.7.4 Proofs in Section [2.5.2
Proof of Lemma 2.5.3

Fix arbitrary i € [N],u € P(S),m,n € I;,m7_; € 1I_,. We define 7 = (m,7n_;), 7" =
(ml,m_;) € II. Note that

Vi(p, ) = Vi, ')
—E, [Zy (u,s a*) =7 (s ) \Z(sk,w)w;(sk,w')ﬂ — Vi, 7)

JE[N]
=K, {27 <u, sF ab) — 1 Z v;( s" L) f/i(skﬂr/))} +E, ka‘z(sk,ﬂ')] . (2.41)
JEN] k=1

Note that

E.| Z Y Vi(sk,7')] =E

k=1

Z ’}/k‘?l-(SkJrl, 7T/)] ,
k=0
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thus,

JEIN]
[ZV (uz sFab) -1 Z v;(s Z P(s'|s*, a®*)Vi(s' ') — Vi(s®, ")
JE[N] s'eS
+TZVj(s —TZ vi(s®, 7 )] (2.42)
JEIN] JE[N]

We can continue the above calculations by applying smoothed (-function and noting that
7 =m; for all j # i and Vi(s',7') = 7i(s") TQF (),

- 7Q[§:7 (Q” af) = Vi(s*, 7'y + 7 ) vi(sh ) =7 Y (s, ﬂj)}

JE[N] JE[N]

__ Z dy(s") <7ri(s’) - 7rl’-(s’)> QF (s) + (s, 7)) — T14(8 7@))

Proof of Lemma 2.5.4]

From the definition of smoothed infinite horizon utility (2.17)), we note that for every i €
[N],T('i € Hi,ﬂ',i € H,i,S S S,

Vi(s,mi,m—i) = Vi(s,mi,m—;) — TE, 27 ZVJS ,75)|s0 = 5| . (2.43)

= JE[N]

Using (2.43)), it holds that for any u € P(S) and & € II,

Vi, ) — Vi(u, ) L 27 Z ZICREY)

k=0 jG[N]
< TN max; ., vi(s, m;) _ TN log(A). (2.44)
1—~ L -~

The desired result follows from triangle inequality and ([2.44]).

Proof of Lemma [2.5.5|

The proof of Lemma [2.5.5| requires the following technical lemmas.
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Lemma 2.7.5. If G is a Markov a-potential game with ® as its a-potential function, then
for any s € S)i € [N],n},m; € ;,m_; € 11, )(\if(s,ﬂz,w_i) — U (s, m5,7_3)) — (Vi(s, 7}, m_;) —

) 17

‘z(s,ﬂi,ﬂ_i)) < «a, where

(s, m) = d(s,7) — ZZ’}/V]S ;) | s° = s].

JE[N] k=0

Proof. To ease the notation, for function f: S x II=-R, we write f(s, ) as f°(+). By (2.43] -
and the definition of ¥ in Lemma [2.5.5, we have for all s € S,i € [N], 7, m; € HZ, m_; € 1l_,,

05 (7, ) — O (g, ) — (VP (), o) = Vi (mi 7o)
=[®%(mj, wi) = O (s, i) — (Vi (g, mi) = Vi (mi, i)
which is bounded by a using Definition [2.2.4] O

(2 (2

Lemma 2.7.6. For any i € [N],s € S,n} € I;,t € [T}, it hold that

- QA(s,a) (B (ails) - mi(als))

a¢€A¢

> 7 Z log (BREt)(aﬂs)) (BREt)(aAS) — 7r§(a,-|s)> .

a; €EA;

Proof. Fix arbitrary i € [N],s € S, and t € [T]. Next, note that the optimization problem in
(2.19) is a strongly concave optimization problem. By the first order conditions of constrained
optimality, for all =, € II;,

(QO(s) ~ 7V oi(s. BRO(s))) " (BRO(s) — l(s)) > 0.

Note that Vi, (,s)vi(s, m) = 141og(m;(a;]s)) for every a; € A;. Therefore, for every 7 € 11,

" QA(s,a) (BRY (@i]s) — i(ails))

az‘EAi
>3 (14108 (BRY(0])) (BRO(ails) - (ails))
a; €EA;
The result follows by noting that ), R(t)(ai]s) =D aen Milails) = 1. O

Lemma 2.7.7. For any i € [N],s € S,m;, 7, € 11;,

vi(s, m) — vi(s, m) = %Hm(s) —l(s)IIP + Y (log(mi(ails))) (milails) — mi(ails)).

aiGAi
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Proof. Fix arbitrary i € [N],s € S. To prove the lemma, we first claim that the mapping
P(A;) o 7 — v;(s,m) is 1-strongly convex. This can be observed by computing the Hessian,
which is a RA>*4i diagonal matrix with (a;, a;) entry as 1/7m(a;|s). Since m(a;ls) < 1, it
follows that the diagonal entries of the Hessian matrix are all greater than 1. Thus, v;(s, -)
is 1-strongly convex function. The result follows by noting that for any k-strongly convex

function f, f(y) > f(z) + Vf(2)"(y —2) + §lly — z]* O
Lemma 2.7.8. For any i € [N|,t € [T],a € A;w), there exists 0 < t* <t such that

7| log(mlf) (al5™)| < 20|Q) (59) oo + 7 log(| Az ])-

Proof. Recall that in Algorithm , at any time step ¢ € [T, player i¥) updates her policy at
time ¢+ 1 in the state 5§, while policies for other players and other states remain unchanged.
Fix arbitrary ¢ 6 [T] Let 0 < t* < t be the latest time step when player i) updated its
policy in state 5 before time t. Note that t* = 0 if ¢ is the ﬁrst time when player i® is
updating its policy in state 5. Naturally, ) = i*") and 5% = 5*). Consequently, for
every a € A;u,

() =
exp(QY, (5", a))
Yaea, xP(Q (50, a))

) (a]5®) = BRY, (a|5") =

Consequently, for every a € A;q,

) (als") > exp(Q; “)E . )/_T)
| Az | eXp(Q 2 (30, a)/T)

|A1(t)| exp ((@%3( ) ) Q(<t> ( )) /T> )

with @ € arg maxQ\ ) (59 a) and ¢ € argminQ" b J(5® . q). Since Wga (a]5®) < 1, it follows
aCA. <) a€A. 5(t)

that for every a € A;w,

1 t
| log(mic (als >>|s1og<|Am|>+;(@‘(t3< s0,a) - Q1) (9, a))
< log(| Az ]) + 2 1Q) (5 e

Lemma 2.7.9. For any t € [T],i € [N],s € S, it holds that HQEt)(S)HOO < C1+7N1:g(/§)7

where C:= maxX;e[n] || Ui || -
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Proof. First, we note that for any s € S, 7 € II,

Vi(s,m)| < E, Z’y\uls a® —TZI/JS ,T5)]
JE[N]

<E, nyk (\ui(sk, a®)| + 7N log(A))
L k=0

By ([2.18]), we note that for every i € [N],s € S, a; € A;,

Qs a) < B [, ana) = 32 vilom)| +y 30 Plsls. e 0|Vl )|

' JE[N] s'eS

1+ 7N log(A)

=¢ (1=

<C E

a_;~T_;

(1+ 7N log(A)) (1 + ﬁ)

Proof of Lemma [2.5.5, (1) Fixt e [T]. To ease the notation, let 7, 71'(:31), Ty = ngt)),

Ty = 7T(t2(t>» Vs = Vi), @y denote Q , Q. denote Q% Note that by (2.20]) and (2.22)),
ADGED) = > (7l(als®) = m(alsD) (5D, a) + T (51, ) — T (51, 7))

llGAz(t)

< > (Wals®) = mi(als®) Qu(s®,a) +7 Y log(mi(als)) (m(als®) — ' (als))

aEA;(t) aEAg(t)

< 3 (Jrutals® = tals®)] |5 ) = rioutm. als)] ). (2.45)

aeA;(t)

where the first inequality follows from convexity of v;(s,+). By Cauchy-Schwarz inequality
and noting that mz}vx|Ai| <A,
i€

Qu(5, ) — 7log(m. (als)| - 7. (5) ~ (5O,

EID<V/A max

’(t)

<v”(mw

a€A5t)

Q.(6"a)| + o 7ot (als )] ) - 6) — . (5

acA

Note that Lemma [2.7.8] implies that there exists ¢ < t such that max 7
Az )

g (a5)| <

QHQ;(ft)) (E(t))Hoo + 7log(A). Consequently, it follows that
ADE) < VA(1Q. ()l + 201G uwu+ﬂ%@0wﬂ®%—m@%m

S401+TN10g \/_H 50 (t))’

27
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where the last inequality follows from Lemma This concludes the proof for Lemma

E51).

(2) Here, we show that

Z I, (59) = m (513 <

To see this, note that for any ¢ € [17,

B, 7)) = B ) — W) 249
2 Ve 12) — Vit (s T 70) —

(i) ﬁ ;dz;m*(s) <(7rfk(s) — m(s))TQ*(s) + TV (5, ) — TV*(S’”L)) -«

(@) ﬁdﬁ*’”-* (5) (<w;<s<t>> —m (57 Q) + (5, 1) — (Y, ”’”) o

where (i) follows from Lemma [2.7.5 (i7) follows from Lemma and (i77) holds because
7' (s) = m.(s) for all s # 5. Next, from Algorithm , note that 7’ (5%) = BR%))(EU)).

Consequently, using Lemma [2.7.6], we obtain

rdi™ (50)

[@-46) >
I—7

(1og(m(59) " - (7,(39) = 7. ()
+m@®m9—m@%ﬁg—a. (2.47)
Furthermore, using Lemma we obtain

alowl (5(1)
> d ™ |l (50) — (503 —
~7)
(a) T _
> 5 lIm(s 50) — m (503 —

LD (©)
where (a) follows from d,’ "'(5®) > (1 — 7). Summing the above inequality over all

t € [T] yields:

\I~I(M7 W(T)) - \ij(ﬂﬂ W(O)) = Z qj(ﬂﬁ 7T(t+1)) - @(M’ W(t))

te(T]

> TP
Z 7. (59) = . (5W)]5 — aT.

te[T)
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Finally to conclude Lemma (2), note that

2 /. ~
S (5) — w50 < = (Va7 ™) D, 7®) + aT)
te[T] TH

2rN1
T og(A)+aT)7
L—x

2
s——0¢wm”»—¢mm@n+
T

where the last inequality follows by noting that for any 7,7’ € II and any p € P(S),

|‘ij(lu’7ﬂ-> - \ij(ﬂlv 7T/)| < |CI)<:U’77T> - (I)(:LL77T/)|

+T ]E7r|: Z Vth(St,Wj)] + 7| En { Z Vth(StﬂTj)} ‘
JEN] JE[N]
teN teN

Nlog(A)

< |q)<,u,’ﬂ') - CD(H:W,N + 27 1—

45
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Chapter 3

Continuous-Time a-Potential Game

3.1 Introduction

3.1.1 Overview

Static potential games, introduced by Monderer and Shapley in [113], are non-cooperative
games where any player’s change in utility function upon unilaterally deviating from her
policy can be evaluated through the change of an auxiliary function called potential func-
tion. The introduction of the potential function is powerful as it simplifies the otherwise
challenging task of finding Nash equilibria in N-player non-cooperative games to optimizing
a single function. Static potential games and their variants have been a popular framework
for studying N-player static games, especially with heterogeneous players.

In the dynamic setting with Markovian state transitions and Markov policies, direct
generalization of the static potential game called Markov potential game is proposed in [105].
Unfortunately, most dynamic games are not Markov potential games. In fact, [101] shows
that even a Markov game where the game at each state is a static potential game may not be
a Markov potential game. In practice, Markov potential game framework imposes restrictive
assumptions for various applied problems, such as state transitions being of distributed types
for multi-agent robotics [94] 134], [135] and instantaneous reward functions being separable
for resource allocation [114].

Recently, a more general form of dynamic game called Markov a-potential game is pro-
posed by [71] (see also Chapter [2|) for N-player non-cooperative Markov games with finite-
state, finite-action, and discrete-time state transition. The introduction of a parameter «
and an associated a-potential function enables capturing the interactions of players and
their heterogeneity. They establish the existence of a-potential function for discrete-time
Markov games, and show that maximizing the a-potential function yields an a-Nash equi-
librium (NE). Meanwhile, they identify several important classes of dynamic a-potential

OThis chapter is mainly based on work [74] entitled An a-potential game framework for N -player dynamic
games, coauthored with Xin Guo (UC Berkeley) and Yufei Zhang (Imperial College London).
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games. These present new potential applications, in addition to various potential games ex-
plored earlier in transportation systems [167], power networks [88], and multi-agent robotics
[94], 134 [135], along with more recent studies [1011, 108, 131}, 163, 49| [56] 106, 114 [67].

In this chapter, we propose and study general dynamic a-potential games, including
stochastic differential games with continuous state-action space, and with continuous-time
state transition. Similar to the a-potential game in the discrete-time setting in [71], this
general a-potential game framework reduces the challenging task of finding approximate NE
in a dynamic game to a (simpler) optimization problem of minimizing a single function.

In the framework of a-potential games, there are two key mathematical questions: finding
and optimizing the a-potential function, and analyzing the magnitude of .. In the discrete-
time setting with finite state and finite action, these two questions have been answered in
[71] by formulating a semi-infinite linear programming (SLP) problem such that its optimal
solution is the a-potential function and its minimum yields the «. However, this SLP
approach does not apply to continuous-time and arbitrary state-action spaces.

Instead, in this chapter, we adopt the tool of linear derivatives developed in [67] to
construct the a-potential function @, and to characterize « in terms of the magnitude of the
asymmetry of objective functions’ second-order derivatives. For stochastic differential games
where the state dynamic is a controlled diffusion, the a-potential function is expressed via
the sensitivity processes of the controlled diffusion, and « is explicitly characterized in terms
of the game structure including the number of players, the choice of strategy classes, and the
intensity of interactions and the level of heterogeneity among players. To analyze the a-NE,
our approach is to show that minimizing ® is equivalent to solving a conditional McKean-
Vlasov control problem: we first develop the dynamic programming principle (DPP), and
then establish a verification theorem to construct a minimizer of the a-potential function ®
based on solutions to an infinite-dimensional Hamilton-Jacobi-Bellman (HJB) equation. To
the best of our knowledge, this is the first result establishing a DPP for dynamic potential
games. Prior to our work, the only known approach for a-NE is the policy-gradient algorithm
in [71] for finite-state discrete-time a-potential games. Our approach is illustrated through
a linear-quadratic network game, where the a-NE and the associated HJB equation are
explicitly solved.

3.1.2 Outline of Main Results

a-potential games and approximate Nash equilibria. Consider a general N-player
game G characterized by G = ([N], S, (Ai)ien, (V})ie[N])ﬂwhere [N] = {1,...,N} is the
set of players, S is the state space of the underlying dynamics, A; is the set of admissible
strategies of player ¢, and Vj : HiE[N] A; — R is the total cost function of player i, with
Vi(a) being player i’s expected accumulated cost if the state dynamics starts with a fixed
initial state sy € S and all players take the strategy profile a. For each ¢ € [N], player i
aims to minimize her objective function V; over all admissible strategies in A;.

IFor notational simplicity, we do not write explicitly the dependence of G on the fixed initial state so.
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Here we focus on a class of games called a-potential games, where there exists a > 0 and
®: AM — R such that for all i € [N], a;,a; € A; and a_; € A(,]\Z-f),

Vi (a5, a-)) = Vi ((as, a—)) — (@ ((a;, a:)) — @ ((ai,a-3))) | < e, (3.1)

with AN) = [Ticin A: the set of strategy profiles for all players, and A(_J:f) = [Liep iy A
the set of strategy profiles of all players except player 7. Such & is called an a-potential
function for the game G. In the case of o = 0, we simply call the game G a potential game
and ® a potential function for G.

Equation relaxes the notion of potential games in [113] [105] by introducing a param-
eter . That is, a game G is an a-potential game if the change of a player’s objective function
upon her unilateral deviation from her strategy is equal to the change of the a-potential func-
tion up to an error o. This additional parameter « enables capturing important information
regarding the interaction between players’ state dynamics and strategies, beyond the number
of players which has been the primary focus of approximate Nash equilibrium approach such
as mean field games.

Similar to potential games, an a-potential game G has an important property: any min-
imizer of an a-potential function of G is an a-NE of the game G (Proposition . Propo-
sition [3.2.1] suggests three key components in applying the a-potential game framework to
analyze general non-cooperative games: constructing an a-potential function, characteriz-
ing (upper bounds of) the associated parameter «, and developing a solution technique for
minimizing the a-potential function over admissible strategy sets.

Characterizing general a-potential games. We start by constructing the a-potential
function and characterizing the associated parameter « for a given game G, where all players’
strategy classes are convex. Specifically, for each i € [N], denote by span(A;) the vector
space of all linear combinations of strategies in A;. The concept of linear derivative of V;
with respect to A;, introduced in [67] for arbitrary convex strategy classes, enables us to
establish Theorem if the objective functions of a game § admit second-order linear
derivatives, then under some mild regularity conditions, for any fixed z € A™)| the function

oV;
d(a) ::/ —(z+r(a—z);a; — 2z)dr (3.2)
0 ‘= da;
7=1
is an a-potential function of G, with
N
52V, 52V,
a <2 sup Suda. (a;a;,a;’) -5 ‘53' (a;a;’,a;) . (3.3)
i€[N],aj€A;s,a,a”" € AN 55 @;0a; a;j0a;

This characterization generalizes existing results of potential games with finite-dimensional
strategy classes [113, [10T], 84] to general dynamic games with arbitrary convex strategy
classes. In particular, it replaces the Fréchet derivatives used in earlier works with linear
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derivatives, without requiring a topological structure on A®Y). Moreover, it quantifies the
performance of the a-potential function (3.2)) in terms of the difference between the second-
order linear derivatives of the objective functions.

Constructing a-potential function for stochastic differential game. The main con-
tribution of this chapter is to develop the criteria (3.2]) and for stochastic differential
games in which the state dynamic is a controlled diffusion. Specifically, let T € (0, c0),
let (Q, F,IP) be a probability space supporting an m-dimensional Brownian motion W =
(Wk)ym_ and let F be the natural filtration of W. Let H?*(R") be the space of R"-valued
square integrable F-adapted processes, and for each i € [N], A; be a convex subset of #*(R"™)
representing player i’s admissible controls. For each u € AW let X* be the associated state
process satisfying for all ¢ € [N] and t € [0, 7],

dXe; = b;(t, Xy, we)dt + Z o (t, Xp, w)AWE,  Xo,; = (3.4)
k=1
where z; € R is a given initial state, b; : [0,T] x RV x R¥ — R? and 0; = (041, ..., Oim) :

[0, T] x RN4 x RV® — R¥™ are given functions. The objective function V; : A®N) — R of
player ¢ is

W):E{ [ rxr ) anaoxn|. (3.5)

where f; : [0, T] x RV¥xR¥" — R and g; : R4 — R are given functions. Precise assumptions
on x;,b;,0;, f; and g; are given in Assumption [3.3.1]

We characterize the linear derivative of V; and the function ® in through the sensi-
tivity processes of the state process with respect to controls (Theorem . In particular,
assuming 0 € AM) | the function ® (with z = 0) can be expressed as

1 N

@(u)z/o ZE

=1

T ru,ug\ | )
/ (Yt ) (g?) (t,X:",rut)dt—Ir(8Igi)T(X}”)Y}“’“"]dr, (3.6)
0 uiJi

Ut 4

where for each u € A™) and ) € H2(R"), the sensitivity process Y*" is the derivative
(in the L? sense) of the state X" when player i varies her control in the direction u}, and

satisfies a controlled linear stochastic differential equation (as in (3.16))). See Theorem
for

for the expression of ® with general A®Y) for open-loop controls and see Theorem
the expression of ® for closed-loop controls.

Quantifying o for stochastic differential game. Using the bound (3.3]), we then quan-
tify the parameter « for the game (3.4))-(3.5) based on the structure of the game. A key
technical step is to characterize and estimate the second-order linear derivative of V; through
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second-order sensitivity processes, representing the derivative of Y®“¥. Under suitable struc-
tural assumptions on the coefficients of (3.4)), we establish precise estimates for these sen-
sitivity processes, and obtain the following upper bound (stated more precisely in Theorem

3.3.2): for all i,j € [N],
62V,
5Ui5Uj

_ 0
(5uj5ui

A

where C' > 0 is a constant depending only on the state coefficients and time horizon, and
Ctg.n is a constant depending explicitly on the number of players N and the sup-norms of
the partial derivatives of f; — f; and g; — g;.

This analysis of o shows its general dependence on game characteristics, including pos-
sibly asymmetric and heterogeneous forms of cost functions and state dynamics, and is not
limited to the scale of N as in the mean-field paradigm. To highlight this distinction, we
specialize the above bound of a to two classes of stochastic games:

(U'u'»' u;) < CCtyn, (3.7)

Y 77

e For distributed games where players only interact through their cost functions and
not the state and control processes, we prove that if a static potential function can
be derived from the cost functions, then dynamics games are potential games (with
a = 0), regardless of the number of players (Example [3.3.2)).

e For games with mean field type interactions, if each player’s dependence on others’
states and actions is solely through her empirical measures, then « is of the magnitude
O(1/N) as N — oo (Example [3.3.3). Note that a decays to zero as the number of
players increases, even with heterogeneity in state dynamics, in cost functions, and in
admissible strategy classes. This is in contrast to the classical mean field games with
homogeneous players; see Remark for a more detailed comparison.

a-NE via a McKean-Vlasov control problem. We further develop a dynamic pro-
gramming approach to minimize the function ® over A®Y). The main difficulty is that the
objective depends on the aggregated behavior of the state and sensitivity processes
with respect to r € [0, 1], which acts as an additional noise independent of the Brownian
motion W. Meanwhile, the admissible controls in A®) are adapted to a smaller filtration
F that depends only on W. To recover the dynamic programming principle, we embed the
optimization problem into a conditional McKean—Vlasov control problem. This is achieved
by treating r in (3.6) as a uniform random variable v independent of W, and expressing the
objective ®(wu) in terms of w and the conditional law of (X™ Y™"1 .. . Y™"N t) given
W. This approach allows us to embed the minimization of u — ®(w) into a control prob-
lem, where the state space is a subset of the Wasserstein space of probability measures
(Proposition . Moreover, by Ito’s formula along a flow of conditional measures, we
establish a verification theorem to construct a minimizer of ® based on solutions to an
infinite-dimensional Hamilton-Jacobi-Bellman (HJB) equation (Theorem [3.5.1)).
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A toy example of dynamic games on graph. We illustrate our results through a
simple linear-quadratic game on a undirected graph, whose the vertices represent players,
and edges indicate dependencies between them. We show that this game is an a-potential
game, and characterize a explicitly in terms of N the number of players, and ¢;; the strength
and the degree of heterogeneous interaction between players i and j (see Section . We
further construct an a-NE of the game analytically through a system of ordinary differential
equations (Theorem . This is accomplished by solving the associated HJB equation for
the a-potential function by utilizing the game’s linear-quadratic structure.

The asymptotic limit derived from our analysis allows for general asymmetric interactions
and heterogeneity among players, in contrast to existing works on the mean field approxima-
tion for both differential games (e.g., [99, 100, 32]) and games on graphs (e.g., [60, 97, 15]). It
shows that the a-potential game framework enables differentiating game characteristics and
player interactions which are hard to quantify under previous more restrictive game frame-
works, such as Markov potential games [105, 101, 108| 131} 49] and near potential games
[241, 27, 146, [145).

3.2 Analytical Framework for General a-Potential
Games

3.2.1 «-Potential Games and Approximate Nash Equilibria

This section introduces the mathematical framework for a-potential games, starting by some
basic notions for the game and associated strategies.

Consider a game G = ([N], S, (A;)iciny, (Vi)iern)) defined as follows: [N] = {1,..., N},
N € N, is a finite set of players, S is a set representing the state space of the underlying
dynamics, A; is a subset of a real vector space representing all admissible strategies of player
i, and AW = [Ticpv) Ai is the set of strategy profiles for all players. For each i € [N],
Vi AN) — R is the objective function of player i, where V;(a) is player i’s expected cost
if the state dynamics starts with a fixed initial state sqg € S and all players take the strategy
profile @ € A™). For any i € [N], player i aims to minimize the objective function V;

over all admissible strategies in A;. We denote by A(_Ai[) = Hje[N}\ (i} A; the set of strategy

profiles of all players except player 4, and by a and a_; a generic element of AN and A(ﬁ),
respectively.

Note that this game framework includes static games, and discrete-time and continuous-
time dynamic games. Moreover, depending on the precise definitions of strategy classes, this
framework also accommodates stochastic differential games with either open-loop controls
in Section [3.3.1] or closed-loop controls in Section [3.4] The focus of this chapter is on a class
of games G called a-potential games, defined as follows.
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Definition 3.2.1 (a-potential game). Given a game G = ([N], S, (Ai)iciny, (Vi)iein), if there
exists a« > 0 and ® : AN) — R such that for alli € [N], a;,a; € A; and a_; € A(_]\Z-]),

Vi (a5, a-)) = Vi (@i, a—)) — (@ (a3, a:)) — @ ((ai,a-3))) | < e, (3.8)

then we say G is an a-potential game, and ® is an a-potential function for G. In the case
where a = 0, we simply call the game G a potential game and ® a potential function for G.

Intuitively, a game G is an a-potential game if there exists an a-potential function such
that whenever one player unilaterally deviates from her strategy, the change of that player’s
objective function is equal to the change of the a-potential function up to an error . This
definition generalizes the notion of potential games in [I13] by allowing for a positive a.
Such a relaxation is essential for dynamic games, as many dynamic games that are not
potential games are, in fact, a-potential games for some a > 0; see [71] and also Sections
. Indeed, it is clear that if & == sup;c;n) e [Vi(a)| < oo, then G is a 2a-potential
game and a 2a-potential function ¢ = 0.

For a given game G, there can be multiple parameters « satisfying the condition (3.8)).
In [71], an a-potential game is defined with the optimal « determined by

o =inf  sup |Vi((a},a-)) = Vi((ai a-i)) — (P (@}, a-)) — P ((ai,a-5))) |, (3.9)

PeF i€[Nl,a;,a;€A;,
a,iG.A(]\.’)

where .Z contains suitable functions ® : A®) — R. For discrete games with finite states
and actions, [71] shows that selecting .% as the set of uniformly equi-continuous functions on
Markov policies ensures a well-defined o and also the existence of an a*-potential function
within .Z.

However, in continuous-time games with continuous state and action spaces, computing
the optimal a* in is challenging, and selecting a suitable set .% for the existence of an o*-
potential function remains unclear. Most critically, as shown in [71], having an appropriate
upper bound « of a* and an associated a-potential function ® is sufficient for the key analysis.
Therefore, we adopt Definition [3.2.1) which frees us to focus on characterizing some upper
bound of a* in terms of the number of players, the set of admissible strategies, and the game
structure.

For an a-potential game, computing an approximate Nash equilibrium reduces to an
optimization problem. To see it, we first recall the solution concept of e-Nash equilibrium.

Definition 3.2.2. For any ¢ > 0, a strategy profile a = (a;)iey) € AW is an e-Nash
equilibrium of the game G if V; ((a;,a_;)) < Vi ((a},a_;)) + €, for any i € [N],a. € A;.

Definition|3.2.2| provides a unified definition of approximate Nash equilibrium for a general
game G. When G is a stochastic differential game and the set AN of admissible strategy
profiles contains the set of open-loop controls or closed-loop controls, Definition is
consistent with the concepts of open-loop Nash equilibrium or closed-loop Nash equilibrium
described in [32, Chapter 2].
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The following proposition shows that an approximate Nash equilibrium of an a-potential
game can be obtained by optimizing its corresponding a-potential function. This is analogous
to static potential games with potential functions. The proof follows directly from Definitions
[3.2.1] and [3.2.2] and hence is omitted.

Proposition 3.2.1. Let G be an a-potential game for some o and ® be an a-potential
function. For each € > 0, if there exists @ € AN) such that ®(@) < inf, 4o ®(a) + ¢, then
a is an (o + €)-Nash equilibrium of G.

3.2.2 Characterization of a-Potential Games via Linear
Derivatives

Proposition highlights the importance of explicitly characterizing an a-potential func-
tion for a given game and the parameter «.

For the special class of potential games (i.e., & = 0) with finite-dimensional strategy class
[T13, 10T, 84], it is well known that a game is a potential game if the objective functions are
twice continuously (Fréchet) differentiable in policy parameters and have symmetric second-
order derivatives. More precisely, consider a game G = ([N], (A;)icn), (Vi)ien)) where for
all i € [N], A; is an interval. Suppose that for all i € [N], V; : AN — R is twice
continuously differentiable. Then by [I13] Theorem 4.5], G is a potential game if and only if
02,0, Vi = 0,V for all 4, j € [N], and a form of potential function is given.

In this section, we will provide an analytical framework to construct the parameter o and
the associated a-potential functions based on linear derivatives of the objective functions with
respect to strategies as introduced in [67]. Let us start by recalling the linear derivative of
a scalar-valued function with respect to unilateral deviations of strategies. For each i € [N],
we denote by span(A;) the vector space of all linear combinations of strategies in A4;, i.e.,

span(A;) = {ZZI Cgage) | co € R, agg) € A;, forany [ =1,2,---,m, and m € N} .

Definition 3.2.3. Let AN) = [Ticiny Ai be a conver set and f AWN) — R. For eachi € [N],
we say f has a linear derivative with respect to A;, if there exists 5%_ : AN x span (A4;) — R,
such that for all a = (a;,a_;) € AN, %(a; 1) is linear and

f((ai +e(af —ai),a)) — fla) _ 6f

. — 2 (aa — a ! ,
ll{‘% . = 3o, (a;a. —a;), Va, e A. (3.10)

Moreover, for each i,j € [N], we say f has second-order linear derivatives with respect
to A; x A, if (i) for all k € {i,j}, f has a linear derivative 5% with respect to Ay, and (ii)

for all (k,0) € {(i,5), (j, i)}, there exists 21— : AN) x span (Ay,) x span (Ay) — R such that

dapday *

for all a € AN, 65:{{@ (a,-,-) is bilinear and for all aj, € span (Ay), M‘s:—g;z (;;a%,-) is a linear
2 2

derivative Of% (+; a},) with respect to Ay. We refer to 525];, and 55.(%. as second-order linear
10Qy 700q

derivatives of f with respect to A; x Aj;.
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Remark 3.2.1. Linear differentiability, as defined in Definition|3.2.5, is weaker than Fréchet

or Gateaux differentiability, as it avoids introducing a topology on the strategy classes A;.
Recall that a function f : O C X — R defined on an open subset O of a locally

convez topological vector space X is Gateaux differentiable if, for all w € V, Df(u;v) =

lim,_,o w exists for all v € V. If in addition (X, || - ||x) is a normed vector space,
X 3 v = Df(u;v) € R is a bounded linear operator, and limjj o [flutv)=/(w)=Df )l —

llvll x

then f is Fréchet differentiable. Note that both Fréchet and Gateauz derivatives are defined
only in the interior of a set O, as their definitions require that u + v remains within the
domain O for all sufficiently small €. This necessitates a topological structure on O.

Definition defines derivatives using convex combinations within the strategy class,
without the need of a topology. Therefore, it can be applied to analyze games with any convex
strateqy class. Moreover, if f has a Gateauzr derivative Df with respect to A;, then f also
has a linear derivative given by g%(a; a; —a;) = Df(a;a, — a;).

Note that Definition [3.2.3] generalizes the notion of linear derivative for functions of
Markov policies introduced in [67] to functions defined on arbitrary convex strategy classes.
It enables us to construct an a-potential function for a game G using the linear derivative of
its objective functions, with a bounded by the difference between the second-order linear
derivatives of the objective functions.

Theorem 3.2.1. Let G be a game whose set of strategy profiles AN is convex. Suppose that
for alli,j € [N], the objective function V; has second-order linear derivatives with respect to
Ai x Aj such that for all z = (z;) ¢(n) € AN a = (a;);ein) € AW al al € A; and o] € A;,

PAVA
—5‘;“‘5@ (z4r (a0 — 2);a},d))

(1) sup < 0o, where @ = (a; +€(a; — a;) ,a_;);

r,e€(0,1]

(2) [0,1]N 3 & s 2V (z+e-(a— 2);a;,a?) is continuous at 0 , where z+ ¢ - (a — 2) ==

5aiaj A R

(25 + € (@i — 2i))sep-

Fiz ze€ AN and define ® : AN) - R by

'LV,
®(a) = 0% —2):a; — ;) dr 3.11
@-[ > Gt e oy = 5) (311)
Then ® is an a-potential function of G with
N

52V, 52V,
a <2 sup (a; a;,a;') — ~ (a; a;’,a;) . (3.12)

i€[N],aje i 007 e A) = |00:00; oa;oa;

Theorem [3.2.1] constructs an a-potential function using the linear derivatives of objective
functions, which exist for general strategy classes without requiring a topological structure.
The corresponding « is quantified explicitly in terms of the magnitude of the asymmetry of
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the second-order linear derivatives, and a = 0 recovers the symmetric case in these earlier
works [113] 10T, 84]. The base-point action z ensures that z +r(a — z) remains in A so
that the linear derivatives are well-defined. The specific choice of z will not change the upper
bound of «, as takes the supremum over all strategies, but it may lead to different
minima of a-potential functions ®. The proof of Theorem [3.2.1] is given in Section [3.7.1]

The next proposition shows that under sufficient regularity, the partial derivative of V;
and ¢ are close given the a-potential function in (3.11)):

Proposition 3.2.2. Suppose that for all i € [N], A; is an open subset of an inner product
space, C' = SUDjcin]a;ea, lla;|| < oo, and the objective function V; is twice continuously
Fréchet differentiable in A;. Then for any i € [N], a;,a; € A;, and a_; € A_;,

Vi (a5, a-)) = Vi (@i, a—s)) — (P (a5, a-i)) — (a3, a-)))| < alla; — aill,

. ~ N
with & S Csupi,jE[N},ae.A Zj:l agla]‘/; (a> - agjal‘/; (a')H :

The definition of a-potential game in does not necessarily guarantee that the partial
derivative of V; and the partial derivative of ® are close. However, with ® construct in (3.11])),
Proposition [3.2.2| shows under sufficient regularity, the derivative of V; and the derivative of
® are close, up to an error bounded by &, and & is determined by the asymmetry in the
second-order derivatives of the value functions.

Existing literature in multi-agent reinforcement learning (MARL) on Markov potential
games (MPG) replies on the fact that the partial derivatives 0,,V; and 0,,® are identical in
an MPG. In a-potential games, Proposition demonstrates that these partial derivatives
are close to each other, which can facilitate the regret analysis by allowing one to leverage
tools developed for MPGs while accounting for the approximation error introduced by the
discrepancy in first-order derivatives.

The a-potential function involves aggregating all players’ strategies and the deriva-
tives of their objective functions linearly through the parameter r. When the objective
functions are sufficiently regular, analogue a-potential functions can be constructed through
nonlinear aggregation of all players’ strategies. Indeed, we have

Proposition 3.2.3. Suppose that for all i € [N], A; is an open subset of an inner product
space, and the objective function V; is continuously Fréchet differentiable in A;. Fiz z € AN,
and for alli € [N], let p; : [0,1] x A; — A; be a continuously differentiable reparameterization
of A; such that for all a; € A;, pi(0,a;) = z; and p;(1,a;) = a;. Then one can define

(I)<a> = /01 Z <aaiv;(p<r7 0,))7 &pi(?’, az)> dTa (313>

where p(r, a) = (pi(1, a;))iciny, and 0,,V; is the Fréchet derivative of V;.

Consequently, if we assume further regularity of (V;);c[n], the corresponding o for (3.13)
can be quantified in terms of the asymmetry in second-order derivatives of objective functions
and the derivatives of the parameterization p as in Theorem [3.2.1]
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It is worth noting that this a-potential function (3.13)) extends the characterization of
potential functions for static games with finite-dimensional strategy spaces as established in
[113, Theorem 4.5], and coincides the expression by setting g};z_’(a; a;) = (04, Vi(a),a;)
and p;(r,a;) = z; + r(a; — z;). When the game G is a potential game (i.e., « = 0), any
potential function is given by (3.13) (or (3.11)) up to an additive constant, as all potential
functions share the same gradient and are therefore equivalent up to a constant.

For ease of exposition and clarity, we focus on the a-potential function given in (3.11]
in the subsequent analysis. As we will see, for stochastic differential games, the adoption of
linear derivatives in simplifies the analysis and avoids the tedious verification of the
Fréchet differentiability of (V;);cqn). Moreover, minimizing will be shown as a class of

conditional McKean-Vlasov control problem.

3.3 Open-Loop Stochastic Differential (Games

This section characterizes a-potential function given in Theorem for stochastic
differential games whose state dynamics is a controlled diffusion with open-loop controls.
Under suitable regularity conditions, the linear derivative of objective functions are charac-
terized through the sensitivity processes of the state dynamics with respect to controls.

Let T € (0, 00), let (2, F,P) be a complete probability space on which an m-dimensional
Brownian motion W = (W})> is defined, and let F be the P-completion of the filtration
generated by W. For each p > 1 and Euclidean space (E,| - |), let SP(E) be the space of
E-valued F-progressively measurable processes X : Q x [0,7] — E satisfying ||X||sr(r) =
E[supseo | X,[P]'/P < 00, and let HP(E) be the space of E-valued F-progressively measur-
able processes X : Q x [0,T] — E satisfying || X||y») = E[fOT | X,[Pds]'/P < co. With a
slight abuse of notation, for any m,n € N, we identify the product spaces SP(R™)™ and
HP(R™)™ with SP(R™") and HP(R™"), respectively.

Consider the open-loop differential game G°P defined as follows: let [N] = {1,..., N}, and
for each i € [N], let A; C R" be a convex set, and let A’ be the set of processes u; € H?(R")
taking values in A;, representing the set of admissible (open-loop) controls of player i. For
each u = (u;)ien) € HARN™), let X* = (X)X, be the associated state process governed

2

by the following dynamics: for all i € [N] and ¢t € [0, 77,

AX0s = bi(t, Xy, w)dt + ) ou(t, Xo, u)dW), X, = 2, (3.14)
k=1
where z; € R? is a given initial state, b; : [0, 7] x RY? x RN — R? and 0; = (041, ..., Oim) :

0, 7] x RN x RN™ — RI*™ are given measurable functions, and W = (W*)™ | is an m-
dimensional F-Brownian motion on the space (€2, F,P). The objective function V; : AN C
H2(RN") — R of player i is given by

Vi(u) =E [/0 Fi(t, X3 wy) dt + (X7 | (3.15)
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where f; : [0, 7] x RV x R¥ — R and g; : R¥Y — R are given measurable functions. Player
1 aims to minimize over all admissible controls in A,;.

We impose the following regularity condition on the coefficients of —. It guar-
antees for each u € H?*(RN"), admits a unique strong solution X* € S*(RM9), and
(3.15)) is well-defined.

Assumption 3.3.1. For alli € [N], A; is a nonempty convez subset of R™.

(1) For allt € [0,T], (z,u) — (bi(t,z,u),o:(t, z,u), fi(t,x,u), g;(x)) is twice continuously
differentiable.

(2) For all ¢ € {bi,0:}, supyco ) 9(t,0,0)| < oo, and (z,u) — ¢(t,z,u) has bounded first
and second derivatives (uniformly in t).

(3) supsepo.r([fi(t, 0, 0)[+|(O.u) fi) (£, 0,0)]) < o0, and (x,u) — (fi(t, z,u), gi(x)) has bounded
second derivatives (uniformly in t).

We proceed to characterize the a-potential function for the game G°°. This is
achieved by expressing the linear derivatives of the objective function using the sensi-
tivity processes of the state dynamics . In this following, we present only the first-order
linear derivatives, as these are sufficient to characterize the a-potential function. The second-
order linear derivatives are given in Section [3.3.1], which will be used to quantify the constant
o defined in (3.12).

We start by introducing the sensitivity of the controlled state with respect to a single
player’s control. For each u € H?(RY™), let X* be the state process satisfying . For
each h € [N] and u, € H2(R"), define Y*" € S%(RN?) as the solution of the following
dynamics: for all t € [0,7] and ¢ € [N],

dYZLz = ((@wbl) (t7 Xf? ut) Yz}%l + (ath%> (tv XZL, ut) u:&,h)dt

= 3.16
+ Z ((Owoin) (6, X we) Y + (Quyoi) (8, X1, we) upy,) AW), Y = 0. (3.16)

k=1

/12
By [31, Lemma 4.7], for all u} € H*(R"), limg\oE[suptemT] ‘%(Xfa N S ] =0,

where u® = (uy, +eu),, u_p) for all € € (0,1). That is, in the L? sense, Y*% is the derivative
of the controlled state X" when player h varies her control in the direction w},.

Now, the linear derivatives of V; in can be represented using the sensitivity pro-
cesses given by (3.16). Indeed, for all i, € [N], define the map % AN x HEHR™) — R
such that for all u € A™) and u), € H*(R"),

SN T
/ T (Yt’ ) (5 J}) (1. X} ) dt -+ (aﬁg»T(X;ﬂ)Y?“@] B
0 upJ i

/
Uy 1,

% ,
S (u;uy) =E
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By the convexity of A, and [31, Lemma 4.8], lim.\ o Vilw)Vilw) — Vi () — ), for all

€ 5ui
uj, € Ap, where u® = (up, + e(uj, — up),u_yp) for all € € (0,1). That is, gl‘i is the linear
derivative of V; with respect to Ay,.
Using the expression (3.17) of (g—}ﬁ)iem, the following theorem characterizes the a-

potential function for the open-loop differential game G°P.

Theorem 3.3.1. Consider the game G defined by (3.14)-(3.15). Suppose Assumption
holds. For any fized z = (2;)iein) € AN, the function ® : AN — R in [3.11) can be

expressed as

1 N

CI)(u):/O ZIE

=1

T Fui—zi\
Yu Ui —Z; ax 7 T T " —2;

Ut s — 2t

(3.18)

with ' = z+1r(u— 2).

The expression (3.18) follows directly from (3.11)) for ®(u) and (3:17) for 2%, by substi-
tuting h with i, w with z + r(u — 2z), and u), with u; — z;.

The a-potential function in (3.18]) can be alternatively expressed using backward stochas-
tic differential equations (BSDEs). The proof follows directly from [31 Corollary 4.11].

Proposition 3.3.1. Under the setting of Theorem O defined in (3.18) can be equiva-

lently written as

1 N

v - [ %

T
E [/ (0, H) " (t, Xl , G2, HY™ Y (g — 2)dt ]| dr, (3.19)
i=1 0
with v = z+ r(u— 2), where for each i € [N],
H (¢, z,u,g,b) :=b" (t,x,u)g + tr ((JOT)(t, z,u)h) + fi(t, z,w)

with b = vcat(by, ..., by) and o = vecat(oy, . .. ,UN),andfor each u € HA(RN"), (G"*, H"™) €
S?(RN) x H2(RNIX™) satisfies

dG; = —(0,H)(t, X}", w, G, H})dt + H.AW,, Vt€ [0,T); Gy = (0,9:)(X%).
In the sequel, we adopt the representation (3.18]) of a-potential function in terms of the

sensitivity processes. A detailed exploration of the BSDE approach for a-potential games is
left for future work.

2We denote by vcat(As,..., Ay) = (A],...,A%)" the vertical concentration of matrices A; € R™*",
1<i<N.
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3.3.1 Quantifying o for open-loop stochastic differential game

In this section, we quantify « in for stochastic differential games based on the structure
of the game. The analysis relies on characterizing the second-order derivatives of objective
functions by utilizing the second-order sensitivity of the state dynamics with respect to the
controls.

Let G°° be the differential game defined in Section 3.3} For ease of exposition, in this
section, we assume that each player has one-dimensional state and control processes, with
the drift of depending linearly on the control and the diffusion of being indepen-
dent of both the state and control. Similar analysis can be extended to sufficiently regular
nonlinear drift and diffusion coefficients in a multidimensional setting. More precisely, for
cach u = (u;)ien) € HARY), let X* = (X)X, € S*(RY) be the associated state process
governed by the following dynamics: for all i € [N] and ¢ € [0, 7],

dXt7i = (bl<t, Xt7i7 Xt) + ut,i) dt + O'i(t)thi, XOJ' = Ty, (320)

where z; € R, b; : [0, T] x R x RY — R is a given sufficiently regular function, o; : [0,7] — R
is a given measurable function, and W = (W?);¢(n is an N-dimensional F-Brownian motion.
Let AM) € H2(RY) be a nonempty convex set, representing the joint control profiles of all
players. Player i’s objective function V; : AN) — R is given as in (3.15)):

mu):E{ | X war s g (3.21)

where f; : [0,T] x RY x RY — R and g; : RY — R are given measurable functions.

Note that in (3.20]), we have expressed the dependence of b; on the private state X and
the population state X" separately. This separation allows for specifying the structure of the
drift coefficient. To this end, let .Z%2([0,T] x R x RY;R) be the vector space of measurable
functions ¢ : [0,7] x R x RY — R such that

(1) for all t € [0, T, (z,y) — ¥(t, x,y) is twice continuously differentiable,

(2) there exists LY, LY > 0 such that for all (t,z,y) € [0,7] x R x RV and i,j € [N],
[¢(£,0,0)] < LY, [(0:)(t, )| < L, [(02,0)(t, z,y)] < LY, |(0,,4)(t, ,y)| < Ly/N,
(02, V) (t, z,y)| < Lg/N, and \(Ggiij)(t,x,y)\ < ALY+ #L;ﬁ]li#.

zy; = Nty
For any ¢ = (¢)ieiv) € F2%([0,T] x R x RY;R)N, we write LY = max;e(y) L% and L} =
max;e[n) Lgl
In the sequel, we impose the following regularity conditions on the coefficients of —
(3.21]).
Assumption 3.3.2. For alli € [N], b; € F%2([0,T] x R x RV;R), 0; € L=([0,T}; R), and
fi and g; satisfy the conditions in Assumption @
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Remark 3.3.1. For each i € [N], the condition b; € F%%([0, T] x RxRN;R) implies the par-
tial derivatives of y v b;i(t,x,y) admit explicit decay rates in terms of N. This assumption
naturally holds if each player’s state depends on the empirical measure of the joint state pro-
cess, i.e., the mean field interaction. To see it, suppose that b;(t,z,y) = h(t, x, % Z;V:1 6yj)
with (t,x,y) € [0,T] x R x RN, for a measurable function h : [0,T] x R x Py(R) — R,
where Po(R) is the space of probability measures on R with second moments. If (x,pu) —
h(t,x, ) is sufficiently regular, then by [32, Propositions 5.85 and 5.91], (0,,b;)(t,x,y) =

%(aﬂh)(u z, % Z;V:I 5%)(%) (aziyl )(t x y) (aua&?h)(t7 xz, % Z;V:I 5yj)(yi>7 and

(aah( %25@,[) Yi)dij + 3z ( Zéw> YisY5);

1

==

(82,,b0) (1. 2.) =

where (O,h)(t, x, w)(+) (resp. (0,0:h)(t,x,1)(-)) is Lions derivative of p +— h(t,x, ) (resp.
po— (0zh)(t, x, 1)), (0,0,h)(t,x,1)(-) is the deriwative of v — (9,h)(t,z,p)(v), and
(02h)(t, @, p)(v,-) is the Lions derivative of p v (9,h)(t,x,p)(v). Hence if d,h, 0,0:h,
Dy 8 h and 82h are continuous and uniformly bounded, then b; € F**([0,T] x R x ]RN 'R)
wzth a constant Lb depending on the upper bounds of the Lions derivatives but independent
of N.

The dependence of the constant LZ = maX;e[N) Lgi on N reflects the degree of coupling
among all players’ state dynamics. For instance, if LZ remains bounded as N — oo, then
the state dynamics can have mean field type interactions. Alternatively, if LZ =0, then all
players’ states are decoupled.

To quantify the magnitude of the asymmetry of the second-order linear derivatives of
objective functions (3.21]), hence « in , we characterize the linear derivatives using the
sensitivity processes of - Observe that for the state dynamics ([3.20) - the dynamics
(3-16) for the first-order sensitivity process Y* i e S2(RN) simplifies into for all ¢ € [0, T7,

N
dthlz = (a’rbi)(t? Xt?i? X?)KZ + Z(ayg‘bi)(ta thfw X?)Y;Z + 5h,iu;,h dt, }/E)},LZ =0; Vie [N]7
j=1

(3.22)

where ¢; ; denotes the Kronecker delta such that 9, ; = 0 if ¢ = 5 and 0 otherwise. We now
characterize the second-order sensitivity of the state process with respect to the changes in
two players’ controls. For each h,¢ € [N] with h # ¢, and each u),u] € H*(R), define
Zu % e S2(RN) as the solution of the following dynamics: for all i € [N] and ¢ € [0, T7,

N
AZ = [ (0ubi) (6, X5 XV 20+ (0y,00)( txgg,X")Z“H““h“f dt, Z¥t=o,
j=1

(3.23)
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where " : Q x [0,7] — R is defined by

! T "
! A 9% b, O b) Y,
gty ti | zo b Tey ) (X X bi |, (3.24)
(y) (G Ga) @300 i

and Y»% and Y“* are defined as in ([3.22). Similar arguments as that for [31, Lemma 4.7]
vy g

712
|-o

where u® = (ug + ul/,u_g) for all € € (0,1). That is, Z*"“»"¢ is the second-order derivative
of the state X* when player h first varies her control in the direction u), and then player ¢
varies her control in the direction uj.

Now, the hnear derlvatlves of V; in can be represented using the sensitivity pro-
cesses satlsfymg and - The first order linear derivative g:i of V; is given
as in (3.17). For the second-order linear derivatives, for all h,¢ € [N], define the map

OV A<N> x HA(R) x H*(R) — R such that for all w € AN) and u),,u € H*(R?),

5uh5uz
T
T u,u) u,u/
Yt h fZ xw fl u Yt ‘
/ 92 6, X4 uy 1
0 ut,h uhﬂ?fZ Uhuéfl utf

+ (O fi) T (t, X5 uy) Z, A ) dt

show that for all uj,u; € H*(R), limaoE [sup,cpr

2V,
(u;up,uy) =R

dupOUy

+[(vir) | @) XYY + 0007 (1 2]

Consequently, if Aj, and A, are convex subsets of H*(R), then by [31, Lemma 4.8],

1,60V; oV,

21{% - (5uh (u ) — E(uvuh)) =

52V,

/ "
5uh5ue< P T )

for all uj € Aj, and u; € Ay, Where u® = (up + e(u) — ug),u_y) for all € € (0,1). That is,

)
5uh‘5/uz (’U,, uh’ )

second-order linear derivative of V.
Before stating the theorem, we introduce a few constants that will be used in the analysis.
For any i, j € [N] with ¢ # j, we define A{fj = fi— fi, A); = gi — gj, as well as the following

gq‘i (u;uj,) with respect to Ay, and hence the

three constants C’% C’% C’(’}fS, depending on the upper bounds of the first- and second-order
derivatives of A£ jand A7 in (7, u):

Oy = 11030, Al pe + 1102, ALl noe + 1105, ALl e + 1050, A sl e + 11070, A7, 1,
(3.26)
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Ch= 3 10u et Y 00, AL

Le[N\{j} he[N]\{i}

+ > ( (02, AL)( o,o>||L2+|<athzj><o>\)
hedi,j}

+ Z <|| .’thg ||L°° + || mhue + || ThTy L°°> ) (327)
he{i,j},Le[N]

Chi= 3 (10n AL 0,0)l2 + (2., A2)(0)])

he[N\{i.j}
> (1620, AL e + 1162, 102, A e ) (3.28)
€[N\{i.j}
[N]\{w}
where || - ||o denotes the sup-norm norm.

We are ready to present the upper bound of the a defined in (3.12)) for general cost
functions (f;, gi)iem, without tmposing any structural assumptions.

Theorem 3.3.2. Suppose Assumption holds. Then for all w € H*(RY) and uj,u!] €
HA(R),

62‘/74 !/ " 62‘/]
(U7 Yir uj) B (5’U/j6'LLZ

ivj L ij L
< Ol ey (€34 + L (€ + 532085 ) )

where the constant LZ represents the couplmg m the state dynamz'cs (see Rema,rk -)
the constants C"z,l, Cvy and Cyy, defined in and , respectively, and the

constant C' > 0 depends only on the upper bounds of T, max;e(n] |xl|, max;e(n) ||os]| 2, LP
and Lb

C’onsequently, if SUDje(N] uses Uil ) < oo and 0 € A;, then G° is an a-potential game
with an a-potential function ® given by (3.18)) with z= 0, and a constant o satisfying

(u UJ s uz)

o < Cmas 3 (cy1+Lb Nc@; NQC%)) (3.30)
elnTa

for a constant C' > 0 independent of the cost functions.

Remark 3.3.2. Since the minimizer of the function ® given in Theorem|3.5.1| is an e-Nash
equilibrium of the game —, with € < a in . One can construct approximate
Nash equilibria for N-player games without the symmetry and homogeneity conditions among
players imposed for mean field approximations [32]. Moreover, the upper bound 1S ex-
pressed in terms of the number of players, the strength of interactions, and the degree of
heterogeneity among the players, proving rich insights for assessing the approrimate Nash
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equilibria in relation to the game structure, compared to the classical mean field approrima-
tion, which typically bounds the approximation error solely based on the number of players
N.

The condition sup;cin e, |tillnsm < oo for the estimate can be relazed to
SUD;e(N]use; [Uillnzw) < oo if the state dynamics is decoupled, i.e., if the drift b;
is independent of (X;),.i; see Example and Section . Indeed, the appearance of
[willws and ||uf||ys in the estimate is due to the L2-estimate of the process Z*"5 ;
see Proposition Im and (3.86). If the state dynamics is decoupled, then Zu = 0 for
i # j, and the additional condition on the ||- ||y is unnecessary. The uniform integrability

condition SUp;e(n e |[Uilluzw) < oo comes from estimating the || - |ln2@)-norm of yuu
uniformly over u, € A; and i € [N]. This highlights the dependence of o on the choice of ad-
missible control classes (A;)icn). This dependence may be useful for analyzing the sensitivity
of a-NFE with respect to design of game strategies.

A similar estimate of a can be established if the drift coefficient in depends non-
linearly on u;. In such cases, the sensitivity equations and will incorporate the
deriwatives of the drift coefficient with respect to u;, and the constant C' in Theorem
will depend on the upper bounds of these derivatives.

The proof of Theorem [3.3.2] is given in Section [3.7.2 The essential step is to establish
precise estimates of the sensitivity processes Y*“ and Z"““»"“ in terms of the number of
players N and the indices h, /. These estimates quantify the dependence of each player’s
state process on the changes in other players’ controls, with a constant depending explicitly
on the coupling strength L? in the drift coefficients (see Remark [3.3.1) and the number of
players.

3.3.2 Examples of open-loop a-potential games

Distributed games. Theorem simplifies the task of quantifying the constant « in
to bounding the difference of derivatives of the cost functions. For instance, the
following example presents a special case where the state dynamics are decoupled.
It shows that under suitable conditions of the cost functions, a distributed open-loop game
— is an a-potential game, with o decaying to 0 as the number of players N — oc.
It generalizes [66, Theorem 3.2] by allowing the cost functions f; and f; to have asymmetric
second-order derivatives.

Example 3.3.1 (Distributed games). Consider the game G defined as in ([3.20)-(3.21).
Suppose Assumption[3.3.4 holds, for alli € [N], (t,x,y) + b;(t,x,y) is independent of y, and
there exists L, L° > 0 and 3 > 1/2 such that sup;cny uea, [ullps@ < L, maxien E[|&]?] < L,
maxe(n LY < L, maxiepy ||oil|z < L, and for all i,j € [N], Al = fi — f; and AY; =
9i — g satisfy for all (t,z,u) € [0, T] x RN x RN, |(57,,. Af»ij)(t, x,u)| + |(6§iujA7{j)(z€, z,u)| +
(02, ALYt m,w)| + (02, ALtz 0)| + (02, A7) (x)| < LN Then G is an -

U T
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potential game with o < CLEN~Z8=Y  where C' > 0 is a constant independent of N and
B.

Example follows directly from Theorems [3.2.1| and [3.3.2f (with L} = 0).
The following example illustrates a special case where the distributed game is in fact a
potential game (o = 0). As a result, the minimizer of the potential function ® given in

Theorem is a Nash equilibrium of the N-player game (3.20])-(3.21]).

Example 3.3.2 (Distributed games with a = 0). Consider the game G defined as in

(3:20)-(3-21)). Suppose Assumption [3.5.9 holds, and for all i € [N], (t,z,y) — bi(t,z,y) is
independent of y, and f; and g; are of the form

fl(ta z, U) = Ci(tv L, uz) + .fl (ta Ly Uy, /j’(x,u),l) ; gl(x) = gz(xz) + gz (mi7 /j“x,l> . (331)

where figu) , = ﬁ ZjE]N\{i} Oajuy)r Moy = ﬁ ZJEIN\{Z} 0z, and ¢; : [0, T] x RxR = R,
fi:0,T]xRxRxPy(RxR) - R, G : R = R, and § : R x Po(R) — R are twice
continuously differentiable. Assume further that there exist twice continuously differentiable
functions F : [0, T] x Po(R x R) = R and G : P2(R) — R such that for all i € [N],
(t,z,u) € [0,T] x RN x RN and (2}, u}) € R x R,

[REat}

fz(t Ty Uy b (:ru ) fz(a Ly 7,’ (l'u)fz)

1 N -1 1 N -1
:F(t,—éx.u_ S .>—F(t,—§ . )

N O@iu) T ) N Ot T TR ) - (3.32)
5 _ 3 ~ 1 N—-1_ 1 N -1
9i (l“z‘,,uxfi) — Gi (%Mm) = G(ﬁ% + TMau) - G<N5 o) T T#x >

Then o = 0 and G is a potential game.

Example extends [32, Proposition 2.24] from cost functions dependent solely on
state variables to those dependent on both state and control variables. It follows from the
fact that by (3.32] - hf = f; — F and hY = §; — G are independent of (z;,u;). This implies
C‘Z/Jl = 0 as defined in (3.26). As the states are decoupled, LY = 0 and hence a@ = 0 by
Theorem [3.3.2

Games with mean field interactions. When all players’ state dynamics are cou-
pled, a stronger condition on the cost functions is needed to ensure the constant a in (3.30))
decays to zero as the number of players N — oo. The following example shows that if the
cost functions in depend on the joint states and controls only through their empirical
measures, then the N-player game (3.20)-(3.21)) is an a-potential game with a = O(1/N) as
N — o0.

Example 3.3.3 (games with mean field interactions). Consider the game G defined by
(3-20)-(3.21)). Suppose Assumption holds and there exists L > 0 such that

sup  |lullpsw) £ L, max |z < L, and max ||o;||p~ < L.
i€[N],u€A; i€[N] i€[N]
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Assume further that there exists fo : [0,T] x RY x RN — R and go : RN — R such that for
all i € [N], b;, f; and g; are of the following form:

1 N
bi(t,l'i, .Z') = Bz <t,l’i, N ;(5:52) s (333)
1 & 1 &
fi<t,33,lb) fO(t z u) + Cz(“l + fz ( N Zé(ze ug) > ) gz<x) = gO(‘r) +§_72 (N Z(SI@> )
/=1 /=1

(3.34)
where b; : [0, T]xRxPy(R) = R, ¢; : R = R, f; : [0, T]xP2(RxR) = R, and g; : Po(R) — R

are twice continuously differentiable with bounded second-order derivatives (uniformly in N ).
Then G° is an a-potential game with « < C/N, for a constant C' > 0 independent of N.

Example follows from the fact that by (3.33) and (3.34)),
(92, AL ;) (2,0,0)] + 182, A7,)(0)] < C/N,

and

1
0 AL 020|102, )10 4108, 82,)0)] < C ( yame + e
for some constant C' > 0 independent of N (see Remark |3.3.1)), which yields the bound of «
due to Theorem [3.3.21

Remark 3.3.3. Ezample allows all players to have different admissible control sets
A;, and heterogeneous dependencies on the empirical measures of the joint state and control
profiles. This is in contrast to the classical N-player mean field games with symmetric and
homogeneous players (see [32)]).

Note that even if all players have homogeneous coefficients, the conditions in Example
differ from those for potential mean field games (MFGs) introduced in [99, [100, [30)].
An MFG 1is considered potential if there exists an optimal control problem whose optimal
trajectories coincide with the equilibria of the MFG. This is a weaker condition than the
notion of N-player potential game described in [113], as it is a local property that concerns
only the minimizer of the potential function.

In contrast, FExample allows the a-potential function to control the derivatives of
each player’s objective function globally, with an error of order O(1/N) as N — oo. This
property is crucial for ensuring the convergence of gradient-based learning algorithms (see
[71] and references therein). Consequently, when b; depends on the empirical measure of the
states, we require the cost functions f; and g; in to depend on the state and controls
only through their empirical measures. Assuming the uniqueness of Nash equilibria in MFGs,
the minimum of the a-potential function (with appropriate scaling) converges to the minimum
of the mean field potential function as N — oo, provided that sufficient conditions are met
to allow the interchangeability of minimization and the limit.
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3.4 Closed-Loop Stochastic Differential Games

This section studies the stochastic differential games with closed-loop controls. Compared
with the open-loop games studied in Section [3.3.1] characterizing closed-loop a-potential
games is more technically involved. The increased complexity arises from the fact that if one
player changes her policy, this change is likely to impact the state trajectory of the system.
Even if other players continue employing the same policy, their actions and value functions
will change due to this change of the system state. This additional interdependence through
policies must be incorporated into the analysis.

Consider the closed-loop differential game G = ([N], (A;)ien], (Vi)iev)) defined as fol-
lows: let [N] = {1,...,N}, let I = Z%%([0,T] x R x RY;R) be the vector space defined
in Section and let IV = Z%2([0,T] x R x RY;R)". For each i € [N], let A" be a
convex subset of II representing the set of admissible closed-loop policies of player i. For each
¢ = (¢i)icpy € IV, let X? = (X7)N | € S*(RV) be the associated state process governed by
the following dynamics (cf. (3.20))): for all i € [N] and ¢ € [0, 77,

dXy; = bilt, X, uf)dt + o (AW, Xo; =&, with uf; = ¢i(t, Xii, Xo), (3.35)

where & is a given square integrable Fy-measurable random variable, and b; and o; are given
measurable functions. Define the value function V; : AY) C IV — R of player i by

o) =& [ [ e Xt utyat+ 0x5)] (3.36)

where u{ = (oi(t, X ¢ Xf))ie[N] is the joint closed-loop control proﬁl at t, and f; and g;

t,)
are given measurable function of quadratic growth in (z,u). We assume that the coefficients

(&)icvy, (Bi)ie[N], (0i)ieinys (fi)iern) and (gi)ieqn) satisfy Assumption @I In particular, for
all i € [N], b; satisfies b;(t, ,u) = b;(t, x;,z) + u for some b; € FO2([0,T] x R x RV; R).

Note that the closed-loop game G¢ introduced above allows player i’s admissible policies
to depend nonlinearly on both the private state Xf and the population state X in a hetero-
geneous manner. To simplify the notation, we restrict the admissible policies to be elements
of the space .Z%2([0,T] x R x RY;R), which implies that each policy’s dependence on the
population state admits suitable a-priori bounds in terms of N. As highlighted in Remark
[3.3.1] these policies include those that depend on the empirical measure of the joint state
X? as special cases. For each ¢ € A;, we express the dependence of ¢ on the private state
and the population state separately. This separation allows for quantifying the constant «
in in terms of the strength of the dependence of admissible policies on the population
state, namely, the constant Lg.

Similar to the open-loop games, the linear derivatives of the value function for
closed-loop games G can also be represented and analyzed using appropriate sensitivity

3In the sequel, a (closed-loop) policy refers to a deterministic function ¢ that maps time and state
variables to an action, and a closed-loop control refers to the stochastic process u® generated by a certain

policy ¢.
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processes of the state dynamic (3.35)). These sensitivity processes are more complex than
those for open-loop controls (see and ) because of the additional interdependence
created by the closed-loop policies.

For each ¢ € TIV, let X? be the state process satisfying . For each h € [N] and
¢, €11, let Y*%h € S2(R™) be the solution to the following dynamics: for all ¢ € [0, 7],

t,i)

avh = [(@(bi o)t XD XY

N
+Z Z/] b +¢z t Xf”X(b)Yh +5hz¢h(t XfWX(b) dt, (337)
7j=1

Compared with (3.22)), (3.37)) has additional terms involving partial derivatives of ¢;, due to
the feedback structure of the closed-loop policy. Moreover, as shown in [66, Lemma 5.1], for
any q > 2, if § € L1(Q;R) for all i € [N], then for all ¢}, € II,

1 5 / q
sup | =(X{" — X7) — Y
tefo,T] | €

limE

e\0

=0,

where ¢° = (¢n, + ¢}, ¢—p) for all € € (0,1). This implies that Y? is the derivative of the
controlled state X? when player h varies her policy in the direction &,

Moreover, for each h, ¢ € [N] and ¢}, ¢} € 11, let 7299 be the solution to the following
dynamics: for all i € [N] and t € [0, 7],

azt = [@(bi o)t XE X 2"
N / 2
20, 00+ 000 X2 X2 + 50 (3.38)
7=1
Z{;j =0,
where {7 Q) x [0, 7] — R is defined by
!/ T //
ool _ (Vi) (0u0i+6) Bt (o xo (V"
b . Yf7¢h 8537(()1 + 9251) a§y<bi + sz) b Yd)’%
1 Ons ((axasz)(t, X2 XOVE 1 (YP)T(0,00)(t, XP, X¢>) (3.39)

vy ((ax 1)t X2 XOYES + (YO (0,60)(t, X7, X?)),
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and Y®% and Y% are defined as in (3.37). By [66, Lemma 5.2], for all ¢,,¢, € II, if

2
|-o

where ¢° = (¢r + ¢}, ¢_y) for all € € (0,1). This proves that 7999 is the second-order
derivative of the state X? when player h first varies her policy in the direction ¢, and then
player ¢ varies her policy in the direction ¢y.

In addition to the sensitivity processes for the controlled state X?, we also require the
sensitivity of the control process u?® with respect to players’ policies. These processes capture
the change in each player’s control due to the change in the system state. More precisely,
let ¢ € TIV, let u® = (¢i(~,X?,X¢))i€[N}. For each h,¢ € [N] and each ¢}, ¢; € II, define

v = (0] ") ;eqv) such that for all i € [N],

1 ®°,9; &, &,0,,P7
E(Yt h_Yt h)_Zt me

& € LY R) for all i € [N], then lima o E {SUpte[O,T}

o = (0:00) (X7 XY 4 (YOR)T(9,60)( XF X9) 4 G0y (, X7, X9, (3.40)

)

and define w? %% = (w?%’%)ie[m such that for all i € [N],

6.8\ | /a2 2 b,97
wé"%v% _ Y, (am(bl awy(ﬁi) (- X X‘z’) i
' YOO oo 0r,0i) T v/
(0:00) (-, X7, X ZP W 1 (20T (0,00, X7 X?) (3.41)
+ 3 (004 (. X7 XYY 4 (Y4 T(0,00)( X, X))
+ 31 (D200) (X7 XY 4 (YP4)T(9,6)( X7, X))

As shown in [66, Lemma 5.2], if & € L*(;R) for all i € [N], then

: L s o eal
ll{I(l)E /0 g(ut —u;) — v, dt| =0,
where ¢f = (¢, + &9}, ¢_p) for all e € (0,1), and
: T Fe s o[
l{l(l)E /0 g(vt Py, M) —w, dt]:0,

where ¢° = (¢, + e¢/,¢_q) for all € € (0,1). This shows that v®% is the derivative of the
joint control process u? with respect to player h’s policy, and w?®?% is the derivative of
u® with respect to player h and player £’s policies.

We now characterize the linear derivatives of V; in with respect to policies as in
[66, Theorem 4.4]. For all i,h € [N], the linear derivative : AN x TT — R of V; with
respect to Aj, is given by

Vi Ty : Oufi '
o) =k | [ (M) (0t ) extutyae s i @ | a2
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Moreover, for all i, h, ¢ € [N], define 5((S;h‘2£ c AN x TT x IT — R by

/ T i
/T Y <a§mfi a@ﬂ) xt ) (Yoo
0 ) O fi Oufi) 770 T P
000\ |
Zt rPe axfz 6 &
+ (w?7¢;1?¢2/> (aufz) (tvxt ) ut) dt

e [(Y?’qb%)T(aizgi)<X?>Yé’?¢2’ + (27T 0.9)(XP)], (3.43)

52

((b ¢,) with respect to A,.
An explicit representation of the a- potentlal function ® in (3.11)) can be obtained for the
closed-loop game G based on the expression of (%)ie[N] in ((3.42):

Theorem 3.4.1. Consider the game G defined by ([3.35))-(3.36]). Suppose Assumption
holds. For any fized z = (2;)ic[n) € N the function ® : AN — R in (3.11) can be
expressed as

1 N T T’(z)h_Zh T (s ‘ (
o) = [So=| | (V) (G 6o (a6

with ¢" = z+r(¢p — 2).

The above expression follows directly from (3.11)) for ®(u)
tuting ¢ with z + (¢ — z), and ¢}, with ¢, — z5.

21‘2 , by substi-

3.4.1 Quantifying o for closed-loop stochastic differential game

The following theorem is an analog of Theorem and characterizes the constant a in
for closed-loop games with general cost functions.

Before stating the theorem, we introduce a few constants that will be used in the analysis.
Let 4,7 € [N] with ¢ # j, and define Alfd = fi— fj and A]; = g; — g;. Three constants

Oy, Oy, Oy are given by:

CZ]I = || 3311’7 ||L°° + || ac,uj ||L°° + || ulac] ||L°o + || ulu] ||LC><> + || T ?,j”LOO?
(3.44)

= 3 (100 AL) 0.0l + @0, ALY 0.0) 12 + 125, A7,) (0)])

hed{i,j}

+ Z <H zhzg HL°° + || mhug HLOO + H ’U,h.’ﬂ[ ||L°° + H UpUp zf,j”Loo
hedi,j},e[N]

+1102,, ;‘-’,jHLoo), (3.45)
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= Y (H(@A{p(-,o,mruz 1100, AL 0,0)]1 2 + r<ath~zj><o>|)

helNJ\{i.j}
he[N]\{7,j}
e[N\{7.5}
+ 103,z ?,j||Loo)~ (3.46)

Theorem 3.4.2. Suppose Assumption [3.5.9 holds and & € L*(;R) for all i € [N]. Then

for all ¢ € IV and ¢, ¢! € I, it holds with T, = max{L}, L?, L', L} } that
52V 52V,

(1. 1 ..
" 2, a2y 2,J
(5¢Z5¢](¢ ¢z7¢ ) 5¢]5¢Z C(CV,1+Ly (NCV,2+ NZCV,S)> )

where the constant C > 0 depends only on the upper bounds of T, maxen E[|&]Y],
maXic|v) HUZHL4 LY, Ld’ L‘i’/ L% and Ly, and the constants Cy?,, C}?, and C‘Z/g, defined
in (3.44), and respectwely, depend only on the upper bounds of the first- and

second- order derwatwes of Afv, and A} in (2, u).
Consequently, if Supie[N],dnEAi(L(m + LZ’) < 00, then the game G is an a-potential game

with ) .
JEINI\{7}
where C' > O is a constant mdependent of the cost functions, and an a-potential function ®

is given by (3.11]), with §¥7 € [N], specified in (3.42).

The proof of Theorem [3.4.2]is given in Section |3.7.3l The key step is to precisely quantify
the moment of the sensitivity processes Y®%n Z®%w% %9 and w®%* in terms of the
number of players N, the indices h, /¢, and the coupling strength in the drift coefficients
and the policies; see Propositions [3.7.7], [3.7.8] and [3.7.9] These moment estimates are more
complex compared to those for the open-loop sensitivity processes and ((3.23 , due to
the coupling present in the closed-loop policies.

(9; 07, 03)| <

iN|

3.4.2 Examples of closed-loop a-potential games

We illustrate the application of Theorem through two examples, i.e., distributed games
and games with mean-field type interactions. In both cases, we obtain more explicit non-
asymptotic bounds of « by leveraging structural conditions of the drift coefficients and cost
functions.

Distributed games. If each player’s admissible closed-loop policies depend only on her
own state, then the closed-loop distributed game is an a-potential game under the same
condition as the open-loop distributed game.
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Example 3.4.1 (Distributed games). Consider the game G defined as in —.
Suppose Assumption holds, and for all i € [N] and ¢; € A;, (t,z,y) — bi(t,x,y) and
(t,x,y) — ¢i(t,x,y) are independent of y. Assume further that there exists L,L° > 0 and
B > 1/2 such that sup;ciny g,ea, LY < L, maxz-e[N]]EHfiP] < L, max;en L% < L, and for
all i,j € [N], Aij = fi— f; and Al =g — g satz’sfy for all (t,x,u) € [0,T] x RN x
RN, (02, AL) (¢, 2, u)| + (02, A] )(t x U)\ + (82,0, A0t @, w)| + (92, A1)t @, u)| +
|(8§ixjA*Zj)(x)| < LN~ Then QC/ is an a-potential game with o < CLEN~C=1  ywhere
C > 0 s a constant independent of N and 3.

We present a closed-loop analog of Example for completeness. The result follows
directly from Theorem and the same argument as in Example Additionally, it can
be seen as a special case of the general characterization of closed-loop distributed potential
games in [66, Theorem 3.1].

Example 3.4.2 (Distributed games with o = 0). Consider the game G defined as in (3.35)-
(3.36). Suppose Assumption[3.5.9 holds, and for alli € [N] and ¢; € A;, (t,z,y) — bi(t,z,y)
and (t,x,y) — ¢i(t,z,y) are independent of y. Assume further that for all i € [N], fi and

gi satisfy the conditions (3.31) and (3.32)). Then G is a potential game.

Games with mean-field type interactions. Building upon Theorem [3.4.2] we establish
an analog of Example for closed-loop games with mean-field type interactions. Due to
the additional coupling introduced by the closed-loop controls, stronger conditions on the
cost functions are required to ensure that the N-player game is an a-potential game with a
decaying «.

The following example provides a sufficient condition for the closed-loop game G to be
an a-potential game with « = O(1/N). In contrast to the open-loop game described in
Example |3.3.3] each player in general cannot have separate dependence on her individual
behavior (i.e., without the function ¢; in (3.34))), due to the coupling of closed-loop policies.

Example 3.4.3. Consider the game G defined as in - Suppose Assumption
2 holds and there exists L > 0 such that Supze[N],zz)ieAi(L@ + L) < L, maxen E[|§]1] <
L, maxiE[N}(Lbi + LY) < L and maxien ||ogl|p < L. Assume further that there exists
fo:[0,T] x RY x RY — R and go : RY — R such that for all i € [N], f; and g; are of the
form

fi(t,x,u) fO(t xT,u +fz ( 25($5 uz> 9i ) - go(-’ll') +.§_71 (%Zaxg> )

where f; 1 [0,T] x Po(R x R) — R and g; : P2(R) — R are twice continuously differentiable
with uniformly bounded second-order derivatives. Then G is an a-potential game with o =
C/N and the constant C > 0 independent of N.
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3.5 Conditional McKean-Vlasov Control Problem for
a-NE

Given an a-potential function Ggg, this section establishes a dynamic programming approach
to minimize the a-potential function ® in (3.18) over A™), where the state process is gov-
erned by (3.14). For notational simplicity, we focus on open-loop games in this section.
An analogous analysis can be applied to closed-loop games. The main difficulty is that the
objective depends on the aggregated behavior of the state processes with respect to
r € [0, 1], which acts as an additional noise independent of the Brownian motion W. Mean-
while, the admissible controls in A®™) are adapted to a smaller filtration F that depends only
on W but is independent of r. To apply the dynamic programming approach, we embed the
optimization problem into a suitable conditional McKean—Vlasov (MKV) control problem.

3.5.1 Conditional MKV control problem

We start with some necessary notation: For each t,s € [0,T], let W! = Wy, — W, be the
Brownian increment after time ¢, and let the filtration F* be the P-complement of the filtration
generated by W' = (W!),5o. Note that F° coincides with F. For each Euclidean space E,
we denote by Py(E) the set of probability measures p on E with finite second moment, i.e.,
|1]l3 = [, ]z[*u(dz) < oo. The space Py(E) is equipped with the 2-Wasserstein distance.
We assume without loss of generality (see e.g., [44]) that there exists a sub-o-field G C F,
which is independent of W and is “rich enough” in the sense that Py(S) = {L(&) | £ €
L*(G;S)}, where L£(£) denotes the distribution of ¢ under P, S := ROVFUNE [0, 1], and
L?(G; 8) is the set of S-valued G-measurable square integrable random variables on (€, F,P).
We define G = (Gy)icjo,r) to be the filtration generated by W, augmented with G and P-null
sets.

Now we introduce the MKV control problem associated with and . The state
process of the MKV control problem takes values in S :== RN+INEx [0 1], encompassing the
original state process X", the sensitivity processes (Y*“"*);cn}, and the additional parameter
7. More precisely, let A =[], 4;, and fix z = (2i)icn] € A. For each t € [0, 77, let A" be
the set of F-progressively measurable square integrable processes taking values in A. Let
PY™ME(S) be the space of measures v € Py(S) whose marginal v|j ) on [0, 1] is the uniform
distribution:

PS8 = {v € Po(S) | v|p = Unif(0, 1)}.

For each v € PY"(S), u € A', and (&,t) € L*(G;S) with L(&,t) = v, consider the process
Xteww governed by the following dynamics, which concentrates the state process (3.14) and
the sensitivity processes (13.16]):

x4 [ B nudo+ [ SR AW se T (347
t t
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where B = vcat(By, ..., By41) 1 [0,7] x S x A — RWHINd ig defined by: for all t € [0,T],
x = veat(z,y1,...,yn) € RN e 101] and u = (w)iepyy € A, Bi(t,x,m,u) =
veat(by(t,x, z +r(u—2)),...,bn(t,x, 2+ r(u — 2))) and for any ¢ € [N],

(0:b1) (t,x, 2z +71(u— 2))y; (&hbl) (t,z,z+r(u—=2)) (u; — z)
Bi+1 (t,X, T, u) =
(0:0n) (t,xy 2z +1(u—2))y; (GuLbN) (t,z,z+7(u—2)) (u; — 2)

and ¥ = (X1,..., %) : [0, T] xS x A — RWHDNdxm ig defined such that forall k = 1,...,m,
Y is defined in the same way as B, but with b; replaced by oy, for all ¢ € [IN]. Under
Assumption , (XB&vu v) is a uniquely defined S-valued G-adapted square integrable
process. Moreover, as t is independent of F! and is stationary in time, the conditional law
pbeeu = L(XLEu | FH s € [t,T], is a PUmf(S)—Valued G-optional process (see [50), Lemma
A1)).

Consider the following cost functional, which is a dynamic version of the a-potential

function (3.12)):
T
J(t,f,t,’U)) _E|:/ <F(8,.,-,’U, tftu>d8+<G Iutftu>:| (348)
¢

where pbov% = L(XEE0U | FH F 2 [0,T] x S x A — R and G : S — R are defined by: for
all t € [0,T), x = veat(z,y1,...,yn) € RVDNE 1 [0/1] and u = (u;)iev) € A,

N . T 9. f.
F(t,x,r u) ::Z<ujy—jzj> (a:.?j)(t,x,z—i—r(u—z)),

j:l
= Zy] :L’g]

where (h, ;1) denotes the integral of the function h with respect to the measure p.

The following proposition identifies minimizing the a-potential function ® in as
solving an MKV control problem with a specific initial condition. The result relies on the
crucial observation that the cost functional J in satisfies the law invariance property
[43, [50], i.e., it depends on the law of (&, t) instead of the specific choice of the random
variable (&, ) itself.

Proposition 3.5.1. Suppose Assumptz'on holds. Let J be defined in . For all
(t,v) € [0,T] x PYN(S), u € Al, and (&,v), (¢,¢) € LA(G;S) with law v, J(t,& v, u) =
J(t, &V, u).

Consequently, the optimal value function for minimizing can be identified as V :
0, 7] x PyMH(S) — R U {—00, 00}

(3.49)

V(t,v) = inj J(t, &, v,u), (3.50)
uc At
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for any (&,¢v) € L*(G;S) with L(,t) = v. Moreover, let ® be defined in (3.18)), we have

V (0, dveat(ar,..aon.042,) @ Unif(0,1)) = inf ®(u), (3.51)

uc ANV)

.....

where x; is the initial state of (3.14)) and On24 € RN’ s the zero vector.

The law invariance of J follows from the fact that each u € A’ is adapted to the fil-
tration of W, and is independent of G. Then by the strong uniqueness of , it holds
that for all (&,¢), (¢,¢) € L*(G;S) with law v, L(XbE0¥ u) = L(XEE ), and hence
J(t,&v,u) = J(t,&,v,u) (see [50, Proposition 2.4]). The identity - ) follows from
A% = AN and by the law of iterated conditional expectations, ®(u) = J(t, €, v,u) with
¢ = vecat(ry,...,2n,0nz24) and a uniform random variable v € L?(G; [0, 1]).

We remark that (3.50)) is a specific stochastic control problem with conditional MKV
dynamics, where the state does not involve law dependence, and the cost functions
depend linearly on the conditional distribution. As a result, the dynamic program-
ming approach, developed for general MKV control problems in [119] [50], can be applied to
minimize the a-potential function ®.

3.5.2 HJB equation for the a-potential function

In the section, we identify the optimal value function as a solution of an HJB equation.
We will adopt the notion of linear derivative with respect to probability measures as in
[73, 48, [65], as it allows for a clear distinction between the derivatives with respect to the
marginal laws of X*4* and t; see Remark [3.5.1]

Specially, we say a function ¢ : [0, T] x Po(E) — R is in CH2([0, T] x Py(E)) if there exist
continuous functions 5—2 : [0, 7] x Po(F) x E — R and 62—¢ ([0, 7] x Po(E) x Ex E — R

such that 2 is symmetric in its last two arguments and the following properties hold:

VU Sy v’ 524

e continuously differentiable: 9,4(t, ), avg—ﬁ(t,u, v), 92,%2(t, ju,v) and 02, 29 (t, v, V')
exist and are continuous in (¢, p, v, v").

e locally uniform bound: for any compact K C Po(E), there exists cx > 0 such that
for all (t,u) € [0,7] x K and v,v" € E, |8U (t 1, 0)] < ex(1+ |v)), |02,22(t, p,v)| +

VU §p
2
|83v/§2—i(t, M, U, U/)’ S CK.

o fundamental theorem of calculus: for all 1, v € Po(E) and ¢ € [0, T,
S(t 1) — (L v) / / (t M+ (1= N, 0) (1 — v)(dv)dA,
ot.s) = 9(t.0) ~ [ St ) ()
/ / /EE 5,15 (1= ), 0,0) (1 = V) (dv) 1 — ) (o)
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For each u € A, ¢ € CY2([0,T] x P2(S)), t € [0,T], and pu € Py(S), define the function
Lu6(t, 1) : S — R by

LY¢(t, u)(x,r) == B(t,x,r, u)T(?X%(t, Wy X, 1) + %tr ((EZT)(t,x, r, u)@ixg—z(t, oy X, 7“))
(3.52)

with B and ¥ in (3.47)), and define the function M¥¢(t, ) : S x S — R by

1 52
M o (t, p)(x,r,x', 1) = Qtr (Z(t,x, T, u)E(t,x’,r’,u)Taf{X,(sz—gb(t,u,x, T, x’,r’)) . (3.53)
U

Note that under Assumption Lug(t,p) € LS, u) and MU¢p(t, pu) € LHS x S, p @ p).
Define the Hamiltonian

H(t, 1, ¢,u) = (L G(t, 1), ) + ( MUG(t, ), p @ p1) + (F(t, -, u), p), (3.54)

with F defined in (3.49)).

Remark 3.5.1. As v is stationary in (3.47)), the operators L* and M™ only involve the
partial derivative with respect to the x-component, and not the derivative with respect to the

r-component. One can equivalently express these operators using the Lions derivatives as in
[19]. Indeed, let 0,¢ be the Lions derivative of ¢,

Lot = (057 o0ttt

1 (((ZZT>(t7Xa T, U) 0N(N+l)d

+ —tr
OL(NH)d 0

) ) dustnsn))

due to the relation 0,¢ = O(X,r)g—fj (see [32, Proposition 5.48]). Similar expression holds for
M¥¢p. We adopt the expressions (3.52) and (3.53) to simplify the notation.

We now present a verification theorem, which constructs an optimal control of (3.50))
(and (3.18])) in an analytic feedback form using a smooth solution to an HJB equation in
the Wasserstein space.

Theorem 3.5.1. Suppose Assumption holds. Let v € CY2([0,T] X Pa(S)) be such that
for a constant C > 0,

ov
ot )] € OO+ 1), (O3t p507)] < OO+ [+ ),

for any (t,p) € [0,T] x PYM(S), (x,r) € S. Assume that inf,cq H(t, p,v,u) € R for all
(t, 1), and v satisfies the following HJB equation:

Opw(t, ) +min H(t, p,w,u) =0, (£, ) € [0,T) x Py"(S),

ucA (355)

w(T, ) = (G, ), p e P™(S).
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Assume further that there exists a measurable map a : [0,T] x PY"{(S) — A such that for
all (t, 1) € [0,7] x PY™(S),

a(t, 1) € argmin H(t, p, v, u), (3.56)
for any (&,¢v) € L*(G;S) with law p, the following equation

X, =¢ +/ B (U,th,d(v,ﬁ(xv,t | .7-"5))) dv

: (3.57)

+/ P (v,XU,t,d(v,E(XU,t | ]—"5))) dw!,  se|t,T]
t

admits a square integrable solution Xt¢*, and the feedback control Ut = &(S,E(Xé’é’t,t |
FY), s €[t,T), isin A'. Thenv ="V on[0,T]xPyY(S), and for all (t,u) € [0, T]xPY™(S),
utt e AY with L(€,¢) = p is an optimal control for V (t, ).

Consequently, given & = vcat(zy,...,xn,0Nn2q) and a uniform random variable v €
L*(G;[0,1]), the control u*** € AN minimizes the a-potential function ® given in (3.18),
thus is an a-Nash equilibrium of the game G in Section [3.3,

Theorem only requires the function v to satisfy the HJB equation (|3.55)) on the sub-
space Py™E(S), rather than on the entire space Py(S) as is the case for general MKV control
problems [119,50]. This is due to the fact that the flow (ut5%") iz = (L(XEES" ¥|FE)) sep 1)
remains in Py™(S) for any control u € A’. Restricting the domain of to PYH(S) is
essential for minimizing analytically in linear-quadratic games; see Section .

Theorem adapts [119, Theorem 4.2] to the present setting. Compared with [119],
since we do not assume the compactness of the action space, we introduce the additional
assumption on the finiteness of inf,c 4 H (t, 1, v,u). With this assumption in place, the proof
follows directly along the same lines as the same lines of the verification theorem [119]
Theorem 4.2].

Indeed, fix (¢, ) € [0,7] x PYH{(S) and (¢,v) € L*(G;S) with law p. For any u € A’
applying Ito’s formula in [65] (see also [33, Theorem 4.17]) to s = v(s, L(XL45% v | F1)) and
using the fact that £(XL55% v | FI) lies in Py™(S) and the condition of v yield that
v(t,u) < J(t,& 7,u), which implies that v(t, u) < V(t,u). The condition (3.56) of @ and
the assumption @"** € A’ imply the optimality of 4"**. A special case of Theorem [3.5.1]
for a class of linear-quadratic games is presented in Theorem [3.6.1] with a detailed proof
provided.

3.6 A Toy Example: Linear-Quadratic a-Potential
Games

In this section, we illustrate our results through a simple open-loop linear-quadratic (LQ)
game Gr,q on an undirected graph G = (V, E). The vertex of the graph is the set of players
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V' = [N], and each edge between the vertices represents a dependency between the associated
players. The objective function of player ¢ in this game is given by

/(ult—i- qu u .,)>dt+%(X di)2], (3.58)

where ¢;j,7; > 0, d; € R, and for any v = (u;)iey) € H?*(RY), the state process X} is
governed by:

Vi(u) = E

dXi,t = (ai(t)Xi,t + ui,t) dt + O'i(t)thi, Xi,O = Ty, t e [0, T], 1 E [N], (359)

where z; € R, a;,0; : [0,7] — R are (possibly distinct) continuous functions. Player i’s aims
to minimize (|3.58|) over the control set

A; = {u; € HR)||Jull2w) < L}, (3.60)

where L > 0 is a given sufficiently large constant.

The above game can be viewed as a crowd flocking game [95] [8, [37]. The goal is for all
players to reach their respective destinations by a specified terminal time. During the game,
players exhibit a tendency to group together, mimicking the collective behavior observed in
natural flocks or herds. This phenomenon, known as flocking, is driven by factors such as
safety, efficiency, and social interaction.

3.6.1 Quantifying o for Giq

Since the dynamics (3.59) is decoupled, Theorem and Remark imply that Grq is
an ay-potential game with

ay < C— maxz |20 — qijl- (3.61)

i€[N] 4

Suppose that the constants (gij, Vi, di, ;)i je[n], L and the sup-norms of (a;, 0;)sc[n] are uni-
formly bounded in N. Then, an explicit bound for a, in terms of the number of players
N and the strength and symmetry of players’ interactions can be obtained, as illustrated
below:

e Symmetric interaction. If the interaction weights (gi;); je[n] satisfy the pairwise
symmetry condition ¢;; = ¢;; for all 4,5 € [N], then Grq is a potential game, i.e.,
ay = 0 regardless of the number of players N. This symmetry condition is common
in many interaction kernels, where player ¢’s influence on player 5 depends only on the
distance between them [8] [32] [10].
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e Asymmetric interaction. Suppose that the graph G has a bounded degree k =
max;cy deg(i) for some k > 2, i.e., each vertex is connected to at most k vertices.
Assume further that the interaction weights (g;;); je(n) exhibit an exponential decay of

the form N
gij = win™™, Vi, j € [N], (3.62)

where (wi)iem are distinct positive constants that are uniformly bounded in N, n €
(0,1) is a given constant, and c(i, j) is the (shortest-path) distance between vertices
1 and 7. Such a structure models localized interactions, where a player’s impact is
strongest on their immediate neighbors and diminishes further away [58] 59, [64]. For
clarity of exposition, we assume a sufficiently fast decay rate n satisfying n < 1/k.

In this setting, by (3.61]), there exists a constant C' > 0, independent of 1, k and N,
such that

C nk
< — C (4,9 < — g et = 0—"1 3.63
N = N frel[z}\?]( P g 1 —nk)N’ ( )

where the second inequality used the fact that, for any vertex v € V, the number of
vertices at distance ¢ from v is at most k‘. The bound demonstrates that ay
decays to zero as the number of players increases. Additionally, ay vanishes as n — 0,
reflecting the weakening interactions among players.

3.6.2 Constructing o-NE for Grq

An ay-NE of G, can be constructed by minimizing the corresponding o y-potential function
(3-18). The structure of Giq significantly simplifies the ay-potential function compared to
the general case studled in Sections [3.3] and 3.5 Indeed, as X* depends only on u;, the

sensitivity processes Yt = 0 for ¢ # j, reducing the dimension of the state process in
(3-18) from O(N?) to O( ) Moreover, due to the LQ structure (3.58)-(3.59), the a-potential
function becomes a LQ control problem, whose minimizer can be solved analytically.

We consider an extended state dynamics including both the original state dynamics
for X", and the dynamics for the sensitivity processes (¥;*);cin). Specifically, fix a
uniform random variable v € L*(G; [0, 1]), and for each w € H2(RY), consider the R?"-valued
G-adapted square integrable process X“* governed by

dXt = (A(t)Xt +I~cut) dt + Z(t)th, XO = Vcat(fl'l, -, TN, ON), (364)
where Z, = vcat(ty,Iy) € RN A(t) = diag(A(t),A(t)) € SN with A(t) =

diag(ai(t), - ,an(t)), and X(t) = vcat(o(t),Oyxy) € RZV*N With o(t) = diag(o1(t),- -,
on(t)). The a-potential function ® for Giq is given by (see (3.12) and (3.48) with 2z = 0):

{/ / (x"Qx + 2ru) u,) dpy"dt +/ (x"Qx +2p'x) dpz" |, (3.65)
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.- ~
where S := R?V x [0, 1], uy* == L(Xp" v|F) forall t, Q = (Cg g ) € S?V with Q € RV*N
N

. ~ ~ . . A Oy T
given by Q;; = %Zk;ﬁi,kem g and Qi; = — for all i # j, Q = (liv 0N> e S

with T' :== diag(vi, -+ ,vn) € SV, and p == —vcat(On, 71d1, - -+ ,Yndy) € RV, Above and
hereafter, for each n € N, we denote by S™ the space of n X n symmetric matrices, by 0O,
the n X n zero matrix, and by diag(ay,...,a,) the diagonal matrix with diagonal elements
(ay,...,an).

The minimizer of can be characterized with suitable ordinary differential equations
(ODEs). These ODEs differ from the Riccati equations for usual L() control problems studied
in [133], due to the additional dependence on the parameter r in and . To see
this, let My € C([0,T]; S*) satisfy the following linear ODE:

Mo+ AT Mg+ MyA+Q =0; My(T)=Q, (3.66)

where the dot denotes the time derivative. Consider the following Riccati equation for
M, € C*([0, T]; S*N):

. A O A 0

with Ky ar, 2 [0, T] — RY*N defined by

Kygar, = ((On In) My (Iy On) Mo) + 1My, I:=(3Iy Iy iy 3ily) € RVV,
(3.68)

The constants in I correspond to E[t] and E[¢?] for the uniform random variable t in ([3.64).
Given a solution M to (3.67)), consider the following linear ODE for M, € C*([0, T]; R*M):

M, + A Doy My — K 3 IMy =0;  My(T) = ( P, (3.69)
Oy A o O2n

The following theorem constructs a minimizer of H*(RY) > u + ®(u) € R based on

solutions of (3.66)), (3.67) and (3.69)), which subsequently yields an an-NE of the game Grq.
The proof is given in Section [3.7.4]

Theorem 3.6.1. Suppose that M, € C([0,T];S*N), My € CY[0,T];S*™N), and M, €
CL([0, T]; R satisfy (3.66), (3.67), and (3.69), respectively. Define

EXy 7]\ ;
=—-K t b — I Ms(t
U, Mo,Ml( ) (E[‘CX;’U ’-Ft] 2( )
for all t € [0,T]. Assume that w* = (u])icin) satisfies ||u||lyzw) < L for all i € [N], with
L >0 in (3.60). Then u" is an ay-NE of Grq, with ay satisfying (3.61)). Moreover, the
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E[X;" |7

F = *
process 'y (E [tX;’u E]

), t € [0,T), satisfies the linear SDE

aF, = K(g“i) f;év)) Ky (t)) F - foMg(t)] dt + @%) aw,.

P = (ggo) . (3.70)

Remark 3.6.1. Theorem leverages the LQ) structure of Grg to characterize the o -
NE u* as a feedback function of F', which involves finite conditional moments of (Xi’u*,t).
These moments serve as sufficient statistics for the infinite-dimensional conditional law
E(X?"*,t]}"t). Notably, the process F is Markovian and satisfies the linear SDE ,
enabling the efficient computation of the an-NE. We remark that the solvability of (13.66))
and follows from linear ODE theory, and the solvability of can be ensured at
least for sufficiently small T

3.7 Proofs of Main Results

3.7.1 Proof of Theorem [3.2.1]

The following lemmas regarding the linear derivative are given in [67, Lemmas 4.1 and 4.2],
and will be used in the proof of Theorem [3.2.1]

Lemma 3.7.1. Suppose AN) is convex, i € [N], and f: AN) — R has a linear derivative
5%_ with respect to A;. Let a = (a;,a_;) € AN, ! € A;, and for each ¢ € [0,1], let
a = (a; +e(a, — a;),a_;). Then the function [0,1] 5 € — f(a°) € R is differentiable and

df(a) = (;%(aa;a; —a;) for all e € ]0,1].

Lemma 3.7.2. Suppose AN is convex and for all i € [N], f : AYN) — R has a linear
derivative % with respect to A; such that for all z,a € AN and a, € A;, [0,1]Y 3 ¢ —

%(z—i— e - (a— 2);a)) is continuous at 0, where z+ € - (a — 2) = (2 + &;(a; — 2))icn]-

Then for all z,a € A™), the map [0,1] > r — f(z+7r(a— 2)) € R is differentiable and
N

Az r(a—2) = ¥, Lz rla— Dia;— ).

Proof of Theorem[3.2.1 By Condition [2l and Lemma [3.7.2, [0,1] 3 r — %(z +r(a — z);

a; — zj) € R is differentiable, and hence @ in (3.11)) is well-defined.
We now prove that ® has a linear derivative with respect to A; for all i € [N]. To this
end, let i € [N], @ € AW) and a, € A;. For all € € (0,1], let a® := (a; + < (a} — a;) ,a_;).
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By the definition of ® in (3.11])),

oV;
¢ (a®) — D(a) :/0 ﬁ(z+T(a5—z);aj+55ji(a;—ai)—zj)dr
j=1
1 N .
—/ Z%(z%—r(a—z);aj—zj)d?ﬁ
0 5= 0%

Then by z + 1 (a° — z) € AN, for all € € (0, 1],

(s —0(a) 1 [ Z}<5v< 27 (af = 2)iay - 5) = 52 (2 + (e - 2)iag - ) ) dr

€ da,
1 [T en 0V .
+g/0 jz_;séjiﬁ(z—i-'r’(a —z);a;-—aj)dr

1 :
/ ( J +T(a8—z);aj—zj)—%(z~l—r(a—z);aj—zj)>dr
0 iz oa;

“ € da;

+/0 gz (z+7r(a® —2z);a; —a;)dr.

3.71
To send € — 0 in the above equation, note that for all ¢ € [0, 1],7’ €[0,1],(z +7r(a® — zg)_i i
zoi+r(as;—zy) and (z+7r(a®—2)), =z +r(a+e(a,—a) —z) =2z +r(a—z)+
e((zi+r(a—2)) — (zi +1r(a; — 2z))) with z; +7 (a; — z;) , zi+7 (a} — ZZ) 6 A;. Thus for all
J € [N], the twice differentiability of V; and Lemma/|3.7.1|imply that ¢ >—> (z +r(a®—2z);
a; — z;) is differentiable on [0, 1] and

d 6V, 52V,

Loa *(z+r(a —z)i0 =) = 5 (2 (e’ = 2) e — 2,7 (6 — ai))
J g Uty
52V,

= 5@45; (2 +7(a® —2);a; — 2j,a; —a;) 7,
1§04

where the last identity used the linearity of 5 3 in its last component. Hence, by the mean
value theorem and Condition [1} for all € € (O 1],

5V, ] 5V,

(5%( +r(a —z)ia; —z) - 5%( z+r(a Z);aj—zj))'
2‘/.

< S 2)ia; — z,d; — a :

_Til[gl] 6%5%( z+r(a®—2z);a; — zj,a;, —a;)r| < oo

Similarly, as a, — a; € span(A;), by the twice differentiability of V;, for all » € (0,1),

lim o 2 o Wilz+71(a®—z);d, —a;) = (2 +7r(a — 2);a, — a;), and for all 7, ¢ € [0, 1], by the
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mean value theorem, there exists £ € [0, 1] such that

ov; ov;
5‘/;(z+r(a5—z);a§—ai) < V;(z+r(a—z);a§—a,;)
a; a;
, (3.72)
+ oV (z+7(a° —2);ad,—a;,a; —a;) 7
(5@1'(5012‘ T © ‘ )
Using Lemma [3.7.2] for all a, € A;,
d oV,
aéaz( z+7r(a—2) 25%5% z+r(a—z);a,,a; — z), (3.73)

which along with (3.72]) and Condition (1| implies that

z+r(af —2):d —a)| < oo

» "

sup
(re)€0,1]2

da;

Hence, letting € — 0 in (3.71]) and using Lebesgue’s dominated convergence theorem give

1 N

62V
:/O ;(5%2/2@( z+r(a—z);a; — z;,a; — a;) rdr

1 .
—I—/0 (;Z: (z+7r(a— 2);a; —a;)dr.

Let £ : [0,1] — R be given by

N 21/, 21/,
g = ; ((;;g;i (z+r(a—2);a; — zj,a; — a;) — 51;@ (z+r(a—2);a; — a;,a; — Z])) .

Then by (3.73).

N

1 52‘/;
= /0 (Z o (z+r(a—2)a; —aj,a; — z;) + &) rdr
e=0 j=1 (e

1
oVi
—l—/o 62; (z+r(a—2);a; —a;)dr

d
—P(at
de (a%)

1 .
- /0 re (gz (2 +r(a— 2)d — ai)> ar (3.74)
151/ 1
s [ S e ra s 2 —a)dr+ [ g
0 (5ai 0
Vo 1

= 5. (a;a, —a;) + i Erdr,
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where the last line uses the integration by part formula. This proves the linear differentia-
bility of ®.
Now we prove ® is an a-potential function of G. Let i € [N],a; € A; and a € AW,
For each ¢ Eﬁl], let a® = (a;+¢(a,—a;),a_;) € AN, By the differentiability of V;
7

and Lemma [3.7.1] 4V, (a) = 2% (a%;a} — a;) for all £ € [0,1], and € — 2% (a%;a} — a;) is
differentiable on [0, 1]. This implies that ¢ — V; (a®) is continuously differentiable on [0, 1].
Similarly, by Lemma/3.7.1{and (3.74) and the continuity assumption, [0,1] 5 ¢ — ® (a®) € R
is also continuously differentiable with L& (a®) = % (a%;a; —a;) + fol & erdr, where &, . is
given by

5aj5ai

Jj=1

(Y, : :
57:522 (z+r(a® —2)a; — zj,a; — a;)
(3.75)

0*V; . :
~ Sarta, (z+r(a® — z);a, — a;,a; — zj) )

Hence by the fundamental theorem of calculus,

Vil(al o)~ Vilaa-) = [ 5

1 g 1 1
:/ —@(aa)ds—/ / & erdrde (3.76)
o de o Jo

— B ((dya) — D ((aas)) — /0 1 /0 e rdrde.

e. o/
sa; —a;)de

(a

N

Finally, the desired upper bound of « follows from the fact that
62‘/; / " 52% " !/
da;da; (a;d a7) = da;da; (a; 5, a5)] -

1 gl
//5T75rd7“d5
0o Jo
(3.77)

- . 52V, 52V, 11 1 . .
due to the bilinearity of Saj0m and Sada;” and the fact that fo fo rdrde = 5. This finishes
the proof.

<2 sup
i€[N],al€Ai,a,a” €AN) S

]

Proof of Proposition [3.2.2 As we assume that the second-order Fréchet derivative of
V; for any ¢ € [N] exists, one can define

52V,

5ai(5aj

(z;a;,a7) = (a;, 02, Vi(z)a). (3.78)

v Yaza; 7
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Following the same notation as in the proof of Theorem [3.2.1] by (3.75)) and (3.78]), as well
as Vj is twice continuously differentiable for any j € [V],

el
= |(a —az,ﬁ( (2 +r(a* = 2)) (0 zJ-)—aziajvi(zw(af—z))(aj—z»)>‘
<l —aill -2 s a]- Vi(z +r(a = 2) = 02, Vi (= + (e - 2))|
JE[N],a;€A;

=1

Then combining (3.76]) and (3.77) implies that
Vi (a5, a—3)) = Vi ((ai, a—)) = (@ (@, a—i)) = @ ((ai, a- z‘)))|

Ererdrde| < ||l —ai| - sup  |ay -

JE[N],a; €A;

~ 2, Vil

3.7.2 Proof of Theorem [3.3.2|

The following propositions estimate the moments of the state process X* and the sensitivit
processes Y ““» and Z"“»"“¢. The proofs of these propositions are included in Section

Proposition 3.7.3. Suppose Assumption holds. For each u € HP(RY), the solution
X" € HP(RY) to (3.20) satisfies for all i € [N], sup,co ) EI| X4 [P] < CYF, with the constant

i, ip . b
CY' defined by O = (|fUz'|p + (0 = Dllollge + LT + lJuill ey + 5 Spm (lzal? + (0 =
llow|[f, + LT + ||uk||§_[p(R)))eCP(Lb+L§+1)T, and ¢, > 1 is a constant depending only on p.

Proposition 3.7.4. Suppose Assumption holds and let p > 2. For all u € HP(RY),
h € [N] and uj, € HP(R), the solution Y""» € HP(RY) of (3.22)) satisfies for all i € [N],

t€(0,T)

E uuh P 5 h,p <Lz>p ~h,p
sup E[|Y,; "] < ( 0n:Cy +WCY |u hHHP(R

where C’hp (2T)P1 ePL'T and th (2T)%~1 eP(L*+LE)T opLPT

Proposition 3.7.5. Suppose Assumption m 3.5.4 holds. For all uw € HP(RY), h,{ € [N] with
h # 0, and all u,,u! € H*(R), the solution Z*“»* € HP(RN) of ([B.23) satisfies for all
i € [N],

wu ! 1 1
sup [ [|Zt,i e |2] < O(Ly)? <(5h,z‘ + 51,0@ + m) ||UH|?2LL4(R)||UZI||3#(R)’

t€[0,T

where C' > 0 is a constant depending only on the upper bounds of T', LY, LZ.
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We now prove Theorem based on Propositions [3.7.3] [3.7.4] and [3.7.5]

Proof of Theorem[3.3.2 To simplify the notation, We/omit the dependence on w in the
superscript of all processes, i.e., X = X", Y' = Y*"%. We denote by C' > 0 a generic
constant depending only on the upper bounds of T', max;e(ny |2|?, max;eqny [|oql| 2, L, L,
manE [N] Huqu_p

By the deﬁmtlon of 5

(u u!,uf) in and the fact that Z%"% = Z®»%4 %

30 i

52‘/; / " 52‘/.;
du;du; (w5, 05) = dujou;

T i\ T 2 AS 2 f ;
Yy [ 0nAL On, A Y] i ; (3.79)
/0 {<ut> (agﬂagjj &iu] Al )0 +(z0)" (0,A7) (¢,-) p dt

+E[(Y5) (05,47 (Xe) Y7 + (Z5) T (0.07))(X1)] |

(u; uj,ul)

=E

where we write for simplicity 8ng£ i(t,) = 02,(fi — f;)(t, Xy, uy) and similarly for other
derivatives. In the sequel, we derive upper bounds for all terms on the right-hand side of
(13.79).

To estimate the term involving the Hessian of Afi ;in (3.79), observe that for all ¢ € [0, 77,

02Nl 2,Al t.) Y/
u“ 02, A/ aw]Af ul

N N

Z xhxg )Y’tlh}/tjﬁ + u;/,] Z(aa%hu] A’{;j)(t7 )YZh (380)
h
N .
+ Ut 2(33 ng{,j>(t7 DY+ (%iujAzf,j)(t: Jug sy -
=1

The first term on the right-hand side of (3.80]) satisfies the identity:

N
Z (6323hx¢A£])<t’ )}/tz,h}/tj,f = (a:ix] A{,J)( Ytzz + Z T xz )Y;fzzy;fjﬁ
h,t=1 Le[N\{j}

+ Z xhx )Yl Y] Z (azhsz{,])( 7')Y;LhY;f 00

Re[N\{i} he[N\{i},ee[N]\ {5}
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which yields the following estimate:

/ 02, AL £, )V Yt EE
0 he=1
< 102, AL =YY ooy + 3 10 AL = 1YY7 e
te[N\ {7}
S DI LSRN o S S [ . P Y
he[N]\{d} he[N]\{i},ee[N\{7}

Lb
< Clluillse e lluj ||H2(1R{|| i Z]-IILooJrﬁ( > 1182, AL
le

(N\{s}
LY e ;jum) ( SOy e z,jnm)}. 3.82)
he[N\{i}

he[N]\{i} e[N]\ {7}

where the second inequality follows from the Cauchy-Schwarz inequality and Proposition

3.7.4]  Similarly, using Propositions the second and third terms in (3.80) can be
bounded by

/ U’t] J:hu Af )(t7 )Y::hdt

/ ut K Z Uj J:g Y?Zdt

<Cluillre @)l1u] |22 R){H 2 AL oo + 1102, AL ] e (3.83)
Lb
T TED S - P |6WA{]-||LOO)}
he[N]\{i} Le[N\{s}

and the fourth term in (3.80) can be bounded by

] {/ (0., AL, >umumdtﬂ<nu el el ALl (384
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Combining (3.82)), (3.83)), and (3.84)) yield the following bound of (3.80)):
T i\ T 2 AS 2 Af j
oz Al 07, Al J
/ <Y/t> 2m: z}] ;uj l}j (t, ) (Y/v/t> dt
0 \Ui auizAi,j auinAi7j Uy

< CHu;HHQ(R)Hu;/HHQ(R){“a:ixjAzf,jHLw 1102, Al 4 105 0, Al + 105, ALl

E

Lb
+ﬁ< S (N2 ALl + 102 AL )+ D (1820 ALl

Ce[NI\{s} he[NJ\{i}

(Ly)” >
(NI}

he[N)\{i},te

(3.85)

To estimate the term involving the gradient of Alf’ ; in (3.79), observe that for all t €
0,77, (Zi’j)T (@Alf’j) (t,-) = Z,]j:l(@thZ{j)(t, )ZZ% The fundamental theorem of calcu-
lus implies that for all (t,z,u) = (¢, (z¢)i,, (w)l,) € [0,7] € RY x RY and h € [N],

f ! N 2 ! 2 ! ;
|(0r,, A ;) (1 2, u)| < (0, A7 ) (2, 0,00 4+ 300 (10,2, A5 il oo [l + 1107, 0, A7 | oo |ue]), which
implies that

hTe hUp

E < > (10 AL 0,010 exey

he{ij}

/ Z(athzf,j)(ta )ZZ:idt
0 p=1

N
+ > (10,0, Al 1Xe 2y Nl ) + H@fmﬁf,jllwHWZZ’”IIWR)))
/=1

Y (100 AL 0,010 ey
he[N\{i,j}

N
+ Y (103,0,A] 1l 11 Xe 23 341y + ||3§WA£C,J~HL°°HWZZ’”IIWR)))
(=1

Then by the Cauchy-Schwarz inequality and Propositions [3.7.3] and [3.7.5],
T N
ij 1
| Stz | < OuuzumHu;-’nwmﬂ‘é{N > (H(ath{jx-,o,mnm

h=1 hed{i.j}

E

+30 (102, 0, AL e + 1102, ALl ) )

N
> (n<ath£j><~,o,o>uL2 37 (1020, Al + 182, 5 1) ) }
/=1

he[N\{i,5}

2~ 1M

(3.86)
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Finally, using similar arguments as those for (3.82) and (3.86)) allows for estimating the
terms involving AY; in (3.79):

[E [(Y7) ' (92,A7,)(Xr) Y7 + (Z7) T (9.0)) (Xr)]|

< Cllugllg @ lluf 1 r) {II iy Ol o +Ny< > 10,47)(0)]

hefinj}
L, 3.87
> DALl ) 55l Y 10,270 (3.87)
he{i,j},te[N] he[N\{i.j}
+ Z ” ThTy lg,]HLoo + Z || ThTy lg,j”LOO) }
he[N\{i.j}, he[N\{i},¢e[N\{j}
L€[N]

Note that the last two terms in the last line can be replaced by Y neivp i, |0
te[N\{i,i}
as the remaining ones can be absorbed in the terms with 1/N. Consequently, using (3.79))

and grouping the terms in the estimates (3.85)), (3.86) and (3.87) according to the orders
1/N and 1/N? yield

ThTy ’i,j”Loo’

62‘/2' A
(5ui(5uj (u’ Ui uj) B

T
< Ol sy (O3 + 24 (08 + 3265 ).

52V,
5’&]’(5’11/1'

(w55, )

where C"’/l, C’% and C}/ 7y are given (3-26), (3-27)), and (3.28) respectively. This finishes the
proof. O]

3.7.3 Proof of Theorem [3.4.2|

Before proving Theorem [3.4.2] we present several propositions regarding moment estimates
of the state and control processes and their sensitivity processes. The first proposition
estimates the moments of the state process . The proof follows the exact same line as
that for Proposition [3.7.3] and is therefore omitted.

Proposition 3.7.6. Suppose Assumption holds and that there exists p > 2 such that
& € LP(Q;R) for alli € Iy. For all ¢ € TIV, the solution X? to (3.35)) satisfies for alli € Iy,

i ip . AR
sup;eo 7 B[ X0 P < CFF, where Y = (E[Ifilp]+(p—1)||0i||§p+Lb+¢T+yT > (El& )+
(p— Dol + Lb+¢T)>ecp(Lb+¢+LZ+¢+1)T, and ¢, > 1 is a constant depending only on p.

The following propositions estimate the moments of the sensitivity processes of the state
and control variables. The proofs of these propositions are included in Section |3.8.2
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Proposition 3.7.7. Suppose Assumption holds and that there exists p > 2 such that
& € LP(SLR) for alli € Iy. For all ¢ € IV, h € Iy and ¢}, € 11, the solution Y*% o
(13.37) satisfies for alli € Iy,

; 1
sup E[|Y, " [P] < 65, CfF + —

ol
te[0,T] Nr Y

where the constants C? and CP are defined by

N
’ ! 1
Oy = ¢ (L) (14 CX7) + (L5 D ORF) T2 e,
k=1

and CP = ¢ (Li+oy ((L%)pu + Oy 4 (DL N 0§5P> T3=20e(EHHLTEOT i
(Cf(’p)kg]\, defined in Proposition and a constant ¢, > 1 depending only on p.

Proposition 3.7.8. Suppose Assumptz’on holds and that & € L*(S;R) for all i € Iy.
For all ¢ € TIV, h,l € I with h # £, and ¢}, ¢, € 11, the solution AR (3.38)) satisfies
for alli € Iy,

/ " ]_ ]_ / 1
sup E [[Zf’;%,qﬁg ’2] <C ((5;1,1- +00i) g T —4) max{LZJr¢>7 Lz’h’ LZ’e 32,
te[0,T] ’ N N
where C > 0 is a constant depending only on the upper bounds of T, max;cr, E[|&]1],
maxjery |07 g, L2F¢, Lo, L%, LbH, L and Lj' .

Proposition 3.7.9. Suppose Assumption holds that & € L*(S;R) for alli € Iy. For
all p € IV, h,l € Iy with h # £ and &, ¢ € 11, let u® = (¢3(-, X7, X))iery, let v7%h be
defined in (3.40), and let w9 be defined in (3.41)). Then for all i € Iy,

1

&,
08 B < 0 o ey < € (3 + 72 (297)

¢7¢/ 7¢” 1 1 ¢l ¢//
||wi hi®e Hg—t?(R) <C <(5h,i + (Sg’i)m + m) maX{LZ, LZ), Lyh’Lyl }27

where C' > 0 is a constant depending only on the upper bounds of T, maxer, E[|&]Y],
maxiery |71, L0, LO, Lo, L, LY, LY, Ly" and L'

We are now ready to prove Theorem based on Propositions [3.7.6] [3.7.7} [3.7.8, and
RIVAS)!

Proof of Theorem[3.4.3 To simplify the notation, we omit the dependence on ¢ in the su-
perscript of all processes, i.e., X = X?, Y’ = Y% We denote by C' > 0 a generic constant

depending only on the upper bounds of T, max;e;, E[|&|Y], maxes, |03l 14, L, L?, L%, L7,

[b, LY, L) and Ly’
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By the definition of
s

6¢> 6¢> (0597, ¢;) in (3.43) and the fact that 29000 = 7999 and

62 Ui 62 /
o (6100 00) = 5 (6101,
T 92,A! a? Al Y Zi\ " (0,4l (3.88)
[ G ) (- () G
+E [(Y5) T (02,A7,)(Xr) Y] + (0:A7,)(Xp)]

where we write for simplicity 8§$A£ () = 2,(fi — f;)(t, X4, u;) and similarly for other
derivatives. In the sequel, we derive upper bounds for all terms on the right-hand side of
(13-88]).

To estimate the term involving the Hessian of A{ ; in (3.88)), observe that for all ¢ € [0, 77,

i\ T f f j
YO\ T (AL ALY (Y
vi) \ozal, a2,al )7\ vl

N
Z ARPIA )lehyfe + Z zthz{j)@? )Y vl (3.89)
hyt=1
N .
Z uh:cg Ut hY;SJZ + Z uth )U;,hvg,l'
he=1
The first term on the right-hand side of (3.89) satisfies the identity:
N -
Z (8§h$5 )(t7 )YZhY;SJ,Z = (aiz] AZJ)( Y;ZZ Z T; xg )Y?ly;ﬁjf
ht=1 teIn\{s}
+ Z (a:%h:c] Alf,j)( Y;Zh + Z .Z’h.l’g )Y?hy;jﬂ
heln\{i} LeIn\{j}

which yields the following estimate:

<102, ALl e 1YY 01 ) (3.90)

/ l’hl'g )(t7 )thhiftgfdt
0 he=1

+ Z || Ty zf,]HLOOHYzan”?'ll(IR)
Leln\{j}

+ > I ALl 1YY o + > 102 0 AL 1YY ey |
helIn\{i} LeIn\{s}
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and

b+¢

L
‘ {H T £]||L°°+ ;/V ( Z || $ng ||L°°+ Z || ThT; Z,]HL“J)

CeIn\{j} heln\{i}

Lb+¢ f
DD D [-ivi Py (3.91)

heIn\{i} £cIn\{5}

where the second inequality follows from using the Cauchy-Schwarz inequality and Proposi-
tion B.7.17

Similarly, using Propositions [3.7.7/and [3.7.9] the second and third terms in (3.89)) can be
bounded by

/O 02 ALYt )Yl dt

hfl

/ 02 ALYt Yo Yot
0

hél

max{L¢, L2}
<C{H xluj HL°°+H UL '{,jHLOO—i_ ]Z</Y . Z (H TiUp {,jHL‘x’

LeIn\{s} ( )
3.92

+|| Ui Ty zf,j“Loo)_’_ Z (H :vhuj ||L°°+|| URT; z]'t,jHLoo))
hEIN\{’i}
max{L?, LV+?}2

]%’2 ’ Z (H zhu/g ||L°°+H URTe {,]‘HLW)};

heln\{i}
LeIn\{s}

and the fourth term in (3.89)) can be bounded by

Lo
A uhug )(t )Uthvgé {” usu {,]HLOO—i_Wy( Z H Uitp zf,j”Loo
ht=1

LeIn\{5}

N A D)
+ Z H Up U i,jHL‘X’ + Z H UpUp i,jHLOO N2 : (393>

heln\{i} heln\{i}
LeIn\{s}

Combining (3.91)), (3.92) and (3.93) and setting L, = max{L’, L, qu Lzy} yield the bound
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of B59)
T /~iNT 792 A 92 AS J
{0 i ()
0 Uy auxAi,j auuAi,j vt
{Il iy O

L
+ﬁ( > (|| 2 Al 1102, AL laoe + 1020, 87l + 1102, A 12 )
LeIn\{5}

E (3.94)

+ H :J:Zu] ||L°° +H u,xj HL +|| Ui 7JJC,jHL°°

> (102,08l + 102, AL e + 102, ALl + 1122, zijnm))
heln\{i}

L
2 >0 (1080 A o + 102, ALl + 1102, 0,87 e + 1182,,, {,jnm)}.

LeIn\{7}

To estimate the term involving the gradient of Afi ; in (3.88)), note that

Zi7\ ' (0,A] = i
(%) (625) 00 St Stiooni

=1

for all ¢ € [0,7]. The fundamental theorem of calculus implies that for all h € Iy and
(t,z,u) €[0,7] € RN x RV,

[(@a AL 2 w)| < 1(22,8L)(2,0,0)] + Z(H 2 A el + 1102, AL el )

/=1

which implies that

o[ [ So.at i

<> (H(@zhﬁﬁj)('»UaU)HLQHZi’jHH%R)
hefig}
N

+ 37 (108, AL a1 X2 oy + 12, Z,j||m||uez:;’j||m)>

=1
+ ) (II(azhAf,j)(-y070)||L2||ZZ’]IIH2<R>+Z(I 2 e AL 1 X 23 o )
heIn\{i,j} (=1

1102, 0 A e e 737 3 ) )
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Then by the Cauchy-Schwarz inequality and Propositions [3.7.6] [3.7.8 and [3.7.9]

/ > (0n, ALtz dt

N
— |1
SOLy{N 5 (1AL 0.0+ 3 (1Sl + 10, )
hedi,j}
1
D I (A 00HL2+2(| S P zijnm))}.
hGIN\{ZJ}

(3.95)

where L, = max{L}, L? L¢ sz }. Similar estimates show that

([

+

<cify ¥ (10uaL)0.0l

hedi,j}

N ..
> (00, AL)(E, wyidt
h=

1

(162,20, AL 1o + 1182, AL 1<) )

> (10ual oonmz(u e A= + 1050, 801-) )

heln\{ig)
(3.96)

2|~ EMz

Finally, using similar arguments as those for (3.91) and (3.95)) allows for estimating the
terms involving AY; in (3.88):

[E[(Y7) ' (02,A7,)(Xr) Y7 + (Z7) T (9:0)) (Xr)]|

( Z | xh |+ Z H ThTg zs",jHL‘X’>

he{ig} helijhleln

SC{H@i il + Ly

(3.97)

1
+m< S0 ADO Y 110, AL

f oy |
heIn\{i},teIn\{j}

Note that the last two terms in the last line can be replaced by > 2, 1\ i iy se i\ i) 102, 2, A7 il 2,
as the remaining ones can be absorbed in the terms with 1/N.
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Consequently, by using (3.88) and grouping the terms in the estimates (3.94), (3.95)),
(3.96) and (3.97) according to the orders 1/N and 1/N?, we have

52 / (52V .. _ 1 L 1
/ < Y} g i,j
360, " %)~ g0, <o (e +T, (N% wcth))

where C’{/l, C’f}fz, and CV// V% are given in (3-44), (3.45), and (3.46). This finishes the proof. [

(¢; 65, %)

3.7.4 Proof of Theorem [3.6.1]

Proof of Theorem [3.6.1, Tt suffices to show u* is a minimizer of (3.63]) over #*(R"). Define
V :[0,T] x Po(S) — R such that for all (¢, 1) € [0,T] x Pa(S),

V(t, 1) = tr(Mo(£)5,) + (ﬂﬁ )TMl(t) (_ﬁ ) oMy (1) (,—7 ) + My(t),

1 1251 1

where 7i = [yxu(xr)), B o= [yrsu(sn), b = foxcpdlxr), and
M; € C([0,T]; R) satisfies

.
. I I - -
M; + tr (22T (MO + <1§N ) M, (1]§N ))) — (IMy)TIM, =0; M;s(T) = 0.
slaon slon

We shall prove V satisfies the optimality condition . In the sequel, the time variable
of all coefficients will be dropped when there is no risk of confusion.

Let u € HA(RY), let X% € S*(R?N) satisfy (3.64)), and let ;" = L(X;", t|F;) for all ¢.
By Itd’s formula in [65] (see also [33, Theorem 4.17]),

~

T

g 9 t,u T U oV tu
| @) + (A% + Tw) o (i K50
0 op

fT]a

where (X%* %) and (X**, ) are conditional independent copies of (X%, t) given Fr defined
on an enlarged probability space (Q,F,P) with Fr C F, and E[:|F7] is the conditional
expectation in the enlarged probability space.

We now compute the right-hand side of . Note that w and p“* are measurable
with respect to Fr, and pi* = L(X5* §|Fr) = L(X,¢|Fr) for all t € [0,T]. Hence for all

VAT ) = V(0,15") = B

5‘7 LU wthu
tr <E<) ()Tazsx(g (7/’Lt’ 7Xt7 7t)>

+

N | —

+

5 V Lu vty ¥ whu 4
tr (E() ()Tazsx 52 (mu’t’ 7Xt7 atuxt’ 7t)> }dt

(3.98)
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t € [0, T], by the symmetry of My(t) and M, (t),
J—"T]
= /S (A(t)x + Tou,) (Mo(t)x + <EE§V)TM1(15) ( ( /Zt:h) + (fﬁ;)T M2<t)> Ay (<, 7)
22{“ (ATaG)) + <<5_> > (o ) ((5;;’%1)

A0 ' wt o\ | q
+ MT ( 2N> ttu + ’U,T KMO,M1 ttu + [M
2 \Oon A )\ (™)) (™)1 ’
(3.99)

where the last term used the fact that the marginal distribution of y;™ on [0, 1] is the uniform
distribution. Moreover,

m U T 5‘7 LU gty X
E (A(t)Xt’ +z§ut) 0.2t o, K5 §)

op

S <z< Bt >T6§X§V< w?";@”@) = tr (S(1)S(0) My (1))

%tr <2< )E(t) O (;V(t et XEE X, A)) = tr (E(t)E(t)T (fIQN )TMl(t) (f?N )) ,

Jlan Flan

(3.100)

Observe further that for all ¢t € [0, 7], by completing the squares,

iy
2 | Kngyoany T + I M,
(1)1
U T —u
> —’U,;r’ll,t KM() M, /Jzu —I—IMQ KMO M 'LLTfu +]M2
(0 (b 1

(3.101)

V
Cn\
[\
=<
£
£
o
=
|
~—
F.l=
&7
-
4{
=
§_|
=
=
IS
=
—
”‘"‘;:rz
Sloe
-

(™)

Hence combining (3.98)), (3.99), (3.100), and (3.101)), and using the ODEs for M,, M; and
M2 y1€ld

VT, pu5") = V(0, ™) / / (x"Qx + 2ru, wy)dup"dt, (3.102)
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from which, by using V T, u") fs ( TQx + QpTx) duz" and taking the expectation, we
obtain that

V (0, ucat ® Unif(0,1)) < ®(u), Vu € H*(RY).

(®1,2N,02,)

Finally, consider the feedback map a(t, p) = — {KMOJ\/I1 (1) (5) + sz(t)} forall (¢, ) €
1
[0, 7] x P2(S). Since v is fixed, by [50, Theorem A.3] and the boundedness of Ky, a, and

M, the dynamics
dX; = (A@)X; + La(t, L(Xp, v | Fr))) dt + S(t)dW,,  Xo = veat(zq, -+, zn,0y), (3.103)

admits a unique G-adapted strong solution (X, t) satisfying E[sup;epo, ||X,[P] < oo for any
p > 2. Thus the control u; = d(t,E(Xt,t | 7)), t € 0,T], is in AW = [icn Air and
achieves the equality in . This implies is an equality and hence u* is the
minimizer of ®. Since ® is the ay-potential function of Grq, u* is an ay-NE of Gy q by

Proposition [3.2.1]
To derive that dynamics of F; = (IEE%W‘?]])’ t € 10,71, using (3.103)),
¢ t

() (A0 ) () ~ (&) [t (B0 ] o
* (Ez(é))) e

For each t € [0,71], taking the conditional expectation with respect to F;, applying the
conditional Fubini Theorem and using the independence between t and F; yield the dynamics
(3.70) of F. This completes the proof. O

3.8 Proofs of Technical Lemmas and Propositions

The following lemma quantifies the growth of f € F%2([0,T] x R x RY;R) in the space
variables, which will be used to prove Proposition (and also Proposition [3.7.6). The
proof follows directly from the mean value theorem and hence is omitted.

Lemma 3.8.1. Let f € Z%2([0,T] x R x RY;R). Then for allt € [0,T],z € R and y € RY,
f
Ft eyl < LA+ Jal) + 5 00 Ll
Proof of Proposition[3.7.3. Throughout this proof, we write X = X" for notational simplic-
ity. By (3.20) and It6’s formula, for all ¢ € [0, 77,
1 .
A Xy ;[P = | Xp|P (pXt,i (ug; + bi(t, Xoi, X¢)) + %%—2@)) dt + p| Xy ;[P Xy i00(8)dWY,

po_ P
Xoi = ;.
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Taking the expectation of both sides and using the fact that (fot ]Xu7i|p_2Xu,iai(u)de>
is a martingale (see [I60, Problem 2.10.7]) yield that

t b N
/ (p|Xs,i|p_l <|u1( )’—{_Lb(l_‘_‘st _yz sk’)
0 1

+ |Xs7i|p_2wai2(s)> ds] .

t>0

E[|Xeil") <l + E

2

By Young’s inequality, for all a,b > 0, ab < ’%ap/(p_l) + I—ljbp and ab < ’%2(1”/(?’_2) + %b”/Q if
p > 2. Hence

t
B[] < 1o + | [ (0= DXl + 0P + 260+ o = DIXP)
0

b N
plp—1) (p—2 2
# 3 2 ( DI 1)+ P2 (B2 4 2o ) s
k=
< Jal? + (0= Dlloll + LT + B

w [ ((zer-n+ -0+ L B —i B[l ) s

(3.104)

Summing up the above equation over the index ¢ € [N] yields for all ¢ € [0, 77,
N
ZE X< (Il + (0 = Dlloilly + LT + iy ey )

+ /Ot ( (Lb(2p — 1)+ Lip+ W) il@uxwp])ds

which along with Gronwall’s inequality implies that

=z

N
STEIX < 3 (Jenl? + (0 = Dllowlly + LT + gl ) e+,
k=1 k=1

for a constant ¢, > 1 depending only on p. Substituting the above inequality into ({3.104])
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and applying Gronwall’s inequality yield

t
E[|Xil?) < |zif? + (p — D||oil5, + LT + / Cp (Lb + Lg + 1) E[| X, ;"]ds
0

'
+ Ny Z (|xk|p +(p—Dloxl®, + L'T + ||Uk||%p(m)> eer(LP+Ly+1)T
k=1
< (Il + 0= Dl + 27+ sl
Ly a b Ly L 4+1)T LP4Lb4+1)T
+ Wy <|xk|P + (= Dllowlly, + LT + ||uk||§{p(R)> oo (LA LY A1T | pep (L LY+ 1T
k=1
This finishes the proof. 0

The following lemma will be used to estimate the sensitivity processes.
Lemma 3.8.2. Let p > 2 and for each i,j € [N], let B, B;; : Q x [0,T] — R be bounded
adapted processes, and f; € HP(R). Let S = (S;)X, € SP(RYN) satisfy the following dynamics:
for allt € 10,77,

N
dSt,i = (Bz(t>st,z + Z Bz’j<t>st,j + fm’) dt, Soﬂ' == 0; VZ = 1, e ,N. (3105)
j=1
Then for all i € [N],
N p
sup E[[Syil”] < TV 1 fillbmm + || D 15 | B2 TPer(1Bll=otNIBl)T | cplBllecT
te[0,7) 1 o (R)

where HBHOO = maXiG[N} HBZHLOO and ”BHOO = maxi,jE[N] HBZ,]HLOO

Proof. By (13.105)), for all t € [0,7] and i € [N],
t N
|St.i] S/ (HBHoo\Su,iH 1Bllso Y 1Skl + |fu,i\> du. (3.106)
0 k=1

Summarizing (3.106)) over the index ¢ € [N] yields for all ¢ € [0, 7],

N t - N N
> 1Sl < / ((IIBlloo + N[[Blloo) > 1Surl + Y |fu,k|> du,
k=1 0 k=1 k=1

which along with Gronwall’s inequality implies that

N T N )
315 < ({735t oo
k=1 0 k=1
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Substituting the above inequality into (3.106)) yields for all ¢ > 0,

¢ T N T ~ T
0 (U 0 0

This with Gronwall’s inequality shows that for all t > 0,

T T N B
Sl < ( / |fu,i|du+< / Z|fu,k|du) ||B||00Te<”Bw+N“B'w>T> elIP=T.
0 U—

Taking the p-th moments of both sides of the above inequality and using the fact that
(a+0b)P <2071 (a? + bP) for all a,b > 0 yield

T T N p
(/ | fusldu + (/ 3 Ifu,k|du) ||B||OOT6<”B°°+N”B°°>T> ] GPlBlT
0 0 k=1

E[[S:"] <E

T P T N P )
< o Ig (/ |fm|du> N / S fusldu | [BILTeIBlxNIBIT | 1Bt
0 ’ o =
N p
< (QT)p—l ||fi||%p(R) + Z | ] ||B||z;oTp6p(llBlloo+NllBlloo)T ePlIBlloT
k=1 HP(R)
This proves the desired estimate. O

3.8.1 Proofs of Propositions [3.7.4] and [3.7.5|

Proof of Proposition|3.7.4. To simplify the notation, we write X = X* and Y = Y%,
Applying Lemma with 8 = Y", B;(t) = 9,bi(t, X5, Xs), By j(t) = 0,,bi(t, X4, Xs) and
fti = On,iuy, yields that for all 7 € [N,

hip p—1 p = ’ <Lg)p p p(L*+L)T | _pLbT
sup E[|Y/5["] < (27) il + || D 1l N e Vi e
o] =1 ) (3.107)
— (Lb)p b b b
< (2ry! (5h,i LT a2, T
where we used || B; ;||z~ < L’/N. O

Finally, to prove Proposition|3.7.5, we estimate the moment of the process ff’u;"ug defined
in (3.24).
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Lemma 3.8.3. Suppose Assumption holds. For all w € H*(RY), i,h,l € [N] with
h# €, and all u), v € HA(R), the process f;"*" defined in (3.24)) satisfies

wu! ! 1 1
15" @) < C ((5h,¢ +00i) 77 m) LY ||, |20y 10 || 20 )

where C' > 0 is a constant depending only on the upper bounds of T, L and Lg.

Proof. Fix h,{ € [N] with h # ¢. To simplify the notation, we write X = X%, Y" = Yt
and Y* = Y"% _ Observe that by Proposition [3.7.4] for all i, j € [N],

N

vy E[Y;;/"]2

2
12,0 < T sup E[[Y2YP] < T sup B[V
H2(R) telo, T

te[0,T] €[0,7]

< T /112 112 5 Ch,4 (L?/)4C¢h,4 ’ 5 02’4 (Lgb/)4éf,4 ’
> Huh||7-l4(R)HUZ||H4(R) hi“y ‘*‘W Y iy +W Y

< T’|U%||92L¢4(R)HUZ||§14(R)

h,4 ~L,4N L (LZ)z h,4 ~0,4N L 0,4 ~h,4\ 1 (LZ)4 ~h,4 ~0,4N L
X | Onadeg (O CYT)E + =73 (na(CHACEE + as(CHACEYE ) + i (YY)
) , (Lb)2 (Lb)4
< CH“h”%ﬁ(R)”W ||3—L4(R) <5h7i5€,j + —]\?2 (Oni + 0e,5) + ]\?4 )a

(3.108)

where the third line follows by noting v/a; + --- +ay < /a1 +- - -+ /ay forany a;,--- ;ay >
0.
We now bound each term in (3.24]). Observe that by (3.24)), for all ¢ € [0, T,

N
= (2,0 (8, X, XYY+ (02, bi)(, Xos, X) (VY + YY)

7
J=1

- (3.109)
+ Z <a§jykbi)(t>Xt,z‘,Xt)Yt{}Yfk,
k=1
Apply with the fact that d,,;0,; = 0 as h # £ to get
(02200 X XY Ny < VPV
< Cllunllsamllug |l m) ((@m + 5g,i)%g + (%’22) , (3.110)

where C is a constant depending on T, Cio* and C»* for any h € [N].
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We then estimate Z (02,00 (-, X i, X))V + YY) in (3.109). The fact that 0z, bi

is bounded by L! /N and the 1nequality that (S0, ax)? < NYn i forall aj, ag, - ,ay €
[0, 00) show that

3 BN :
D (02,00 X XYY+ YV < = | (VY + YY)
7=t H2(R) =1 H2(R)
2
_ (Lb)2 h IAVSD) h~ Y l h
=5 VY + Y D) Y+ v
J#L Jj#h H2(R)
b 2
< 4(Ly)2 (HYhnyQ + ||Yeyh||2 + Z |Yhyf| Z |YZYh )
=Nz i Yo llnz(r) i Tnllmzmw) i 1
- 2(R) 2
j#L H2(R) j#h H2(R)

(Ly)’
<A I Y B + 1YY e + (N = D) | DIV ey + D 1YY e | |-

i i#h
which along with (3.108]) yields

N 2

> (02,0 (. X0 X)(YY] + YY)

= H2(R)

A(LY)? ) Ly (Lh)*
< Sl Bl B | (0 + S5 G+ 1)+ 5

Lb 2 Lb 4 N—1 Lb 2 Lb 2
+ (cm (NQ) (14 855) + (]\;’2 )+ E <5h,i+ <A§’2) + 605 + (NyQ) )}
, (Lh? (L)

< Cllug @ lue e <(5h,z’ + 0¢,6) ]\?2 + ﬁ : (3.111)

Finally, we estimate ij (054,00 (2, X;, X)Y)Y! in (3.109). We write for simplicity
(05 b)) = (05,0 (-, X1, X.) for all J.k € [N]. Since h ;é é [ ] x [N] = {(h )} U
(W)} U L0} 0 {(h k) | b € N\ (b} U{0,0) | J € N\ R 1} U {Gi b | J
[N]\ {h},k € [N]\ {¢}}, and hence

Z(azyk bi)(VYYE = (92, bi) )YV, + (82, b0) )YV, + (82,0 ()Y Y

YeYe
7. k=

h 2 h h
+ Z '!/hyk i Yh Yk + Z (821 iYe Y Yf Z Z y Yk i Y Yk
ENN\{¢,h} JEINN{h,¢} JEINN{h} kE[N]\{¢}
(3.112)
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To analyze the first line in (3.112)), note that by (3.108)) and h # ¢,
b

Lb
185,400 )Y Y{ ey < FZ;”YthéZHH%R) < Cllupllrae llugllssm s

Lb (Lb)2
182,05 (VY Yilbeey < LYY e < Clleh g luf w5 (3:113)
Lb (Lb)2

1002,,,,00) ()Y Y{ 72y < ﬁll@%ﬂlazm) < CHU;LHHA‘(R)||UZ||H4(R)T?J2'

Moreover, to analyze the first two terms in the second line of (3.112)), by (3.108)),

Y (85,0 Yo 05,0)0YY

kE[N}\{@,h} 'HQ(R) jE[N]\{h,Z} HZ(R)
LY . L . LY
Yy Yy / " Y
< N? Z HYh Yk HH2(R) + N2 Z ||Y Ye H’H?(R < C||uh||H4(R)||u£“’H%R)m‘
ke[N\{£;h} JEINN\{h,¢}

(3.114)
Furthermore, to analyze the last term in (3.112)), as h # ¢,

> 2 OOV

JEINIV R heINN(E)
= D @b+ Y Oﬁmmxﬂﬁ7+ ) @L&Xﬁ7ﬁ)

ke[NI\{¢} JENN\{R,L} ke[NI\{£.5}
(3.115)
where the first and second terms can be estimated by
> @ub)OYYE| | Y (@, )0
ke[N]\{¢} H2(R) JENN{h.L} H2(R)
Lb Lb
Y ||y hyt Y ||y hyt
< Z N2 ”Yé Y ||7—L2(R) - Z N HYJ Y; HHQ(R) (3.116)
ke[NI\{¢} FEINN\{R,C}
(Ly)?* | (Ly)° (Ly)?
<C ( N4 + N N3 | h||7-£4 HUZ||H4(R) < CT?JQ||UZ||H4(R)||UZI||H4(R)7
and the last term can be estimated by
h h
PR DRNCMAIOIE 1] I DN NAWYMW
FEININ{h.L} ke[N\{£,5} 2Ry JEINIAG REINN\{L} (3.117)

L Oyl o ooy _ (L2

< N3 7 = Oty bl eyl sy
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Hence combining (3.112)), (3.113)), (3.114) and (3.115)) yields

b

H Z i X‘ﬂi’X‘)YJ’hYIme(R) < COlluplbew) - HUIKIHH‘*(R)FZ'
This along with (3.110) and (3.111)) yield the desired estimate. =

Proof of Proposition[3.7.5. To simplify the notation, we write X = X*, Y" = Y4, Y =
yuwue | zht = Z"_’“;ﬁut’ and ¢ = fwun  Applying Lemma with S = Z“", By(t) =
axbz(t, X5, Xy), Bij(t) = 0,,bi(t, X5, X,) and fi; = fﬁ;f yields that for all i € [N],

hf
i

(Lb)2T2 2(Lb+Lb)T €2LbT' (3118)

sup IEHZthﬂ | <2T N2

t€[0,T]

H2(R)

By Lemma one can get |f (2w < Cllugllmamy 1wl 1@ LY (O + 00i) % + =)
where C' > 0 is a constant, which depends on the upper bounds of 7', L, L’;. Moreover,

N
h,t
D4 DI 4 ISP
H (]R 2( H2(R)
H2R) k=1 ke{h,} ke[N]\{h,e}
1 ! Cllup el |l mam Ly,
<0 (340 =235 ) ol o 2 < Iilhemly
Summarizing the above estimates yields the desired conclusion. O

3.8.2 Proofs of Propositions [3.7.7}, 13.7.8| and

Proof of Proposition[3.7.7. To simplify the notation, we write X = X? and Y = Y%,
Applying Lemma with S = Y", Bi(t) = (0:(bi + ¢:))(t, Xe4, X4), Bij(t) = (9y,(bs +
¢i))(t, Xei, Xy) and fr; = 0pi0), (¢, Xt4, Xy) yields that for all i € Iy,

hp p—1 p <LZ+¢)p p p(LVTO+LYTOT | pLoteT
sup E[|Y;3[F] < (27) 1 fill oy + Ny [re ! e :
te[0,T) HP(R)

(3.119)

where we used || B; |z < L**®/N. Note that using the Cauchy-Schwarz inequality, Fubini’s
theorem, and the definition of f; ;,

¢\ P N p
_ / Ly
HfZHHP(R < TtSB%}EHft’i‘p] < 05,,4(2T)7 1 ((L%)PIE[(l + | X)) + ( ]3\/[ ) (Z ’Xt,k’> ) .
k) k:1
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Since (30, ar)? < NP1V a? for all (az))_, € [0, 00), by Proposition m

ol p N p
/ Ly"
il @) < Ona (2T <2p1<L¢h>plE[1+ [ Xeal] + (ﬁ) (ZI%A) )

k=1

(3.120)
< Ga(2T)7! (217—1@%)?(1 + ) + (L¢h) Z o’”’>

Similarly, using the definition of f; j,

N
_ _ ’ r\ P 1
< il < 2T (2p YL+ )+ () NZCé‘?”) .

HP(R) k=1
(3.121)
Combining (3.119)), (3.120) and (3.121)) yields the desired estimate. O]

To prove Proposition we estimate the process f*?h % defined in (3.39) .

Lemma 3.8.4. Suppose Assumption holds and that & € L*(Q;R) for all i € Iy. For
allp € TIV, h, € € Iy with h # € and ¢, @1 € 11, the process §%w% defined in (3.39) satisfies
foralli e Iy,

/i 1 1
Hff@hm HHQ(]R) <C (((5/1,1‘ + 5“)N N2) maX{Lb+¢ L¢h L%}

where C' > 0 is a constant depending only on the upper bounds of T, maxer, E[|&]Y],
maxicry o7, L9, Lo, L#, L2, L% and LY.

Proof. To simplify the notation, we write X = X?, Y = Y% and Y/ = Y®%. Observe
that by Proposition for all i, € Iy,

2
VY Py < T sup EYAYS < T sup BIYAPBE|YS[ S
te[0,T] t€[0,1]
1 2 1 3
h, ~h, L, ~L,
<T (5h,icy4 + mCy“) (@,jcy‘* + mcﬁ) (3.122)
1 1 =04\ 1 ~hdy L 1
< T<5h,i5e,j(01}?401£/’4)2 + 2 <5h,i(C$’4Cé4)2 + 00, (Cy ' Cy 4)2> + W(OMC“)Q)-

In the sequel, we denote by C' > 0 a generic constant, which depends on the upper bounds
of T, maxer, (B[|&|"] + ||oil|zs), LPT%, LET¢, Lo, L, L% and L3¢, and may take a different
value at each occurrence.
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We now bound each term in (3.39)). Observe that for all ¢ € [0, T,
VI (00t 60) 02, (bt ) A byt
(V) (G0 Gt ) %0 (Y1) = @b oot xendin

N

N
+ Z(aiy] (bZ + ¢Z))(t Xt 2 Xt)(Y;tthZ + }/tézyh) Z (85 Yk (bz + ¢Z))(t7 Xt,i7 Xt)YZL]thk
7,k=1

J=1

(3.123)

The upper bound of (3.123)) can be obtained by similar arguments as for (3 - with (3 m
replaced by ([3.122] m b replaced by b; + ¢;, and Proposition replaced by Proposition

[B.77 Hence it holds that
A\ T /92 (1 , 2 (1 ¢
o) (Gl o) o) xx) (2
Y 8yx(bi + ;) 07, (bi + &) Y’
Moreover, as Zj\[:l(ay]¢;1>(v X, X)Yf = (ayz¢;z><'7 Xi, X)YEZ + Zj;éé(ayj ¢§z)(’ X, X>Yj£a

using the upper bounds of 9,¢) and 9,,¢;, the identity 6h,i||}/;€||3{2(R) = 5h,iHY;fH§¢2(R) and
Proposition [3.7.7]

5}171' + 5@71' 1
< C(Lh)? (T + W) :

(3.124)

H*(R)

2
ni || (8200) (-, X5, X YHZ (-, X, X)Y/
7= H2(R)
copere L Ly , |
< 03 (LRI By + S i + | S 0ueh) X0 XY,
j#L H2(R)
N 027 KT (L5")* =yt
< 6pi3| (L) HYh”W(R)"‘WHYz 132w) +(N_1)WZHY; 132(w)
At
cs ar( oL T (coa . L e oo L8P L g
> Op ( )my+N2 Y"‘my +(_>N2 '#my
J
<5 3T L¢/ 042 LqSh 06,2 C,E,Z
v ((LAPCF + (L)) (G2 + G

where the last inequality used (1 + (N — 1)?)/N? < 1 for all N > 1. Hence

2

5h,i (aﬂf)gb;z)( XzaX Yg + Z XZ,X)Y

j=1

C ’ oy
< 5h,z‘m ((L¢h)2(LZ+¢)2 + (Lyh)2> ;
H2(R)

(3.125)
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Similarly,
i C
d)//
5e || (Do) (- X1, X YMZ WO X XV < by (B3R 4 (157)?)
= H2(R)
(3.126)
Combining (3.124)), (3.125)), (3.126)) yields the desired estimate. O

Proof of Proposition[3.7.8 To simplify the notation, we write X = X%, Y" = Yd)’d’lh, Y =
YOOz = 7999 and §* = §99% . Applying Lemma with S = Z“", B,, =
(0u(bs + ¢0))(t, X0, X4), Bij = (0y,(bi + ¢:))(t, X1i,Xy) and f; = fri yields that for all
1€ Iy,

b+¢)2
sup ]E[|Zthf| | <2T ?e‘ (Ly 2) T22ALM T+ LT | 2L00T
t€[0,T) W® N

(3.127)

By Lemma [3.8.4] there exists a constant C' > 0, depending on the upper bounds of T,
maxery, B[|&]Y], maxiery ||loil|pe, L0, Lo, L, LbH’ L¢h and Lgf, such that for all ¢ € Iy,
175 2@y < C ((ni + G03) % + w5 ) max{L+?, L¢h ,LJ"}, which along with h # ¢ implies
that

N N
N
S = Xt e
k=1 2Ry k=1 ke{h,} keIn\{h,(}
& roiy (1 1 c -
< Cmax{LJ™ Ly" Ly} (N + (N — 2)N2> < Nmax{LZJ”b,Lyh,Ly"}.
Summarizing the above estimates yields the desired conclusion. O

Proof of Proposition . To simplify the notation, we write X = X?, Y" = Y®% Y’ =
Y% and ZM* = 7% 7 ¢f We denote by C' > 0 a generic constant depending only on the
upper bounds of T, max;ery E[|&[4], maxiery |0l pa, LVF?, Lo, L9, Lh, LY, Liz and Lfg
and may take a different value at each occurrence.

Fix t € [0,7]. By Lemma and Proposition [3.7.6]

Efuf, ]2 < C(”’(HEHXfZ ?) ZE!X )
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Moreover, by (3.40) and Lemma [3.8.1]

N

Z yk(bz tthXt)Y

E[lo?) < 3( 10u60)(t, X, X))V
k=

i 6h,iEU¢;l<t,Xt,i,xt>\21)

¢\2 h |2 (L$)2 h
< 38 (LOEIVAP) + 25 (EIVA P + (N = 1) Y B[ [VA4[7]
k+#h
, Ly & 2
+6h,iE|:L¢h(1+‘Xt,iD+ > 1Kl ]} (3.128)
k=1

which along with Propositions [3.7.6{ and [3.7.7| shows that EH’U¢ ¢h[ | < C (6hi+ 72(L9)?) .
¢¢'

This proves the desired estimate of v,

We then estimate w¢ i Slmllar to (3.124)),

Y\ (20 0% v} 11 ,

7 xx xy 1T < . +¢ ) )
‘(Yh) (%@ o0,) 00Xy S O Ons0a) 35 g | mastly ™, Ly}
H2(R)

(3.129)
By Proposition [3.7.8]
N
1(020) (-, Xi, X) Z a2y + (| D (O i) (-, X, X) 2,
k=1 H2(R)
< @RI e + Y ||[@uod X002
ke{h,t} ®)
h,¢
+ 0y H(aykqﬁi)(-,Xi,X)Zk (HQ(R) (3.130)
keIn\{h,(}

11 L1 LY 1
< C'max{L}"?, L¢h L%} <(5h,i + 531)N +amt NN + (N — 2)?’?)

SC(<5hz+5ﬂz>N N2

11
) max{ L5, Lih Ly’ }.
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Moreover, by similar arguments as that for (3.128) and using h # ¢,

2

O + 00| (Du) (-, X2, XYY, P

H*(R)

N
(Do) (-, X7 XY 43 (0,80 X7 Xy
k=1

2

N
/ C /
+ 370,60, X2, XYY < (Oni + 00~ max{ L4, L2, Ly"}2.

N2
k=1 H2(R)

(3.131)

Sumﬁba;ré%ing (13.129), (3.130) and (3.131]) and using LZ+¢ < LZ+L$ yield the desired estimate

of w, ™. O

%
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Chapter 4

Policy Gradient and Policy
Optimization methods

4.1 Introduction

Reinforcement Learning (RL) is a powerful framework for solving sequential decision-making
problems, where a learning agent interacts with an unknown environment to improve her
performance through trial and error [I37]. In RL, an agent takes an action and receives
a reinforcement signal in terms of a reward, which encodes the outcome of her action. In
order to maximize the accumulated reward over time, the agent learns to select her actions
based on her past experiences (exploitation) and/or by making new choices (exploration).
Exploration and exploitation are the essence of RL, and entropy regularization has shown to
be effective to balance the exploration-exploitation in RL, and more importantly to enable
fast convergence [40, [75, 110].

Fast convergence and sample efficiency are critical for many applied RL problems, such
as financial trading [77] and healthcare treatment recommendations [I58], where acquiring
new samples is costly or the chance of exploring new actions in the system is limited. In
such cases, the cost of making incorrect decisions can be prohibitively high.

Our work. This paper proposes and analyzes two new policy learning methods: regular-
ized policy gradient (RPG) and iterative policy optimization (IPO), for a class of discounted
entropy-regularized linear-quadratic control (LQC) problems over an infinite time horizon.
Assuming access to the exact policy evaluation, both approaches are shown to converge lin-
early in finding optimal policies of the regularized LQC (Theorem [4.4.1jand [4.5.1). Moreover,
the IPO method can achieve a super-linear convergence rate (on the order of one and a half)
once it enters a local region around the optimal policy. Finally, when the optimal policy from
an RL problem with a known environment is appropriately transferred as the initial policy

IThis chapter is mainly based on work [72] entitled Fast Policy Learning for Linear Quadratic Control
with Entropy Regularization, coauthored with Xin Guo (UC Berkeley) and Renyuan Xu (NYU)
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to an RL problem with an unknown environment, the IPO algorithm is shown to enable a
super-linear convergence rate if the two environments are sufficiently close (Theorem .

Our analysis approach is inspired by [53] to establish the gradient dominance condition
within the linear-quadratic structure. Unlike theirs, our framework incorporates entropy
regularization and state transition noise (Section [£.2). Therefore, in contrast to their deter-
ministic and linear policies, our policies are of Gaussian type. Consequently, the gradient
dominance condition involves both the gradient of the mean and the gradient of the covari-
ance (Lemma . Accordingly, to establish the convergence of the covariance update in
RPG, the smoothness of the objective function for bounded covariance is exploited, which
is ensured with proper learning rate (Lemma [£.4.1)).

Different from the first-order gradient descent update in most existing literature, our
proposed IPO method requires solving an optimization problem at each step. This yields
faster (super-linear) local convergence, established by bounding the differences between two
discounted state correlation matrices with respect to the change in policy parameters (Lemma
and Theorem[4.5.2). This approach is connected intriguingly with [40], where the bound
for the difference between discounted state visitation measures yielded the local quadratic
convergence in Markov Decision Processes (MDPs).

Related works of policy gradient methods in LQC. As a cornerstone in optimal
control theory, the LQC problem is to find an optimal control in a linear dynamical system
with a quadratic cost. LQC is popular due to its analytical tractability and its approximation
power to nonlinear problems [13]. Until recently, most works on the LQC problem assumed
that the model parameters are fully known. The first global convergence result for the
policy gradient method to learn the optimal policy for LQC problems was developed in [53]
for an infinite time horizon and with deterministic dynamics. Their work was extended in
[19] to give global optimality guarantees of policy gradient methods for a larger class of
control problems, which satisfy a closure condition under policy improvement and convexity
of policy improvement steps. More progress has been made for policy gradient methods in
other settings as well, including [21] for a real-valued matrix function, [22] for a continuous-
time setting, [61] for multiplicative noise, [91], [107] for additive noise, and [76] for finite time
horizon with an additive noise, [144] and [166] for time-average costs with risk constraints,
[80] for nearly-linear dynamic system, [I50] for distributional LQC to find the distribution
of the return, and [78] for nonlinear stochastic control with exit time. Our work establishes
fast convergence for both policy gradient based and policy optimization based algorithms
for an infinite time horizon LQC with entropy regularization.

Related works of entropy regularization. Entropy regularization has been frequently
adopted to encourage exploration and improve convergence [71, R1, 89, 00, 118 128, T48],
149| 152 [142], 140l 139, 161]. In particular, [2] showed that entropy regularization induces
a smoother landscape that allows for the use of larger learning rates, and hence, faster con-
vergence. Convergence rate analysis has been established when the underlying dynamic is
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an MDP with finite states and finite actions. For instance, [I] and [T10] developed conver-
gence guarantees for regularized policy gradient methods, with relative entropy regularization
considered in [I] and entropy regularization in [110]. Both papers suggest the role of regu-
larization in guaranteeing faster convergence for the tabular setting. For the natural policy
gradient method, [40] established a global linear convergence rate and a local quadratic
convergence rate.

For system with infinite number of states and actions, the closest to our work in terms
of model setup is [149]. Our work replaces their aggregated control setup with controls
that are randomly sampled from the policy, which are more realistic in handling real-world
systems. The focuses of these two papers are also different: theirs explained the exploita-
tion—exploration trade-off with entropy regularization from a continuous-time stochastic con-
trol perspective and provided theoretical support for Gaussian exploration for LQC; while
ours is on algorithms design and the convergence analysis. To the best of our knowledge, our
work is the first non-asymptotic convergence result for LQC under entropy regularization.

Related works of transfer learning. Transfer learning, a.k.a. knowledge transfer, is a
technique to utilize external expertise from other domains to benefit the learning process of a
new task [28 29| 116l 15T]. It has gained popularity in many areas to improve the efficiency
of learning. However, transfer learning in the RL framework is decisively more complicated
and remains largely unexplored, as the knowledge to transfer involves a controlled stochastic
process [168]. The transfer learning scheme proposed here is the first known theoretical
development of transfer learning in the context of RL.

Notations and organization. Throughout the paper, we will denote, for any matrix
Z € R™4 ZT for the transpose of Z, || Z|| for the spectral norm of Z, | Z||r for the
Frobenius norm of Z, tr(Z) for the trace of a square matrix Z, and o, (Z) (resp. omax(Z2))
for the minimum (resp. maximum) singular value of a square matrix Z. Let S? denote
the set of symmetric positive semi-definite matrices in R%*?¢ and Si . for the subset of Si
consisting of symmetric positive definite matrices. We will adopt N (p, ) for a Gaussian
distribution with mean ;. € R? and covariance matrix ¥ € S‘i.

The rest of the paper is organized as follows. Section introduces the problem and pro-
vides its theoretical solution using the dynamic programming principle. Section presents
the gradient dominance condition and related smoothness property. Section introduces
the RPG method and provides the global linear convergence result, and Section proposes
the TPO method, along with its global linear convergence and local super-linear convergence
results. Section [4.6] shows that IPO leads to an efficient transfer learning scheme. A model-
free version of the policy-based method is discussed in Section [4.7] Numerical examples are
presented in Section [4.8]
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4.2 Regularized LQC Problem and Solution

4.2.1 Problem Formulation

We consider an entropy-regularized LQC problem over an infinite time horizon with a con-
stant discounted rate.

Randomized policy and entropy regularization. To enable entropy regularization for
exploration in the context of learning, we focus on randomized Markovian policies that are
stationary. Namely, define the admissible policy set as IT := {7 : X — P(A)}, with X the
state space, A the action space, and P(.A) the space of probability measures on action space
A. Here each admissible policy 7w € II maps a state x € X to a randomized action in A.

For a given admissible policy 7 € II, the corresponding Shannon’s entropy is defined as
[69], ©0):

H(m(- | z)) = —/ log m(u | z)m(u | z)du.
A
The Shannon entropy quantifies the information gain from exploring the unknown envi-

ronment. We incorporate this entropy term in the objective function as a regularization to
encourage collecting information in the unknown environment and performing exploration.

Objective function and dynamics. The decision maker aims to find an optimal policy
by minimizing the following objective function

min B,p[Jx(2)], (4.1)

with value function J, given by

Jo(w) = By |4 (] Qo + o R + 7 log (o)
t=0

Ty = m] , (4.2)

and such that for t =0,1,2,---,
Li41 = Az + Buy +wy, 2o ~ D. (43)

Here z; € X := R" is the state of the system and the initial state zy follows an initial
distribution D. Here u; € A := R¥ is the control at time ¢ following a policy 7. In addition,
{w:}2, are zero-mean independent and identically distributed (i.i.d) noises. We assume
that {w;}22, have finite second moments. That is, tr(W) < oo with W := E[w;w/ ] for any
t=0,1,2,---. The matrices A € R"*", B € R™* define the system’s (transition) dynamics.
Q€S and R € Si . are matrices that parameterize the quadratic costs. v € (0, 1) denotes
the discount factor and 7 > 0 denotes the regularization parameter. The expectation in
is taken with respect to the control u;, ~ m(+|z;) and system noise w; for ¢ > 0.
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4.2.2 Optimal Value Function and Policy

While the optimal solution to the LQC problem is a well-explored topic, it is worth noting
that, to the best of our knowledge, no prior work has presented a solution to the entropy-
regularized LQC problem in the form of (£.1). Additionally, in the study of [149] for entropy-
regularized LQC with continuous-time state dynamics, they focused on the state transitions
with aggregated controls. This differs from the state transitions considered in (4.3]), where
the controls in the state transitions are randomly sampled from the policy 7.

Optimal value function. The optimal value function J* : X — R is defined as

J*(x) = min J.(x). (4.4)
well
The following theorem establishes the explicit expression for the optimal control policy and
the corresponding optimal value function: the optimal policy is characterized as a multi-
variate Gaussian distribution, with the mean linear in the state x and a constant covariance
matrix.

Theorem 4.2.1 (Optimal value functions and optimal policy). The optimal policy ©* to
(4.4) is a Gaussian policy: 7*(-|x) = N(—K*x,X*),Vo € X, where

K*=~y(R++yB"PB)"'BTPA, %*= g(R +~BTPB), (4.5)
with P and q satisfying
P=Q+ K'"RK* +~(A— BK*)" P(A - BK™), (4.6a)

q= ﬁ (tx(=* (R ++B"PB)) - > (k +1log ((2m)" det £)) + Ye(WP)).  (4.6D)

The optimal value function J* in (4.4) can be expressed as J*(x) = 2" Pz + q.

Proof of Theorem relies on the following lemma, which establishes the optimal
solution for the one-step reward function with entropy regularization in the reward.

Lemma 4.2.1. For any given matrizc M € S% and vector b € R¥, the optimal solution
p* € P(A) to the following optimization problem 1s a multivariate Gaussian distribution
with covariance M~ and mean —5M~'b:

p-Argi[(I)loo)E"Np(') [u" Mu+b"u+ 7logp(u)],

_ (P)
subject to/ p(u)du = 1.

A
Proof. (of Theorem [4.2.1]). By the definition of J* in (4.4)),

J*(x) = min Eﬂ{xTQ:U +u' Ru + 7log(m(ul|z)) +vJ*(Az + Bu + w)}, (4.7)

mell
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where the expectation is taken with respect to u ~ 7(-|z) and the noise term w, with mean
0 and covariance W. Stipulating

J(z) =2 Pz +q (4.8)

for P € S and ¢ € R and plugging into (4.7)), we can obtain the optimal value function
with dynamic programming principle [16} 18] [63] 137):

J*(z) = 2" Qz + min Eﬂ{uTRu + 7 log(m(u|z))
+ v [(Az + Bu+w) " P(Az + Bu + w) +q}}
=2 ' Qr+~yTr(WP) +~yz' A" PAz +vq
+ min Eﬂ{uT(R +~B"PB)u + 7log(m(u|r)) + 2fyuTBTPAx}. (4.9)

Now apply Lemma to (4.9) with M = R+ ~vB"PB and b = 2yB" PAz, one can get
the optimal policy at state x:

T (Jz) = N (—V(R +yBTPB) BT PAg, g(R + vBTPB)*) — N (—K*z,2%),  (4.10)

where K*,3* are defined in ({4.5)).
To derive the associated optimal value function, we first calculate the negative entropy
of policy 7* at any state x € X:

E .« [log(m* (u|x))] = Alog(n*(u\x))w*(u@)du = —% (k +log ((2m)" det X*)) . (4.11)

Plug (4.10) and (4.11)) into (4.9) to get
J'(z)=2" (Q+ K*"RK*+~(A— BK*)'P(A— BK")) x
+ TH(Z'R) — 5 (k + log ((2m)* det 7)) + 5 (Tx(Z* BT PB) + Te(WP) + ).

Combining this with , we obtain the Riccati equation in (4.6a)), which according to [17,
Proposition 4.4.1] has a unique solution P. This is because (4.6a) takes the same form as
the one for the classical LQR problem (without entropy regularization). With the unique
solution P, we can then define the unique g as in (4.6b|), which finishes the proof. O]

4.3 Analysis of Value Function and Policy Gradient

In this section, we analyze the expression of the policy gradient, the gradient dominance
condition, and the smoothness property of the value function. These properties are necessary
for studying the algorithms proposed in Section 4.4 and Section 4.5
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Throughout the analysis, we assume that there exists p € (0, %) satisfying ||[A— BK*|| <
p where K* is the optimal solution in Theorem We consider the following do-
main  (i.e., the admissible control set) for (K,X): @ = {K € R*" ¥ e S%}. For
any zo € X following the initial distribution D, we assume that E,, .p[zoz]] exists and
[ = Omin (ExOND[xoxg]) > 0. For any (K,X) € €, define Skyx as the discounted state

correlation matrix, i.e.,
o0
ny’xzle ) (4.12)
i=0

According to Theorem [4.2.1] the optimal policy of (4.1]) is a Gaussian policy with a mean
following a linear function of the state and a constant covariance matrix. In the remainder
of the paper, we look for a parameterized policy of the form

SK,E = EWK,E

mrx(|lr) = N(—Kz, %), (4.13)

for any z € X. With a slight abuse of notation, we use Jx 5. to denote Jy,. . and denote the
objective in (4.1)) as a function of (K, X), given by

C(K,S) = Epup [Jxs(@)]. (4.14)

To analyze the dependence of 3 in the objective function (4.14)) for any fixed K, we also
define fx : R¥* 5 R as

fr(X) = log det(X) —

-
— Tr (S(R++yB"PgB)), VX =0. 4.15
21— ) e ) (419)

By applying the Bellman equation, we can get Jxx(z) = 2" Pxx + qrx with matrix
Py € §? and gk x € R satisfying

Py =Q+ K'RK +~(A— BK)"Pg(A - BK),

Ky = ﬁ(tr(Z(R +7yB"PxB) — % (k +log ((2m)F det X)) + vtr(WPK)) (4.16)

Note that differs from equations in terms of their solutions. In , the
values of K* and ¥* are explicitly defined by K* = y(R + yB'PB)"'B"PA and ¥* =
Z(R+~B"PB)~'. By substituting these values into (4.6a)), one can obtain the solutions for
P and ¢, which define the optimal value function J*(x) = 2" Pz + q.

Meanwhile, K and ¥ in can take any admissible policy parameter values in €2,
and the resulting Pk and g » are functions of these policy parameters. The value function
Jr () derived from (4.16)) represents the value starting from state x with policy parameters
(K, Y), which may or may not correspond to an optimal policy.

We now provide an explicit form for the gradient of the cost function C'(K, ¥) with respect
to K and ¥. This explicit form will be used to show the gradient dominance condition in
Lemma [£.3.2] and also in analyzing the algorithms in Sections [4.4] and 4.5
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Lemma 4.3.1 (Explicit form for the policy gradient). Take a policy in the form of (4.13))
with parameter (K,X) € §, then the policy gradient has an explicit form:

1
ViC(K, %) = 2BxcSyey, VoO(K,%) = 1= (R - gz—l n WBTPKB> , (4.17)
where Ex := —yB"Px(A — BK) + RK and Sk.x is defined in ([£.12).

Gradient dominance. To prove the global convergence of policy gradient methods, the
key idea is to show the gradient dominance condition, which states that C'(K, ¥)—C(K*, £*)
can be bounded by |[VxC(K,X)||% and |[VeC(K,X)||% for any (K,X) € Q. This suggests
that when the gradient norms are sufficiently small, the cost function of the given policy is
sufficiently close to the optimal cost function.

Lemma 4.3.2 (Gradient dominance of C(K,X)). Let ©* be the optimal policy with param-
eters K*,¥*. Suppose policy m with parameter (K,%) € Q satisfying ¥ < I has a finite
expected cost, i.e., C(K,%) < co. Then

S * 3k 1 —
o(k,x) — ok, v < Aol 1o o mye + 220 1veck D)2, (448)

o 4M20min(R> Umin<R)
For a lower bound, with Er defined in Lemma[4.5.1],
* * 2 T
C(K,X)—C(K*,¥X") > Tr(E.Ex).

“Almost” smoothness. Next, we will develop a smoothness property for the cost ob-
jective C(K, X)), which is necessary for establishing the convergence algorithms proposed in
Section [£.4] and Section (4.5

A function f : R®™ — R is considered smooth if the following condition is satisfied:
|f(@) = fly) + V(@) (y—2)| < 2|z —yl?>, Va,y € R", with m a finite constant [53, [76]
. In general, characterizing the smoothness of C'(K,>) is challenging, as it may become
unbounded when the eigenvalues of A — BK exceed % or when o,;,(3) is close to 0.
Nevertheless, in Lemma [£.3.3] we will see that if C'(K,Y) is “almost” smooth, then the
difference C(K,¥) — C(K’,%¥') can be bounded by the sum of linear and quadratic terms
involving K — K" and ¥ — X/,

Lemma 4.3.3 (“Almost” smoothness of C(K,X)). Fiz 0 < a < 1 and define M, =

%. For any K,% and K', % satisfying al <X <1 and al XY <1,

C(K'.Y) - C(K,X) = Tr (Sk (K — K) (R+~B" PxB)(K' — K))
+ 2Tr (SK/QI(K/ - K)TEK) + fK(E) - fK(Z/)
< Tr (Skr s (K' — K) (R++9B"PxB)(K' — K)) +2Tr (Sg s (K' — K)" Eg)

L1
L=~
where fr is defined in (4.15)).

ir ((R +~+BTPgB — gz—l) (' — 2)) + M, tr (571 = 1)?),
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4.4 Regularized Policy Gradient Method

In this section, we propose a new regularized policy gradient (RPG) update for the param-
eters K and :

-1

K = KO _ Vi C (K(t), E(t)) . (SK<t),2(t>)
) = 2@ _ pyOvgC (K(t), E(t)) ()

RPG takes into account the inherent structure of the parameter space, which can accelerate
convergence. By the explicit expressions of VC(K,Y) and VyC(K, X) in (4.17), the above
update is equivalent to

Y

KUY = KO _op B,

nt+) — »(t) _ 1&2@) (R +~B"PywB — %(Z(t))*l) »(®)
-7

(RPQG)

From (RPGJ), one can see that the update of parameter K does not depend on the covariance
matrix . However, the update of > does depend on K through Pg.

Remark 4.4.1 (Comparison to natural policy gradient). Assume that the covariance matriz
Y2 is parameterized as scalar multiplication of an identity matriz, i.e., > = sl for some s > 0
and g s(x,u) = N(Kx,sI). Then the natural policy gradient follows the update [93):

K' =K -nG'VO(K,sl), s =5 —nG710,C(K,sl), (4.19)

where Gx and G4 are the Fischer information matrices under policy T s, i.€.,

Gk =E Z VlOgWK,s(Ut|$t)vIOgWK,s(Ut|$t)T] 5
=0

G, =E Z 05 log Tk s (ut|z¢)0s log WKys(ut|xt)T] )
=0

When the covariance matric of the Gaussian policy takes a diagonal form as in wg s, (4.19)
are equivalent to

K' =K —nVO(K,sI)(Sk.)™", §=s—10,C(K,sl)s? (4.20)

for some constant 11 > 0.

FEven though 1s simalar to (4.20)), there is no corresponding Fisher information
form associated with because of the additional step that simultaneously updates the
covariance matriz Y, which may not necessarily be diagonal.

We next show that (RPG|) achieves a linear convergence rate. The covariance matrices
{E(t)}zo using (RPG)) remain bounded, provided that the initial covariance matrix () is
appropriately bounded.
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Theorem 4.4.1 (Global convergence of m Given 7 € (0, 20min(R)], take (K© %)) €
Q such that X < I. Define M, = j log (U“““(R)) and

2(1 v)
2 IBTB| (C(K©,5®) — M,)
= — IR )
To = ax {TO'min (X))’ 12+ i amm(W)
- Sgex s ||r r3 (0) 32(0)y_ * gk
Then for ni,m = 2T0 (211%7) and for N > max{“ufm;f(g)‘), Tchili(R)}log cK®,5 3 CUE"27)

the reqularized policy gradient descent (RPG|) has the following performance bound:

C (KM, x™)) — C(K*,x) <e.

Remark 4.4.2. Theorem [].4.1] shows that in order to achieve an e-optimal value function,
the number of iterations required is at least O (T%) Thus, the larger the value of regulariza-
tion T, the smaller the number of iterations, and the faster the convergence.

Remark 4.4.3. In the RPG update, we only need an upper bound and a lower bound for
Y, namely, al < X <X bl for some 0 < a < b. Different choices of b may lead to different
(admissible) ranges for T. For ease of exposition, we set b = 1 in Theorem and the
results can be easily extended to the general case of any b > a > 0.

To prove Theorem 4.4.1, we will first need the boundedness of the one-step update of
the covariance ¥, in order to guarantee the well-definedness of the cost function along the

trajectory when performing (RPG|) (Lemma [4.4.1). Additionally, we will bound the one-
step update of (RPG]) (Lemma (4.4.2)), and provide an upper bound of || Pg|| in terms of the
objective function C'(K,Y) (Lemma [4.4.3).

Lemma 4.4.1 (Boundedness of the update of ¥ in (RPGJ)). Let (K,%) € Q be given such

that 0 < S < I. Fiz 1 € (0, 200in(R)], a € (o, min {m,amm(z) ) Let K5 be
the one-step update of K, using (RPG|) with ns < 1—7. Then al <Y < 1.

Lemma 4.4.2 (Contraction of (RPG)). Let (K,%) € Q be given such that 0 < ¥ < 1.
Assume T € (0,20min(R)]. Fiza € (0, min {m, amin(Z)}> . Let K',Y) be the one-

step update of K,Y using (RPG)) with n; < mﬂh < 2(17)‘12. Then al <Y <1
and

C(K'X) - C(K",X") < (1 - ()(C(K, %) = C(K", £7)),

. . 20 omin (R)  n2a0min (R)
with 0 < ¢ = mm{ [ ) } <L

Lemma 4.4.3 (Lower bound for C(K,X)). Let M, be defined in the same way as in Theorem
441 Then for all (K,3) € Q, O(K, %) > (u 1 (W )) 1P| + M.
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Proof. (of Theorem |4.4.1). Using Lemma for any ¢ > 0,
1 1 1

> > . 4.21

|R+~BTPywB| ~ |Rl +~|BTB| [|[Pxw| ~ IR| +fyHBTB||(O(K<t>7E<t>)—MT) (4.21)
M+ﬁ‘7min(W)

Let a = 5-, ¢ = min {z’ﬁrg;::;(f), WQZ?fj;()R)}. The proof is completed by induction to

show C(K®D $0+D) < (1 — )C(K®,%®) and al < X+ < [ holds for all ¢ > 0: at
t = 0, apply to get n; < 2HR+7B%PK<0)BII and a < 2||R+’YB$PK(0)BH' Additionally with
Ny = 7(217%7) = 2(1;7”2 and a[ j Z(O) < I, Lemma 4.4.2{ can be applied to get C(K® 1)) <
(1-— QC(K(O), ) < O(K ©), and al < () < I. The proof proceeds by arguing
that Lemma can be apphed at every step. If it were the case that C ( Z(t)) <
(1-¢)C (K(t ! 2 D) < C(K©,29) and al 2 ® <1, then

1 1
IBT B||(C(K© x©)-M,) — IBTB|(C(K®,5®)-M,)’
pt 125 Omin (W) 1R[]+ pr 2 Omin (W)

27]1 =
IR+~

1 : T
thus by (4.21) n; < B Py B and in the same way a < R (t)B . Thus, Lemma

4.4.2|can be applied such that C' (KD £ —C(K*, 5%) < (1-¢) (C (KD, 50) — C(K*,57)) .
and af < XD < . Thus, the induction is cornplete Finally, observe that 0 < ¢ <

2umomin(R) _ pomin(R) 2a0min(R) __ T20min(R) i
Trr s+l TSrmellro - 1, and ¢ < 0mn) . = sl , the proof is complete. m

4.5 Iterative Policy Optimization Method

In this section, we propose an iterative policy optimization method (IPO), in which we
optimize a one-step deviation from the current policy in each iteration. For IPO, one can
show both the global convergence with a linear rate and a local super-linear convergence
when the initialization is close to the optimal policy. This local super-linear convergence
result benefits from the entropy regularization.

By the Bellman equation for the value function Jg 5,

Jrs(7) = Eymrge s [:ETQZL‘ +u' Ru + 7log Tryx(ulr) + vJgx(Ar + Bu + w)} )
We assume the one-step update (K’,¥’) satisfies:

K'Y = argmln]EuNW - [ Qr +u' Ru + Tlog T 5 (ulr) + v Jk s (Ar + Bu + w)]

By direct calculation, we have the following explicit forms for the updates:

K(t+1) _ K(t) _ (R—|-fyBTPK(t)B)_1 EK(t)>
» : (IPO)
S2(+1) =3 ~(R+~B"Pg»B) ",
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for t = 1,2,--- . The update of K in (IPO) is identical to the Gauss-Newton update when
the learning rate is equal to 1 in [53]. The update of ¥ in (IPO)) is not gradient-based and
only depends on the value of K in the previous step.

4.5.1 Global Linear Convergence

In this section, we establish the global convergence for (IPO)) with a linear rate.
Theorem 4.5.1 (Global convergence of ([PO))). For

C(K©,20) — ¢(K*, 5%

Y

N > IS -

log
€

the iterative policy optimization algorithm (IPO|) has the following performance bound:
C(K™ vx™)) _ O(K*, %) < e.

The proof of Theorem |4.5.1| is immediate given the following lemma, which bounds the

one-step progress of ([POJ):
Lemma 4.5.1 (Contraction of (IPO). Suppose (K',¥') follows a one-step updating rule of
(IPO)) from (K,X). Then

C(K',Y) — C(K*, %) < (1 L) (C(K,%) — C(K*,5%)),

 |[Sk-x-

with 0 < 82— < 1.

ISrcx s+l —

Theorem suggests that achieves a global linear convergence. Compared with
, exhibits faster convergence in terms of the rate at which the objective function
decreases (c¢f. Lemmas 4.4.2{ and 4.5.1]). Furthermore, the subsequent section demonstrates
that enjoys a local super-linear convergence when the initial policy parameter is within
a neighborhood of the optimal policy parameter.

4.5.2 Local Super-linear Convergence

This section establishes a local super-linear convergence for (IPOJ). We first introduce some
constants used throughout this section:

13 -:% Cyi= 2—p° n 1
A= T (=P (=) (L= )P =) (4.22)
1 1 '

A () G B Gy T gy
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To simplify the exposition, we often make use of the notation Sy v and Sk« s+, which

we abbreviate as S® and S*, respectively, provided that the relevant parameter values are
clear from the context. Then, define

p+ (Al 2y, L )
= 0= 2p&, || BII(1QN + |1 R[|1&7) + =[S R - (r + [[K*]]),
|Omin(B)] B H

= (gv,pHE[xOxE)r]H + g%pHBE*BT + W“) 2p[|B||
(14 GulB) - [ R+ 98" P Bl + cxomn(R) - (IBIIA] + |BI) ).
.:CT'YW%,OHBW
2 20 (R)?

IBK]] [A=BK]|[+] Al Al
Note that for any K € QJ HKH S |omin (B)] S |omin (B)] S [omin(B)] R

We now show that ([POJ|) achieves a super-linear convergence rate once the policy pa-
rameter (K, Y) enters a neighborhood of the optimal policy parameter (K*,3*).

Theorem 4.5.2 (local super-linear convergence of ([PO)|)). Let ¢; and ¢y be defined in (4.23)).

Let § := min {ﬁamm(S*), %}. Suppose that the initial policy (K©, X)) satisfies

(4.23)

11\
C(KY 2Oy — C(K* v < (— - m) Omin (R + YBPg-B) 6%, (4.24)
I
then the iterative policy optimization algorithm (IPO) has the following convergence rate:
fort=20,1,2,---,
(c1 4 ¢2) (C(K®, 50) — O(K*, %))
O-min(S*)\/MO-min(R+7BTPK*B) ‘

The following Lemma is critical for establishing this local super-linear convergence:
it shows that there is a contraction if the differences between two discounted state correlation
matrices ||S¢*+Y — S*|| is small enough. Then, by the perturbation analysis for Sk (Lemma
4.5.3)), one can bound || St — §*|| by ||[K® — K*|| (Lemma [4.5.4)). The proof of Theorem

4.5.2| follows by ensuring the admissibility of model parameters { K®, E(t)}zo along all the
updates.

Lemma 4.5.2. Suppose that ||SUY) — S*|| < 0.i(S*) for all t > 0 when updating with

(LPO)., then
S - 5
C K(t—i—l) Z(t+1) _O(K*. Y% < ||
(reeed zo) - o ) < 1t
Lemma 4.5.3 (S 5 perturbation). For any (K, %) and (K, X9) satisfying ||A—BK, || < p
and [|[A — BKs|| < p,

C(KD) »t+)) _ o(K*, %% <

(C(KW,20) — C(K*,5%)).

HSKl,El - SK2722H
< (& plElzozg Il + Gl BELBT + W) - 20l BIl 1K1 — Kol + wy ol BIIP[[£1 = Saf|.
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Lemma 4.5.4 (Bound of one-step update of S®). Assume that the update of parameter
(K,X) follows ([PO)). Let ci,cy be defined in (#23). Then for K satisfying ||A —
BK®Y| < p, we have |[|ST) — S*|| < (c; + )| KO — K*|.

Proof. (of Theorem 4.5.2)). First, Theorem shows that for an optimal K*, K* =
Y(R 4+ vB" Pg«B) BT Pk« A. Then, by the definition of E in Lemma [4.3.1]

Eg+ = —yB' Px:A+ (yB'Pg-B + R)K* = 0.

Fix integer t > 0. Observe that

(@)
(1 — ”SL) (C(K(t), >y - C(K*, 2*)) > C(KD sty — oK+, 5%
K* X+

Q]
> [10in (R + 7B P B) [KD — K*|° + fie (57) = fiee (B0F)

(©)
> UOmin (R + YBPy-B) || K — K*||2.

(4.25)

(a) is from the contraction property in Lemma [4.5.1} (b) follows from Lemma and
([59); to obtain (c), note that fr- (5*) — fx+ (Z*FV) > 0, since £* is the maximizer of
frc+. Thus, ([£.25) and ([#.24) imply || K¢*Y — K*|| < § which suggests that [|A — BK®+)|| <
|A — BK*|| + | B||||K“*D — K*|| < p. Then by Lemma[4.5.4]

IS = 57 < (er + ) KO — K| < 0in(S7). (4.26)

Thus, one can apply Lemma to get:

C(K!H),20) — O(K*,¥7) < %”K W — K*(C(KY, 2Y) — O(K*,%7)). (4.27)
Omin

Using the same reasoning as in ([#.25)) (a) to (c), we have C(K®, ¥®) — C(K* ¥*)>
(10 min (R 4+ vB" Pg-B) [|[ K" — K*||* and plug it in (4.27) finishes the proof. O

4.6 Transfer Learning for RL

One can apply the local super-linear convergence result in Theorem to provide an effi-
cient policy transfer from a well-understood environment to a new yet similar environment.
The idea is to use the optimal policy from the well-understood environment as an initializa-
tion of the policy update. If this initial policy is within the super-linear convergence region
of the new environment, one may efficiently learn the optimal policy in the new environment.
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Problem set-up and main results. We analyze two environments M := (A, B) and
M := (A, B), with (K*,%*) and (K, %) as their respective optimal policies and C' and C
as their respective objective functions. Assume that one has access to the optimal (regular-
ized) policy (K*,%*) for environment M, called the well-understood environment. We use
(K*,¥%) as a policy initialization for the less understood environment M, called the new
environment. The goal is to investigate under what conditions this initialization enters the
super-linear convergence regime of M.

Throughout this section, we specify the operator norm || - | as the one associated with
vector g-norm. Namely, for ¢ € (0,1) and A € R™*" for some positive integers nj, ny:
Al == ||A]l, = supm;,éo{”m”q, T € R”Q}. For ease of the analysis and to make the two

q

environments comparable, the following assumptions are made:

Assumption 4.6.1. Assume the following conditions hold:

1. Admissibility: (K*,%*) is admissible for M and (f*,i*) is admissible for M, i.e.,
|A— BK*|| < p,|A=BEK"|| < p with p € (0, %) and ¥* = 0,5 = 0.

B, <1

2. Model parameters: ||B||,,
3. Optimal policy: || K*|| < 1.

The first condition ensures that the environments M and M are comparable. The second
and third conditions are for ease of exposition and can be easily relaxed.

Similar to Pg defined in for environment M, let us define the Riccati equation for
the new environment M as:

Px = 4(A—-BK) Px(A—BK)+Q+ K"RK, (4.28)

and define x', ¢, ¢}, ¢y in the same way as ({.23) with (4, B) replacing (4, B).
The following theorem suggests that if the environments M and M are sufficiently close
in the sense of (4.29)), then (K*, ¥*) serves an efficient initial policy for M which directly

leads to a super-linear convergence for the new learning problem

._ 0 vp ! e— mi 1 (G —
Theorem 4.6.1. Let ¢, , := max{ = 1—w2} and ¢ := min {c’1+c’2 Omin (Sg* 57,

p—|A-BK"|

5 } If the following condition is satisfied:

1 L
<i - ||5}*||> Omin (R + /VBPf*B) (5/)2

R )
4%)( |Eagunlzond] + W]|, + 12 + 1) T

(14—, +1B-Bl,) < (4:29)

then (K*, %) is within the super-linear convergence region of environment M, i.e.,

e s, e G (CERY S O )
CE" ") _oEx

Y — Y

T —
O-min(SF*’f*)\//lamin(R + ”}/B PF* B)
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for all t > 0 f the initial policy follows (K() 3¢ )) = (K*,X*) and the policy updates
according to .

Proof. (of Theorem [4.6.1)). It is easy to verify that

(6 (K°.%) - O(K*,5%) g(?(ﬁ*,i*)—om*,i") S — C(K*, 57|, (4.30)

For any given policy (K,X) that is admissible to both M and M, we have Jgs(r) =
x' Prx + gx > and J K w(x) = 2" Prx + qk » with some symmetric positive definite matrices

Py, P € R satisfying (4.16) and (4.28)) respectively. In addition, the constants g x; takes
the form of (4.16)) and g 5, € R takes the form of G, 5, = ﬁ ( — 2 (k+1log ((2m)k det X)) +

tr (SR+ y(X(B) "PxB + WPkg)) ) Note that

Py — Px = y(A — BK)" Px(A — BK) — (Z BK
=y(A—A—(B-B)K)'Px(A— BK)+~(A
+~(A - BK)"(Px — Pg)(A - BK).

>T?K<Z—§K>
BK)" Pi(A—7A— (B - B)K)

Hence we have ||Px — Pkl < 2v(|A — Al + | K|[I|B — BI)||Pxllp + 70| Px — Pk, and
therefore, since vp? < 1,

27[)

1P = Prcll < 7 (IIA Al + K18 = B Pl (4.31)

Similarly,
Tos — ks = 7o (7e((B~B) P B) +Te(B Py (B~ T))
+Tr (ET(PK —Py) E) + Te(W (Px — FK))> .
Recall that 2y ~ D and denote Dy = E,,p|rozl]. Therefore,

’U(F*, T - O(F", T

< o (P —??)(DMW))) e Te((B - B)" Py B)’
+1_7 Te(B' P (B—B))‘Jrﬁ (B’ (PF*—P?)B)(
< [P — ?*||p||DO+W||q+SHB_BHPHPK* o(IBllg + [|Bllq)

y —
"‘:HPF* — Pgllp (4.32)
where the last inequality follows from |Tr(AB)| < ||A'||, || Bl when 1/p +1/q = 1. This
is a consequence of combining von Neumann’s trace inequality with Holder’s inequality for
Euclidean space.
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(4.16]) suggests that, for any admissible K such that || K|| < 1, we have || Pk || < vp?|| Pk ||+
Q| + [RH Hence, ||Pk| < %. Combining this bound with (4.31)) and the fact that
IBllg> | Bllgs I1K*]| <1, (#32)) can be bounded such that

v 29vp Q| + [|R|| = -
4.32§<D+W + ) (A—A+B—B)
13 < (100 + Wil + 12 ) s L (- 2 4 15 - B

2y Q| + [|IR]
¢ 2 M g,
l1—7v vp?

vy lel+ iR
=+

SQC%/J(HDO""M/Hq"" 1—p?

(14 =All, + 1B - Bll,).  (4.33)

Similarly, we have

|C(K*,2*) — C(K*, %)

< 2c%,,(||po+w||qu 117 >||Ci|| +le|| (I|A A+ BB ) (4.34)
Finally, plugging — into , we have
’5(7‘, =) — C(K*, %)
< 46%,,<HD0 + Wiy + 5 R - > ||Ci||_+ 12| (IIA Al + B3], ) (4.35)
O

4.7 Model-free Extension

Model-based convergence provides a foundation for model-free analysis, as demonstrated
[53), [76] where the more challenging policy convergence analysis for the model-based setting is
followed by a relatively routine sample-based analysis of zeroth-order gradient approximation
[126], 08, 111, [4T]. Similarly, our analysis of local superlinear convergence and transfer learning
applications within a model-based framework can be extended to developing a model-free
algorithm, for instance, Algorithm [4]

In the setting with unknown model parameters A, B, (), R, where the controller has only
simulation access to the model, We/a\pply a zeroth-order optimization method to approximate

the gradient VKE(}, ¥) and VyC(K, ), as in Algorithm
The updating rule for VxC(K,Y) is standard [53] [76]. We now explain the expression

for Vgﬁ(} ¥). By Lemma 4.5 and Theorem 4.2, ¥ is positive definite (with the time index
t is omitted for ease of exposition). Let L denote the Cholesky decomposition of 3 such
that ¥ = LLT. Let vec(X) € RP= and vec(L) € RP= denote the stacked vectors of the
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Algorithm 4 Policy Gradient Estimation with Unknown Parameters

Input: K, >, the number of trajectories m, smoothing parameter r, dimension Dy and

Ds,

Apply Cholesky decomposition to matrix ¥ to get L such that ¥ = LLT.

fori=1,2,--- ,m do
Sample a policy &; = L;(L;)", where vec(L;) = vec(L)+U;, where U; is drawn uniformly
at random over vectors in RP= such that ||U;||r = r. Simulate with policy (K, iz) from
xo ~ D for [ steps. Let @ denote the empirical estimates:

l
~ } : t
= Y Ce,
t=1

where ¢; and z; are the costs and states on this trajectory.
Sample a policy K; = K + U], where U/ is drawn uniformly at random over matrices in
R*" such that ||U!]|r = 7. Slmulate with policy (KZ, Y;) from g ~ D for [ steps and

let C’ and S’ denote the empirical estimates:

! l
-~ - t /1 o _ t 1T
—E Y C Si_E YLy
t=1 t=1

end for
return the estimates of VxC(K,X), VsC (K, X), Sk x:

— ey (1 Dy
Voo C (K, 5) = (VVQC(L)VeC(E(L))T) : (E 3 —ECiUi> ,

l m

— 1 — 1 ~
m=1 =1
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lower-triangular entries in matrices ¥ € R¥** and L € R*** respectively, with Dy, := hktD),

2
Similarly, denote vec(K) € RPx as the stacked vectors of all entries in K € RF*" with
Dy =k xn. Then Ve C(K,X) = VveC(L)VeC(Z(L))T * Vyee(x)C (K, X). In Algorithm ,
we approximate Viyeqr)C(K,X) with zeroth-order estimate and the above equation to get

Vvec(;CTK ,2). The estimate Vzﬁ ¥)) can be obtained by rearranging the entries of

Vieez)C (K, ) into a matrix form.

4.8 Numerical Experiments

This section provides numerical experiments using (RPGJ|) and (IPOJ) to illustrate the results
established in Section [4.4] [4.5 and [4.6]

Setup. (1) Parameters: A € R™*", B € R™* @ € ST, R € S¥, are generated randomly.
The scaling of A is chosen so that A is stabilizing with high probability (omax(A4) < %)
Initialization: K\ = 0.01 for all 4, j, © = I.

(2) Transfer learning setup: A and B are the state transition matrices which are generated
by adding a perturbation to A and B: A; j = A;; +u;, B ; = B;j +uj;, where u; ; and uj ;
are sampled from a uniform distribution on [0, 1073]. The initialization of K and ¥ are the
optimal solution K* and ¥* with state transition matrices A and B.

Performance measure. We use normalized error to quantify the performance of a given
policy K, ¥, i.e., NORMALIZED ERROR = C(Kg();(cg() = ), where K™, 3" is the optimal policy
defined in Theorem [4.2.1]

(Fast) Convergence. Figure shows the linear convergence of (RPG)), and Figure [4.1b|
shows the superior convergence rate of . The normalized error falls below 107* within
just 6 iterations, and from the third iteration, it enters a region of super-linear convergence.
Figure shows the result of applying transfer learning using in a perturbed envi-
ronment, when the optimal policy in Figure and serves as an initialization. Figure
[4.1d shows that if the process commences within a super-linear convergence region, then the
error falls below 107!2 in just two epochs.

Regularization parameter 7. To demonstrate that entropy regularization can accelerate
convergence, we conduct experiments with under two settings: n = 200,k = 10 and
n = 200, k = 50. We run (RPG]) using various values of 7. Figure[4.2]illustrates that, in both
settings, a larger value of 7 results in a faster linear convergence rate to the optimal solution
of . These results confirm that increasing the regularization parameter enhances the
convergence speed, highlighting the practical benefits of entropy regularization in achieving
faster optimization.
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Figure 4.1: Performances of , and transfer learning with

Training error using [RPG} (b) Training error using [IPO} (¢) Training error of transfer learning
with (f(o),i(o)) = (K*,%*) and state transitions (A, B). n = 400, k = 200. The regularization

parameter 7 is chosen to be opmin(R).
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Figure 4.2: with different regularization parameters 7
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Note. The Gauss-Newton update on K with constant covariance matrix follows (4.36)); n = 200, k = 50.

Left: 7 = 0.01; Right: 7 = 0.5.
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The importance of updating ¥. As discussed in Section , updating K in ([PO|)
is identical to updating step of the Gauss-Newton algorithm in an unregularized setting.
However, unlike the Gauss-Newton algorithm, also updates the covariance matrix >
simultaneously. To see the effect of dynamic updating of 3, we compare the performance of
(IPO)) with the Gauss-Newton update on K with a constant covariance matrix > given by:

K(t+1) — K(t) _ (R + fyBTPK(t)B)_l Erw,

D — o1 (4.36)

where o is a fixed positive scalar. Figure illustrates that the algorithm with
updates of X achieves a noticeably faster and superlinear convergence rate, compared to the
Gauss-Newton update with a fixed 3. This dynamic update of ¥ allows to reach the
optimal point of Problem (4.14)) more efficiently, highlighting the importance of adapting
the covariance matrix during iterations.

4.9 Proofs of Main Results

4.9.1 Proofs in Section 4.2
4.9.1.1 Proof of Lemma [4.2.1

Denote the domain of the decision variable as X = {p : A+ [0,00)}, and the feasible set as
F={p: A= [0,00) | [,p(u)du =1} C X. Let f: X — R denote the objective function,
ie.,

f(P) =Eypy [u" Mu+b"u+ 7logp(u)] .

Let A be a Lagrangian multiplier to the constraint [ 4 p(u)du = 1. Consider

Lip,\) = /A (u” Mu +bTu + log plu)) plu)du + A ( /A p(u)du — 1>
= /AL (u, p(u), \)du — A,

where L(u,v, ) == (u" Mu+b"u)v + 1vlogv + M. Additionally, define g(\) = infx L(p, \).
We now show the strong duality result:

g(\*) = inf f(p), (4.37)

peEF

with A* = arg maxyegr g(\).
First, the weak duality result follows from

g(A\) = inf L(p, \) < inf L(p, A) = inf f(p), for any A € R. (4.38)
pEF pEF

peEX
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Moreover, since %(u,v,A) = A+ u'Mu+b"u+ 7+ 7logv, for any A € R,u € A, the

minimizer py(u) of L(u,-, \) satisfies
1
pa(u) = exp <——(/\ +u Mu+b"u) — 1) . (4.39)
T
Therefore, by applying (4.39) to (4.38), we have
A A
gA) =Lpa,A) =7 (exp|———-1)-C+ -, (4.40)
T T

where C':= [, exp (—%(u"Mu + b"u)) du. Direct computation yields the maximizer of g in
as \* = 7log C' — 7. Plugging A\* to shows prA* (u)du = 1, implying py« € F
and the strong duality holds. Finally, by and , it is clear that the optimal
solution is a multivariate Gaussian distribution with N (—3M~1b, ZM ).

4.9.2 Proofs in Section 4.3
4.9.2.1 Proof of Lemma [4.3.1]

VsC(K,X) in (4.17) can be checked by direct gradient calculation. To verify VxC(K,X) in
([4.17), first define f : X x R**® = R by f(y, K) :=y' Pgy,Vy € X and we aim to find the
gradient of f with respect to K. For any y € X', by the Riccati equation for Pk in (4.16]) we
have

fly,K)=y" (y(A— BK)'Pg(A—BK)+Q+ K 'RK)y
=7f((A-=BK)y,K)+y' (Q+ K'RK)y.

Vi f((A— BK)y, K) has two terms: one with respect to the input (A — BK)y and one with
respect to K in the subscript of Px. This implies

Vif(y,K)=2(—yB Px(A— BK)+ RK) yy" + Vi f(y,K)|ly=—pr)y (4.41)

=2(—yB'Px(A— BK)+ RK)> +(A-BK)yy (A" —=K'B")".

=0
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Since C(K, X)) = E, p|xoPrxo] + qx » with Pk and gk » satisfying (4.16)), then the gradient
of C(K,X) with respect to K is
ViC(K,X) =E[Vk f(z0, K)] + Vkax s
WE|2 (~B" Pi(A — BK) + RK) 2oz + V1 f (@1, K)ley=(a-prymg

I Z,ytﬂ k(BT PxB) + Vi (w/] Prwy)) }

b
°F {2 (—9BT Pic(A = BK) + RK) 2ozg + 1V icf (21, K)or-at gy

+ Z Y (Vi (SBT PB) + Vi (w;] Prewy)) }

vaz ]

where (a) follows from applying (4.41)) with y = 2 and taking the gradient of ¢ 5, in (4.16])
with respect to K; (b) follows from

Eoo o Lf (Ao + Bug +wp), K] = By [f (A — BK)xo, K) + w] Pgwo] + SBT Pk B.

99 (—vBTPx(A - BK) + RK)E

Using recursion to get (c).

4.9.2.2 Proof of Lemma [4.3.2]

For a given policy mg x(-|x) = N(—Kz,X) with parameter K and ¥, we define the state-
action value function (also known as Q-function) Qx5 : X x A — R as the cost of the policy
starting with zp = z, taking a fixed action uy = w and then proceeding with 7. The
Q-function is related to the value function Jg 5, defined in as

Qrx(r,u) =2 Qv +u" Ru+ 7.5 (ulr) + VE [Jr 2 (Az + Bu +w)], (4.42)

for any (z,u) € X x A. By definition of the @-function, we also have the relationship
Jr (%) = Eyerlo) [@rx(2,u)], Vo € X. We then introduce the advantage function Ak x :
X x A — R of the policy 7:

AKZ(LL', u) = QKZ(LL', u) — J]gg(l‘), (443)

which reflects the gain one can harvest by executing control u instead of following the policy
Tk,x in state .

With the notations of the Q-function in and the advantage function in (4.43)), we
first provide a convenient form for the difference of the cost functions with respect to two
different policies in Lemma |4.9.1l This will be used in the proof of Lemma [4.3.2]
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Lemma 4.9.1 (Cost difference). Suppose policies m and ©' are in form of with parame-
ters (K',¥") and (K, X). Let {x}}2, and {u,}2, be state and action sequences generated by 7’
with noise sequence {w;}52 (i.i.d with mean 0 and covariance W), i.e., x;,, = Axi+Bug+w;.
Then for any z € X,

Jiors(@) = Jies(@) = Bo | >4 Ars(af,up)

t=0

T = :c] : (4.44)

where the expectation is taken over w, ~ w'(-|z}) and wy for allt =0,1,2,---.
The expected advantage for any x € X by taking expectation over u ~ w'(-|z) is

Er[Ags(rv,u)] =2 (K'— K)' (R+~vB"PxB)(K' — K)x (4.45)
+22" (K'— K)" [(R+~yB"PxB)K —yB " PxA]x + (1 — ) (fx(Z) — fx(X).

Lemma takes a similar form as [53, Lemma 10], but with an additional terms on X.
The proof of Lemma [4.9.1] is provided in the online companion.

Proof. (of Lemmal4.3.2)). By Lemma for any 7 and 7’ in form of (4.13|) with parameter
(K, %) and (K’,Y') respectively, and for any = € X,

E [Aws(z,u)] = (1 —7)(fx(Z) - Ctr (:z:x (R+~B"PxB)~ EK>
+trfae” (K- K+ (R+ VBTPKB) B EK> (R+ BT PB)
(K"~ K+ (R+ 7B PcB) " Ex)|
> —tr (22" B (R+9BTPcB) " Eic) +(1=7) (fic (%) = fic (), (4.46)

with equality when K — (R + yB"PxB) 'Ex = K’ holds. Let {z;}%, and {u}}22, be the
state and control sequences generated under 7*(-|z) = N (—K*z,X*) with noise Sequence
{w;}72, with mean 0 and covariance W. Apply Lemma [4.9.1| and (4.46) with 7= and 7* to
get:

C(K,%) — C(K*, %) = —E,.

Z fYtAK,E('T; u:)]

t=0

<t (SK*,E*E;( (R+~B"PcB)™ EK> 4 (S0 — fr (D), (4.47)

where ff is defined in (4.15)). To analyze the first term in (4.47)), note that

- S
" (SK*vE*Ez? (R+yB'PxB) 1EK> ‘LK(E )|| r(EEx)
1S IS . I (4.48)
K* 5> - e 5 .
= 20 (St Bic i) Lo () TVaCUEBVRC(EK, D)),
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where the last equation follows from (4.17]).

To analyze the second terms in (4.47]), note that fx is a concave function, thus we
can find its maximizer X} by taking the gradient of fx and setting it to 0, i.e., ¥} =
Z(R+ BT PxB)~'. Thus,

(a)
fe(E) = fe(B) < fe(E5) — fx(B) < Tr (Vi (E) (S — )
=Ty <VEC(K, ) (R + BT PgB)™" ((R 4+ yBTPyB) — %2—1) z) (4.49)
(b)

_ 1—79)||VsC(K,D)|?
< (=) R+ BT ReB) (9 < C T D

where (a) follows from the first order concavity condition for fx and (b) is from 0 < X < .
Plug and into to get .

For the lower bound, consider K’ = K — (R + yB'PxB) 'Ex and ¥ = X where
equality holds in (£.46). Let {z}};%,, {u}}{°, be the sequence generated with K’,X'. By
C(K*,¥*) < C(K',Y), we have

C(K,Y) — C(K*, %) > C(K,%) — C(K',Y) = —E

Z 7tAK72(x;7 u:&)]

t=0

(4.50)

- % T
:tr(s,,ET R+~BTPxB 1E>> Te(ELEy).

4.9.2.3 Proof of Lemma [4.3.3]

Lemma shows that the cost objective is smooth in ¥ when utilizing entropy regular-
ization, given that ¥ is bounded.

Lemma 4.9.2 (Smoothness of fr (4.15)). Let K € R¥*™ be given and let fr be defined
in (#15). Fiz 0 < a < 1. For any symmetric positive definite matrices X € R¥** and
Y € Rk satisfying al <= X <1 andal <Y =<1,

| f(X) = f(Y) + Te (Vi (X) (Y = X))| < My tr (XY = 1)%),

where M, € R is defined in Lemma and M, > ———

4(1=7)"

Proof. (of Lemma [4.9.2). Fix symmetric positive definite matrices X and Y satisfying
al = X X 1T and al XY <X I. Then fx being concave implies fx(X) — fx(Y) +
Tr (Vfx(X)T(Y = X)) > 0. To find an upper bound, observe that

fre(X) = fx(Y)+Tr (VfK(X)T(Y - X))

:m (log det(X) — logdet(Y) 4+ Tr (X '(Y — X))).

(4.51)
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Since X = 0 and Y > 0, then all eigenvalues of X 'Y are real and positive and oy, (X 1Y) >
Omin( X Homn(Y) > a.

Now let us show that there exists m € RT (independent of K') such that for any Z € R*¥**
with real positive eigenvalues a < z; < --- <z, the following holds:

—log(det(Z2)) +tr(Z — I) < mtr((Z — I)?). (4.52)

Note that (£52) is equivalent to SF | —log(z) + 2z — 1 < m Y. (2 — 1)% With elemen-
tary algebra, one can verify that when m := (—log(a) +a—1) - (a —1)7?, it holds that
—log(z) + 2 —1 < m(z — 1)? for all z > a and such an m satisfies m > 1. Therefore,

(4.52) holds. Combining ([4.51) and (4.52) with Z = X'V, we see frx(X) — fx(Y) +

tr (VX)) T(Y = X)) < 572 tr (XY = 1)%). O
Proof. (of Lemma4.3.3)). The first equality immediately results from (4.45)) in Lemma |4.9.1}
The last inequality follows directly from Lemma [4.9.2 [

4.9.3 Proofs in Section 4.4
4.9.3.1 Proofs of Lemma [4.4.1]

To ease the exposition, let n denote 7,. The proof is composed of two steps. First, one can
show

al <% — (1 —~)" (R~ %2*1 +~yBTPgB) < I. (4.53)
Let g : RT — R be a function such that g(z) = = + 2(1’1—77)3: Thus, g monotonically increases
T : T Omin(R)
on |: —2(?77)700). Since _2(17]77) S a S [RH1BT Pg B S ]-7 then
T T
s g nBAB PKB)i(a_i_ nr )[_U(R‘i‘VB Pk B)
2(1=1) 1—v 2(1 —7)a 1—~
e (0 n||R+~vB' Pk B]| I n(R+~yB' PxB) o ol and
R+~yB'"PyB R+ ~B'"PyB
I LA S S| € e K)j(l_'_ nt )]_77( +7B Pk B)
2(1 =) 11—~ 2(1 =) 11—~
min R R BTP B
5(14—7701—())]_77( +17 K )j], hence (4.53)).
-7 -7

Second, one can show al = X' <X I : observe that (4.53) is equivalent to al —% =X —=(R+

vBTPxB — %Eil) =< I — . Then by multiplying > to both sides then adding a > to each
term, we have

DL LIS B %E(RJFWBTPKB - %2*1)2 DRI 5 3}
-7

With af =X <0, I =% = 0 and ¥ < I, it holds that al — ¥ < (al — X)¥?, and
I —% = (I —X)X% This implies al <aX? —X3 4+ <Y <2 -3+ 2 <.
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4.9.4 Proof of Lemma [4.4.2]
For ease of exposition, write S = Sk, S" = Sk s, and S* = Sk« 5«. Let M, be defined in
the same way as in Lemma [4.3.3] Let fx be defined as (4.15). Then Lemma implies
C(K',Y) - C(K,X)=Tr (S"(K'— K)"(R+~+B"PgB)(K' — K)) (454)
+2Tr (S'(K' — K)"Eg) + fx(Z) — fx(Z).

By (RPG),
tr (S'(K'— K)' (R++B"PxB)(K' — K)) +2Tr (S'(K' — K)" Ex)

(a)
<4;||R+~B' PxB|| Tt (S'EgEx) — 4m Tr (S'ExEx) < —2m Tt (S'EgEx)  (4.55)

(b) Umin R _
< —ompTr (ELEx) < —2mp i s£|| ) tx (SK*,E*E;( (R+~B"PgB)™" EK) ,

where (a) follows from 7, < (2||R + vBT PxB||)~! and (b) follows from (4.48)).
By Lemma |4.4.1, al < ¥’ < I. Then by Lemma [4.9.2]

f(B) = fr(X)

<-—2 t((R+9B"PcB-127) S (R+9B PcB - 237') 3
(1 —7)? 2 2

L ((R+pTreB)z - 11 )

(©) 2 T T \?
<_ T BTP«B)S — 1) ).
= 2(1—7)2“(((R+7 KB =5 ) )

2 (d) (e)
Here (c) follows from the inequality 7, = 2(1_:)“2 < 2(17_7) (2”R+W§TPKB”> < 2(17‘7) < i

where (d) is obtained from the fact that 7 < 20, (R) < 2||R + vB' Pk B[, and (e) follows
from Lemma 4.9.2, Meanwhile, observe from ({4.49)) that

F (%) = fe(2) < ﬁtr (((r+~B"PeBE - T1)

S (R+9BTPkB) ((R+7BTPeB)S - S1) )
1

S T " <((R +yBT Py B)Y — 51’)2) ,
while implies (R)
/ 2G40 min R *
f(2) = fx(X) < —m(ﬁ((z) - [x(E%)). (4.56)

Finally, with ( = min { 2 m‘rs“;iﬁ‘(m, "2‘212’1‘"_“;()1%) }, plug (4.55) and (4.56)) in (4.54)) to get C'(K’,¥")—

O(K,%) < —C(tr Sk-x-Ef (R+~yBTPxB) ™ EK> + (D) - fK(E*)>. The proof is fin-
ished by applying (4.47) then adding C(K, ) — C(K*,¥*) to both sides.
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4.9.4.1 Proof of Lemma [4.4.3]

By (TT1) and (TT0).

O(K, 5) =Eypnp o] Picto] + 5 . - T(W Py)
1 T T i
+ T Tr (X(R+ vB' PxB)) 20— (k + log((2m)" det X2)).
Note that
T T k
T Tr (X(R + vB' PxB)) 20— (k + log((2m)" det X))

<amm(R) Ti(E) — % (k + klog(2r)) — %log det z)
@ 1 (Tk‘ T Tk T
>

e ———(k:+klog(27r))——log(

5 5 m)) = M,

where (a) follows from the fact that o, (R) Tr(2) — 5 (k + klog(2m) — % log det ) is a con-
vex function with respect to ¥ with minimizer 5-—1. Thus, ¢ (K,Y) > Esop [2§ Pro] +

1’1’111’)(

4.9.5 Proofs in Section 4.5
4.9.5.1 Proof of Lemma [4.5.1]

Fix K,¥ and let fx be defined in (4.15). Observe that ¥’ following (IPOJ|) update is the
maximizer of fx. Then by Lemma [4.3.3]

C(K'.Y) - C(K,X) = —Tr (Sg s Ef(R+ WBTPKB)‘lEK) — (3 + fx ()

(a)
< L tr (Sx- s+ Ej(R+vB"PxB) 'Eg) — o (fx(Z) — fx (X))
S5+ - HSK* DY
()
= S - (tr (SK*,E*EI—E'(R + VBTPKB)_IEK) + fx(E7) — fK(E))7
K*3*

where (a) follows the fact that fx(¥X') — fx(X) > 0 and 0 < Ern (b) follows
from fact that fr(X') > fx(X*). Finally, apply (4.47) to get C’(K’,Z’) - C(K,%) <
T (C(K,%) — C(K*,¥*) and add C(K,X) — C(K*,¥*) to both sides finishes the
proof.



CHAPTER 4. POLICY GRADIENT AND POLICY OPTIMIZATION METHODS 137

4.9.5.2 Proof of Lemma [4.5.2]

Let K’ denote K(tY) K denote K® and S’ denote S*t1. Apply Lemma with fx
defined in (4.15)) to get

C(K',Y) — C(K,Y)
=—Tr (S*E(R+yB'PxkB) 'Ex) — Tr (S' — S*)Ex(R+vB' PxB) 'Ek)
+ fk(3) = [ (X))
(a)
< (14 [(8' = 875 )) (T (S"EL (R + 4B PeB) ™ B) + fic(S7) — (%))
where (a) follows from the assumption [|.S" — S*|| < gpin(S*) which implies
—1+|[($" = 85| € [-1,0],
and the fact ¥’ is the maximizer of fr. Finally, by (4.47)),
C(K/> E,) - C(Ka E) S (_1 + ||(S/ - S*)S*ilH) (C(K7 E) - C(K*> E*>)

(g I8 =5

N (_ Umin(S*)
Adding C(K,X) — C(K*,X*) to both sides of the above inequality finishes the proof.

) (C(K, %) — C(K*,57)).

4.9.5.3 Proof of Lemma [4.5.3]

This section conducts a perturbation analysis on Sk 5, and aims to prove Lemma@4.5.3| which
bounds |5, s, — Sicpssll by 1K1 — Kol and |3y — o]l

The proof of Lemma proceeds with a few technical lemmas. First, define the linear
operators on symmetric matrices. For symmetric matrix X € R"*", we set

Fx(X):=(A—-BK)X(A-BK)", GF(X):=(A-BK)X(A-BK)"

- > 4.57
Te(X) =) A'(A= BK)'X(A— BK)"" =) 4'G[(X). (4:57)
=0 =0
Note that when ||[A — BK|| < -=, we have
\/;T{
T = (I —7Fk) ™" (4.58)
We also define the induced norm for these operators as ||T]| := supy LE&N where T =

Ixi -
Fr, G, Tk and the supremum is over all symmetric matrix X € R™ " with non-zero spectral
norm.

We also define the induced norm for these operators as |T| := sup L&

X1 -
Fr,GE, Tk and the supremum is over all symmetric matrix X € R™ " with non-zero spectral
norm.

where T =
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Lemma 4.9.3. Sk = Tx(Elzozg]) + 3557 Yoo, GE(BEBT + W), for any K, % € Q.

Lemma 4.9.4. | Fk, — Fr,|| < (||A— BK; ||+ ||A— BEKs|)||B|| || K1 — Ka||, for any K and
K2 in €.

Lemma 4.9.5. ¥, (G} — G)(X)|| < b | F = FIIX], VT > 1, and |[(Ti, —
Ti) (XN < X207 1G5 =G (X)) < &l Fics = Fio I X[, for any Ky € Q and K> € €,
with &, , defined in (4.22)).

Proofs of Lemma [£.9.3] [£.9.4] and can be found in the online companion.

Proof. (of Lemma [4.5.3). Denote G, = G/, G/ = G/* T = Tx,, 7' = Tiy, F = Fi, and
F' = Fk, to ease the exposition. Observe that

t

(a) > ,
1Sk50 = Srazall < (T = TE[wozg ]Il + 1) 7" D (G, — G)(BEBT + W)

t=0 s=1

o7} t
+3 NG (BS BT + W) — G, (BS,BT + W)

t=0 s=1
Y = 2= p =
< & llF = FIEfzozs ]| + thwuﬁ _ FIBE.BT + W
t=0

e8] t
+ 3 A PTBIPS - e,
t=0 =1

where (a) is from (4.12]) and (b) follows from Lemma and ||G¢(X) — G(X)| = |[(A—
BEK){(X — X")(A— BK) ™| < p*||X — X'||, VX, X’ € R™" Vt > 0. Finally, applying (#.22))
and Lemma finishes the proof. O

2

4.9.5.4 Proof of Lemma [4.5.4]

The objective of this section is to provide a bound for ||S®) — S*|| in terms of || K® — K*||,
as summarized in Lemma [4.5.4]

Note that Lemma can be employed to derive a bound on ||S®+Y) — §*|| in relation to
| KD — K*|| and ||£¢+Y — £*||. In this section, we further establish this bound by deriving
bounds for |K*Y — K*|| and [|2®Y) — 2*|| in terms of |[K® — K*|| and ||Pg« — P+ (cf.
Lemma and Lemma . Additionally, the perturbation analysis for Px in Lemma
demonstrates || Px«) — Pg+|| can be bounded by || K®) — K*||, which completes the proof
for Lemma

Lemma 4.9.6 (Bound of one-step update of K). Assume the update of parameter K follows
the updating rule in ({[PO)). Then it holds that:

||K(t+1) _ K*H < (1 +Umin(R)||'YBTPK*B —I—RH) . ”K(t) _ K*H
+90mn(B) (IBIIAN + I BI) - [P — P
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Proof. (of Lemma 4.9.6). Let K’ denote KtV and K denote K to ease the notation.
Theorem shows that for an optimal K*,

K*=+(R+~B"Px-B)"'B" Pg-A.
Then, by the definition of Fx in Lemma 4.3.1}
Ex- = —yB" Pg-A+ (yB' P-B+ R)K* = 0. (4.59)

Now we bound the difference between K' — K:

|K'— K*|| = |[K—(R+~yB"PgkB) 'Ex — K*+ (R+yB'PxB) ' Eg-||
< |IK = K[|+ [[(R+ B P« B) || Exc- — Exe-
S HK - K*H +Umin<R)HEK - EK*H (460)

To bound the difference between Ex and Eg+, observe:

< A BINANIPx = Px+|l + [|(yB" Px-B 4+ R)K* — (yB' Px-B + R) K|
+||(yB" Px-B + R)K — (YB'PxB + R)K||

< 9| BIlI[Alll| Pk = Pg-|| + [lvB" Px+B + R||| K* — K|
|| BIP|| Px- — Pr|l|| K- (4.61)

Combining (4.60) and (4.61)), then using x > || K[| for any K € Q completes the proof. [

Lemma 4.9.7 (Bound of one-step update of ). Suppose {K®, X112 follows the update
rule in (TPO). Then we have ||SHY) — ¥*|| < L]?‘I‘;)HPK@) — Pre+|].

Proof. Observe from ([PO)) and (4.5)) that

_
= =5 = 5 (R + 7B P B) ™ = (R+ 9B  P-B) |
2
= 5 I(R+9B"Pew B)™ 4B (P = Pi+) B+ (R+yB" P B)™'||
| BII?
o 20min(R)2 “PK(t) PK*

]

Lemma|4.9.8 perform perturbation analysis on Py and establish bounds for the difference
in Py with respect to the perturbation in K. Consequently, both || K*+1) — K*|| and [|S¢+1) —
¥*| (in Lemma and Lemma [4.9.7) can be bounded in terms of ||[K®) — K*||.

Lemma 4.9.8 (P perturbation). For any K € Q, with ¢ defined in (4.23)), |Px — Pk~
cl|K — K*.

<
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Proof. Fix K € Q). By (4.58) and (4.16)),
T (Px) = (I — vFi)(Px) = Px —v(A — BK)" Pg(A— BK) = Q + K'RK,

which immediately implies Px = Tx(Q + K RK). Similarly Pg. = Tg-(Q + K*T RK*). To
bound the difference between Px and Pg+, observe that,

|Px — Pg+|| < || T (Q + K"RK) — Tier (Q + K" RK) || + || Tx- ||| K* ' RK* — K" RK]).
(4.62)
For the first term in , we can apply Lemma and Lemma to get
K"RK) — Tg- K'RK

<&l Fre = FrlllQ + KT RE| < 208, | BIIIK™ = K| - (@Il + [ RINIK?) -

For the second term in (#.62), note that by Lemma 17 in [53], || Tx| < | Tk (E[zozq )|
Since Sy = T (Elzroz]]), thus || Tx| < l%o—max (T (E[zozg])) < ,%HSK,EH- Then we have

|K*"RK* — K" RK]||

—| T || KT RK* — K*TRK + K*TRK — KT RK]||

< Tac- MR = K| (L + 1)) (4.64)
NSk

s

[RINE = B+ (L) -

Plugging (4.63)), (4.64), and (4.23)) in (4.62) completes the proof. O

With these lemmas, the proof of Lemma is completed as follows:

Proof. (of Lemma [4.5.4). Let K’ denote K1) and K denote K. With the assumption
that ||A — BK'|| < p, ||]A — BK*|| < p, we can apply Lemma to get

1Sk 50 = Spersrll < wy || BIP[I27 = X
+ (& - [Efwozg ]Il + Gy - IBE" BT + W) - 201 B|| | K* = K'||.
Apply Lemma and Lemma to get

(4.65)

|K' = K*)| < (1 + 0win(R) - [7B" Pic- B + Bl + cymin(R) (
K = K.

BIIAI+11B]) )

Apply Lemma [4.9.7| and 4.9.8| to get ||X" — X*|| < m”%ﬂf:ﬁéf”” < Cm\\i\\ilgf*ll_ Finally,

plugging the above two inequalities into (4.65]) finishes the proof. O
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